
Handbook of Experimental Pharmacology 223

Bernd Nilius
Veit Flockerzi    Editors 

Mammalian 
Transient Receptor 
Potential (TRP) 
Cation Channels
Volume II



Handbook of Experimental Pharmacology

For further volumes:
http://www.springer.com/series/164

Volume 223

Editor-in-Chief

W. Rosenthal, Berlin

Editorial Board

J.E. Barrett, Philadelphia
V. Flockerzi, Homburg
F.B. Hofmann, München
P. Geppetti, Florence
M.C. Michel, Ingelheim
P. Moore, Singapore
C.P. Page, London



.



Bernd Nilius • Veit Flockerzi
Editors

Mammalian Transient
Receptor Potential (TRP)
Cation Channels

Volume II



Editors
Bernd Nilius
Laboratory Ion Channel Research
Campus Gasthuisberg
KU Leuven Department
Cell Mol Medicin
Leuven, Belgium

Veit Flockerzi
Institut für Experimentelle u. Klinische
Pharmakologie und Toxikologie
Universität des Saarlandes
Homburg, Germany

ISSN 0171-2004 ISSN 1865-0325 (electronic)
ISBN 978-3-319-05160-4 ISBN 978-3-319-05161-1 (eBook)
DOI 10.1007/978-3-319-05161-1
Springer Cham Heidelberg New York Dordrecht London

Library of Congress Control Number: 2014937453

# Springer International Publishing Switzerland 2014
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief excerpts
in connection with reviews or scholarly analysis or material supplied specifically for the purpose of being
entered and executed on a computer system, for exclusive use by the purchaser of the work. Duplication
of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from
Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance Center.
Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

When we, in 2007, edited the first issue on transient receptor potential channel in the

Handbook of Experimental Pharmacology, we were all very excited by the progress
in this field although only one decade after cloning the first TRP channel had passed.

At this time, somewhat less than 5,000 papers were published on TRP channel

(January 1, 1960, until December 31, 2006). If we check now the period (January 1,

2007, until January 13, 2014), additional 9,300 papers can be found in a PubMed

search.1 Needless to say, the general interest on these 28 members of the Trp gene

family which encode ion channels is nearly exponentially growing. Therefore, it

seemed to be indicated, although many excellent books on TRP channels have been

published meanwhile, to jump into a new adventure editing a comprehensive source

book in this successful Springer Handbook series again on the same topic. This is not

only an update of the 2007 book but also an impressive introduction of novel areas

which TRP channels have entered. The 2007 view that TRP channels are mainly

cell sensors with an intriguing variability concerning the modes of activation has

dramatically extended into the evolutionary field, the structural approach, and

especially the advent of the important role of TRP channels in hereditary and

acquired diseases. Important new data concerning the role of TRP channels in

intracellular compartments are included. We also refer to the still controversial

topic how TRP channels are involved in store-dependent Ca2+ entry. Indeed, the

TRP field expansion did not lose the fast speed. It is extending into so far unexpected

areas. The gain of knowledge has reached such an extent that we have not been able
to restrict the source book into a single volume; rather, we had to agree on a

two-volume publication. In the first volume, we go through all the known TRP

channels. Leading experts in the field summarize features of individual TRP

channels starting with the description of the gene, expression patters, associated

proteins, biophysical and biochemical function properties, and transgenic animal

models and closing with cellular TRP functions, dysfunctions, and their role in

diseases. The second volume starts with a chapter on sensor properties and functions

1 The used search string was (“transient receptor potential” OR trpa* OR trpc* OR trpm* OR trpp*

OR trpv* OR PKD* OR stim1 OR stim2 OR orai1 OR orai2 OR orai3 OR trpa*). Note that this

search included also the main players of store-operated Ca2+ entry, because of the still often

reported links to TRP as also discussed in Volume 2.
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of TRP channels. This was highlighted in the 2007 book but is not very much

extended. Surprising new features are reported, e.g., new insights into thermo- and

light-sensing, novel roles or TRPs in taste perception and chemesthesis, and espe-

cially their functional importance as chemosensors for gasotransmitters, including

oxygen sensing, which was evidenced only in the last 5 years. In the second part,

more general topics related to TRP functions and features are discussed such as

channel structure; TRPs as targets of pharmacological modulation, including a

wealth of natural compounds; and the exciting discovery of novel channel toxins.

New aspects are discussed concerning the role of TRPs as important players in the

physiology of reproduction and in neural networks which control reproductive

behavior opening a TRP window into neuroendocrinology, i.e., their role in

hormone-secreting cells. We finish this book with some critical remarks on the

current state of TRP research, controversies, and surprises.

We hope that this book will guide a large reader community through the

fascinating world of the TRP channel family from basic science to pathophysiology

and disease. May this voluminous source/textbook also help to establish interactions

between the fundamental and clinical research and the research in drug discovery

and development! We are convinced that this book is “translational” in the best

meaning of this word. Despite the many advances in the understanding of the

molecular mechanisms and function features of TRP channel, there is still a tremen-

dous need for more in-depth understanding of the structure of TRP channels, their

implementation in diverse signal cascades, and more mechanistic insight into

channel function at the molecular and systemic level, as well as the need for

identifying selective pharmacological tools and new therapeutic targets and devel-

oping new treatment options.We hope this book stimulates further research. Finally,

we may conclude that we might be still in a period of the end of the beginning rather

than the beginning of the end! The editors wish to thank all authors for excellent

contribution and also Wilma McHugh (Springer) for all expert support and very

helpful editorial advice!

Leuven, Belgium Bernd Nilius

Homburg, Germany Veit Flockerzi
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TRPML1: An Ion Channel in the Lysosome . . . . . . . . . . . . . . . . . . . . . 631

Wuyang Wang, Xiaoli Zhang, Qiong Gao, and Haoxing Xu

x Contents for Volume I



TRPML2 and Mucolipin Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 647
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Abstract

Several TRP channels exhibit highly temperature-dependent gating properties,

which leads to steep changes in depolarising current upon either cooling or

heating. Based on this characteristic feature, these so-called “thermoTRPs”

have been widely studied with the aim to elucidate their potential key role as

thermosensors in the somatosensory system and to understand the basis of their

high thermal sensitivity. In this chapter, I provide a brief critical overview of

current knowledge on the role of TRP channels in thermosensing and on the

thermodynamic and molecular basis of their steep temperature dependence.
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1 Cellular and Molecular Basis of Thermosensation

Temperature sensing is primarily mediated by sensory neurons that have their

sensory endings in the skin and mucosa and their cell bodies in the trigeminal

(TG) and dorsal root ganglia (DRG) (Damann et al. 2008; Julius and Nathans 2012).

Under resting conditions, voltage-gated K+ channels ensure a negative membrane

potential in these cells (Damann et al. 2008). In response to changes in temperature,

different types of depolarising channels open in the nerve endings, leading to

membrane depolarisation and, when a certain threshold is crossed, action potential

initiation via voltage-gated Na+ channels. These action potentials are then

propagated along the sensory neuron and lead to neurotransmitter release onto

second-order neurons in the dorsal horn (DRG) or sensory nucleus in the brain

(TG) (Damann et al. 2008). The depolarising channels that open in response to

thermal stimulation can be considered as the primary molecular sensors of temper-

ature, nature’s thermometers, and understanding their molecular nature and modus

operandi represents an important goal in sensory physiology. In the last 16 years,

several members of the transient receptor potential (TRP) superfamily have been

identified as thermosensitive (hence the name “thermoTRPs”) and put forward as

primary temperature sensors in the somatosensory system (Caterina et al. 1997;

Voets et al. 2005; Talavera et al. 2008). In this chapter, I present a critical

reappraisal of the role of TRP channels as thermosensors in the mammalian

somatosensory system and bring up some considerations on the basis of their

temperature sensitivity.

2 ThermoTRPs as Prime Molecular Thermometers(?)

Since all processes in nature exhibit some degree of temperature sensitivity, three

discerning criteria have been put forward that may be used to identify “true”

thermoTRPs (Voets 2012). As a first criterion, the candidate thermoTRP’s biophys-

ical properties must be such that it can produce robust depolarising currents in

response to a thermal stimulus. The robustness of the thermal response can be

quantified as the Q10 value, which is defined as the relative change in current

amplitude upon a 10� increase in temperature. A Q10 value of more than

5 (or less than 0.2 for of a cold-activated channel) has been put forward as a

minimal requirement, although it should be noted that experimental Q10 values

are strongly dependent on the cellular context and experimental approach. As a

second criterion, the candidate thermoTRP must be expressed at sites in the body

that face significant variations in temperature, including the skin, mouth, upper

airways and oesophagus. As a third and probably most important criterion, there

must be in vivo evidence that the thermal sensitivity of a candidate thermoTRP

confers thermosensitivity to a physiological process.

With respect to the first criterion, according to the literature, 11 mammalian TRP

channels exhibit Q10 values>5 or<0.2 when heterologously expressed in cell lines

or Xenopus laevis oocytes: currents mediated by TRPV1, TRPV2, TRPV3, TRPV4,
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TRPM2, TRPM3, TRPM4 and TRPM5 increase upon warming (Caterina

et al. 1997, 1999; Guler et al. 2002; Peier et al. 2002b; Smith et al. 2002; Xu

et al. 2002; Talavera et al. 2005; Togashi et al. 2006; Vriens et al. 2011), whereas

currents mediated by TRPM8, TRPA1 and TRPC5 increase upon cooling

(McKemy et al. 2002; Peier et al. 2002a; Story et al. 2003; Zimmermann

et al. 2011). It should be noted, however, that heat-induced activation is observed

for mouse and rat TRPV2 but not for the human orthologue (Neeper et al. 2007) and

that cold-induced activation of mammalian TRPA1 has been consistently observed

by some laboratories (Story et al. 2003; Sawada et al. 2007; Fajardo et al. 2008;

Karashima et al. 2009) but not by others (Jordt et al. 2004; Zurborg et al. 2007;

Cordero-Morales et al. 2011).

With respect to the second and third criteria, the situation is even much more

contentious. This is particularly the case when considering the role of TRP channels

as thermosensors in the somatosensory system. Following the cloning of TRPV1 as

the first heat-activated TRP channel and the subsequent identification of closely

(TRPV2-V4) and more distally related (TRPM8, TRPA1) as differently tuned

thermosensors, it was generally assumed for many years that these six channels

would be sufficient to cover the entire range of temperatures that the mammalian

somatosensory system can discriminate (Voets et al. 2005; Dhaka et al. 2006;

Basbaum et al. 2009). Indeed, the TRP channel literature and physiology

handbooks are replete with a variation of figures and schemes with these channels

as sensors for noxious (TRPA1) and innocuous (TRPM8) cold, warmth (TRPV3

and TRPV4), heat (TRPV1) and extreme heat (TRPV2).

However, with hindsight, it appears that these schemes were somewhat overop-

timistic. Actually, with respect to acute thermosensing, the only TRP channel for

which there is general agreement in studies from multiple groups is TRPM8, which

seems to be crucial for accurately discriminating temperatures between ~15 and

~30� (Bautista et al. 2007; Colburn et al. 2007; Dhaka et al. 2007). For TRPV1,

there is consensus that it plays a crucial role in heat sensing under conditions of

inflammation (Caterina et al. 2000; Davis et al. 2000). However, whereas some

reports show that TRPV1-deficient mice have a deficit in acute heat sensing

(Caterina et al. 2000), others studies have not been able to replicate this (Davis

et al. 2000). For TRPV3 and TRPV4, initial studies reported clear behavioural

deficits in warmth sensing at temperatures between ~25 and ~35� (Lee et al. 2005;
Moqrich et al. 2005). However, more recent studies indicate that the alteration in

temperature preference in TRPV3-deficient mice is highly dependent on the genetic

background of the mice (Huang et al. 2011; Miyamoto et al. 2011). Moreover,

TRPV3/TRPV4 double knockout mice on a C57BL6 background exhibited thermal

preference and heat avoidance behaviour that was virtually indistinguishable from

that of wild-type C57BL6 mice, even when TRPV1 function was eliminated

(Huang et al. 2011). Although heat activation and expression in sensory neurons

is widely documented for mouse TRPV2 (Caterina et al. 1999; Neeper et al. 2007),

TRPV2-deficient mice show no indication of altered thermosensation (Park

et al. 2011). In the case of TRPA1, there are unexplainable differences between

labs, not only with respect to cold activation in vitro but also concerning its role

TRP Channels and Thermosensation 731



in vivo. Indeed, whereas some laboratories report significant deficits in noxious

cold sensing in TRPA1-deficient mice (Kwan et al. 2006; Karashima et al. 2009),

others found no acute thermosensing phenotype whatsoever (Bautista et al. 2006;

Knowlton et al. 2010).

More recently, evidence has been presented that TRPC5 (as a cold sensor)

(Zimmermann et al. 2011) and TRPM3 (as a heat sensor) (Vriens et al. 2011)

may play a role in acute thermosensing in mice, but it seems wise to await further

independent confirmation of these interesting findings. TRPM2 and TRPM4 are

expressed in sensory neurons (Vandewauw et al. 2013), but there is no evidence so

far that they confer relevant thermosensitivity to somatosensation or any other

physiological process. There is also strong evidence that TRPM5 confers

thermosensitivity to taste (Talavera et al. 2005), but its expression level in somato-

sensory neurons is probably too low to play any significant role in (acute)

thermosensation (Vandewauw et al. 2013).

Ongoing research in this field may cause the list of thermoTRPs to further grow

(or shrink). It also seems warranted to envisage that important aspects of

thermosensation may depend on thermosensitive conductances that are not

mediated by TRP channels, such as K+ channels (Noel et al. 2009), TMEM16A

(Cho et al. 2012), Stim-Orai (Xiao et al. 2011) and probably more.

3 Temperature-Dependent Gating: Thermodynamic
Considerations

Steep temperature-dependent activation of an ion channel can, in principle, be

based on either intrinsic steep temperature dependence of the channel itself or,

alternatively, on the steep temperature sensitivity of another cellular component

(e.g., enzyme, membrane, cytoskeleton) that directly or indirectly regulates the

activity of the channel. Without excluding a contribution of the latter mechanism,

there is a growing body of strong evidence that the temperature sensitivity of at

least some thermoTRPs, including TRPM8 and TRPV1, is largely preserved in cell-

free patches and even upon purification and reconstitution in artificial lipid

membranes (Zakharian et al. 2009; Cao et al. 2013). This indicates that in these

channels temperature sensitivity is an intrinsic property of the channel’s structures

that determine gating and permeation.

In general, the ion flux through an open (TRP) channel pore exhibits mild

thermal sensitivity, comparable to the temperature dependence of ionic diffusion

in aqueous solution, with typical Q10 values <2 (Voets 2012). Consequently,

research has focused on the origin of temperature-sensitive channel gating. How-

ever, despite significant efforts and a growing number of papers, we are still far

from fully understanding the thermodynamic processes and structural

rearrangements that underlie the highly temperature-sensitive gating of

thermoTRPs.

In the TRP channel literature, there are widely diverging global views on

thermosensitive gating of TRP channels. On the one hand, thermosensitivity of
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TRP channels has been explained using a simple two-state model, where the actual

channel gating step is temperature sensitive and thermosensitivity is not confined to

a specific part of the channel (Voets et al. 2004, 2005; Clapham and Miller 2011).

On the other hand, models have been put forward in which the origin of thermosen-

sitivity is confined in one or few restricted domains of the channel, which act as

thermosensor “modules” and are allosterically coupled to the channel gate (Brauchi

et al. 2004; Latorre et al. 2007; Matta and Ahern 2007). Both extreme views can be

easily criticised; for instance, a two-state model is obviously an (over)simplifica-

tion, given the extensive evidence (e.g., from kinetic and single-channel analyses)

for the existence of multiple open and closed states, whereas restricting thermosen-

sitivity to delineated channel domains disregards the fact that every atom in the

channel protein is affected by temperature.

Irrespective of the model, the behaviour of steeply temperature-dependent TRP

channels implies that the equilibrium between closed and open states is highly

thermosensitive. In thermodynamic terms, the equilibrium between two global

states, for instance, the closed and open state of a channel or the inactive and active

state of a thermosensor module, is given by

Keq ¼ exp
�ΔG
RT

� �
,

where Keq represents the ratio between the open and closed state of the channel

(or between the active and inactive conformation of the thermosensor module), ΔG
the free energy change, R the universal gas constant and T the temperature in Kelvin

(Fig. 1a).

If we disregard effects of mechanical or electrical forces, ΔG is given by

ΔG ¼ ΔH � TΔS,

where ΔH represents the difference in enthalpy (in J mol�1) and ΔS the difference

in entropy (in J mol�1 K�1) between the two states.

When ΔG¼ 0, it follows that Keq¼ 1, which means that 50 % of the channels

(or thermosensor modules) are in the open state (active conformation). This occurs

at the temperature for half-maximal activation (T50), which is given by

T50 ¼ ΔH
ΔS

:

Assuming that T50 has a realistic (i.e., positive) value, it follows that ΔH and ΔS
must have the same sign. When ΔH and ΔS are both positive, ΔG decreases upon

heating. This leads to a heating-induced shift of the equilibrium towards the open

state/active conformation, as would be the case in a heat-activated (TRP) channel.

Oppositely, when ΔH and ΔS are both negative, ΔG decreases upon cooling. This

leads to a cooling-induced shift of the equilibrium towards the open state/active

conformation, as would be the case in a cold-activated (TRP) channel (Fig. 1b).
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Energy diagrams such as those shown in Fig. 1 also allow understanding the

effect of temperature on the gating kinetics of cold- and heat-activated TRP

channels. In the case of a heat-activated channel, increasing temperature causes a
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Fig. 1 Energy diagrams describing the gating process of temperature-sensitive channels. (a)

General scheme. ΔG, the difference in Gibbs free energy between the close and open states

determines the equilibrium, whereas the activation energies for opening (EA,open) and closing (EA,

close) determine the opening and closing rates (indicated by the length of the red arrows in panel b).
(b) Influence of temperature on the energy diagram in heat- and cold-activated channels
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destabilisation of the closed state. This reduces the activation energy for channel

opening (EA,open), which leads to a steep increase of the channel opening rate in

response to heating, whereas channel closing rates are only mildly temperature

dependent. In contrast, in the case of a cold-activated channel, decreasing tempera-

ture causes a stabilisation of the open state. This increases the activation energy for

channel opening (EA,close), which leads to a steep decrease of the channel closing

rate in response to cooling, whereas in this case channel opening rates are only

mildly temperature dependent (Voets et al. 2004).

At very low open probabilities, the temperature dependence of channel gating,

expressed as Q10,gating, is directly related to ΔH, according to

Q10,gating � 10
4:34�ΔH

RT2 :

It should be noted that the Q10 for current through a thermoTRP is determined

not only by Q10,gating but also by Q10,permeation, which quantifies the temperature

dependence of ion flux through the open channel pore. Taking this into account, we

arrive at

Q10 ¼ Q10,gating � Q10,permeation:

For ion diffusion through ion channels, Q10,permeation generally has values

between 1.1 and 2, thus providing a minor contribution to the high Q10 of heat-

activated TRP channels and counteracting the cold activation of cold-activated TRP

channels.

Several studies have provided measurements of ΔH and ΔS for different

temperature-sensitive TRP channels, based on steady-state current measurements

at different temperatures and voltages or kinetic analyses of currents in response to

heat and/or voltage jumps. These studies indeed consistently show ΔH> 0 and

ΔS> 0 for the opening of heat-activated TRP channels and ΔH< 0 and ΔS< 0 for

the opening of cold-activated TRP channels. Estimates forΔH range between�150

and �400 kJ mol�1 and for ΔS between �500 and �1,200 J mol�1 K�1. (Note that

I use the SI unit joules (J) rather than the commonly used calorie (cal) as unit for

energy; 1 cal¼ 4.184 J.)

So how can one interpret ΔH and ΔS for a channel gating reaction? A positive

value for ΔH, as found in heat-activated channels, indicates that the opening of the

channel is an endothermic reaction, absorbing heat from the surroundings. This is,

for instance, the case when gating involves the disruption of internal interactions in

the channel, such as salt bridges, cation–π interactions or hydrogen bonds. Oppo-

sitely, opening of cold-activated channels has a negative ΔH, indicative of the

formation of stabilising internal interactions. As a yardstick, typical ΔH values for

disruption of a single hydrogen bond in a protein are in the order of ~5 kJ mol�1,

whereas ΔH values for disruption of cation–π interactions or salt bridges are

typically 2–4-fold higher (Jackson 2006).

A positive value of ΔS, as found in heat-activated channels, indicates that gating
leads to an increase in the degrees of freedom of the channel, for instance, due to
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exposure of amino acid side chains upon unfolding of a close-packed protein

domain. Oppositely, opening of cold-activated channels has a negative ΔS,
indicating a reduction in the degrees of freedom in the open state. Published

estimates of ΔS for protein unfolding are in the order of 20 mol�1 K�1 per amino

acid residue (Jackson 2006).

Understanding the molecular basis of thermosensitivity in (TRP) channels

comes down to understanding the (sub)molecular events that underlie these changes

in enthalpy and entropy when the channel transits between closed and open states.

Temperature-sensitive TRP channels are tetramers consisting of between ~3,500

and 4,500 amino acids. Moreover, ΔH and ΔS refer to the complete system, which

includes not only the channel protein but also interacting water molecules and

lipids. As such, there is ample “room” for local or global conformational changes to

accommodate the changes in enthalpy and entropy. For instance, it has been

estimated that membrane channels typically contain 0.29 hydrogen bonds per

amino acid residue (Joh et al. 2008). If this holds through for TRP channels, a

change in the number of hydrogen bonds during gating of only a few percent would

suffice to explain the typical ΔH values.

In addition, it has been pointed out that ΔH and ΔS should not necessarily be

viewed as constants, but vary with temperature whenever gating is accompanied by

changes in heat capacity (ΔCp, expressed in kJ mol�1 K�1) (Clapham and Miller

2011):

ΔH Tð Þ ¼ ΔH0 þ ΔCp T � T0ð Þ,
and

ΔS Tð Þ ¼ ΔS0 þ ΔCpln T=T0ð Þ,
where ΔH0 and ΔS0 represent the change in enthalpy and entropy at a reference

temperature T0. If ΔCp is large, ΔH and ΔS will change significantly with tempera-

ture and may even change sign, which implies that a channel is both cold and heat

activated. Although this is an interesting and provocative idea, there is currently no

evidence for such behaviour in TRP channels. In contrast, several studies indicate

that ΔH remains fairly stable within the biologically relevant temperature range

(Voets et al. 2004, 2007; Yang et al. 2010; Yao et al. 2010a, 2011).

4 (No) Lessons from Structure–Function Studies?

There is a steadily growing number of studies aimed at understanding the structural

basis of temperature sensitivity in TRP channels. In most cases, these studies started

from the assumption that TRP channels are modular machines that contain clearly

delineated functional regions and even transplantable thermosensing modules.

Several approaches were taken to pursue such modules, including “brute force”

methods consisting of random mutagenesis followed by medium- to high-
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throughput functionality screens, site-directed mutagenesis aimed at disturbing the

functionality of putative functional domains, characterisation of orthologues and

splice variants with distinct and/or opposite thermosensitivities and analysis of

chimeric channels obtained by swapping putative thermosensing modules between

closely or distantly related TRP channels (Vlachova et al. 2003; Brauchi et al. 2006,

2007; Grandl et al. 2008, 2010; Yang et al. 2010; Cordero-Morales et al. 2011; Yao

et al. 2011; Kang et al. 2012; Zhong et al. 2012; Wang et al. 2013). The main

outcomes of such studies performed on mammalian isoforms of TRPV1, TRPV3

and TRPM8, as well as on TRPA1 orthologues from mammals, snakes and Dro-

sophila, are schematically illustrated in Fig. 2.

Although most individual studies claim identification of specific domain

required for thermosensation, the overall picture that emerges from these studies

is fuzzy, with studies inculpating specific domains in the N- and C-terminal

cytosolic loops, transmembrane domains and pore region. Moreover, at least in

the case of TRPV1 and TRPA1, there are also some apparently conflicting data

between studies. For instance, Cordero-Morales et al. (2011) reported that the

N-terminal cytoplasmic domain of heat-sensitive TRPA1 from Drosophila and

rattlesnake and specific ankyrin repeats therein contain transplantable heat-

sensitive modules that can confer heat sensitivity to heat-insensitive human

TRPA1. In contrast, Wang et al. (2013) reported that heat sensitivity was conferred

to the human TRPA1 channel upon transplantation of the pore region, but not the

N-terminal part of Drosophila TRPA1. Further complexity is added by the

surprising finding that a specific part of Drosophila TRPA1 acts as a suppressor

S1 S2 S3 S4 S5 S6

N
C

1) N terminal thermosensitivity-reducing region (Drosophila TRPA1)  (Kang et al. 2012)
2) Portable heat-sensitive modules within the ankyrin-repeat-rich domain (rattlesnake TRPA1) (Cordero-Morales et al. 2011)
3) Membrane proximal domain modular thermal sensor (human TRPV1 and TRPV2) (Yao et al. 2011)
4) Pore turret (part of the thermo-sensing apparatus of mouse TRPV1) (Yang et al. 2010)
5) Pore-loops (required for temperature sensitivity in human TRPV1 and TRPV3) (Grandl et al. 2008, 2010)
6) Pore helix (dictates thermosensitivity in Drosophila TRPA1) (Wang et al. 2013)
7) Sixth transmembrane (required for temperature sensitivity in human TRPV3) (Grandl et al. 2008)
8) Minimal C-terminal portion able to turn TRPM8 into a heat receptor (human TRPV1) (Brauchi et al. 2007)
9) Distal C terminal (structural basis for thermal sensitivity in human TRPV1) (Vlachova et al. 2003)

Fig. 2 Schematic overview of regions that have been implicated in thermosensitivity in the TRP

channels TRPV1, TRPV2, TRPV3, TRPM8 and TRPA1
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of heat sensitivity (Kang et al. 2012). Similarly, whereas some studies strongly

implicate the pore region and pore turret in setting the thermosensitivity of TRPV1

(Grandl et al. 2010; Yang et al. 2010), other studies dismiss this possibility and

rather implicate the domain between ankyrin repeats and the first transmembrane

helix (Yao et al. 2010b, 2011). The reasons for these discrepancies are not always

obvious, but may reflect differences in methodology, the lack of robustness of some

of the parameters that are used to quantify thermal sensitivity and possibly artefacts

caused by the harshness of some experimental protocols to evoke thermal responses

from TRP channel-(over)expressing cells.

It may be concluded that, in contrast to voltage-gated Na+, K+ or Ca2+ channels,

in which the voltage sensor is mainly contained within the fourth transmembrane

(S4) domain, or to ligand-gated channels such as the cys-loop and ionotropic

glutamate receptors, in which the ligand binding site is located in the extracellular

domain, thermosensing does not seem to be generated in a clearly delineated and

conserved domain of TRP channels. Possibly, the significant difference in enthalpy

between closed and open states arises from multiple submolecular rearrangements

occurring in different and diffuse areas of the channel.

Obviously, detailed understanding of the molecular basis of thermosensing in

TRP channels is therefore still far ahead. Deeper insight may be obtained by

meticulous analysis, using standardised patch-clamp assays and/or calorimetry, of

the thermodynamic consequences of thousands of point mutations. Once TRP

channel structures in closed and open configuration will be available, it may also

become feasible to calculate the contribution of domains, residues and atoms to the

thermodynamic properties of TRP channels.
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Abstract

Mechanosensitive channels allow cells to respond to changes in membrane

stretch that occur due to external stimuli like pressure or flow or that occur

because of osmotically induced cell swelling or shrinkage. Ion fluxes through the

channels change the membrane potential and ion concentrations and link the

stretch to cellular signalling. Changes in cellular activity evoked by mechanical

stimuli can be used to elicit local tissue responses or can be transmitted further to

generate more widespread responses. Channels can respond directly to mem-

brane stress, can be conferred mechanosensitive by interaction with structural

proteins, or can be activated by mechanosensitive signalling pathways. Because

mechanosensitive channels are often nonselective cation channels, and inverte-

brate TRP isoforms are involved in mechanosensation, many of the mammalian

TRP isoforms have been investigated with regard to their mechanosensitivity.

There is evidence that members of the TRPC, TRPV, TRPM, TRPA and TRPP
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subfamilies could be in some way mechanosensitive, and each of the activation

mechanisms described above is used by a TRP channel. TRP channels may be

involved in mechanosensitive processes ranging from flow and pressure sensing

in the vasculature and other organs to mechanosensation in sensory neurones and

sensory organs. There is also evidence for a role of mechano- or osmosensitive

TRP isoforms in osmosensing and the regulation of cell volume. Often, a number

of different TRP isoforms have been implicated in a single type of

mechanosensitive response. In many cases, the involvement of the isoforms

needs to be confirmed, and their exact role in the signalling process determined.

Keywords

Mechanosensitive • Cation channel • Volume regulation • TRPC • TRPV •

TRPM • TRPA • TRPP

1 Mechanosensitive Channels

Most cell types are able to detect and respond to mechanical stimuli. These

responses can be used by cells to modulate their activity in response to local

changes in pressure, to stretch or to changes in cell volume. The change in cellular

activity may then be used to initiate a local tissue response, or, in the case of sensory

cells, can be used to transduce a mechanical stimulus into a signal that can be

transmitted over longer distances, and elicit complex responses of the whole

organism.

Although the responses to mechanical stimuli can differ greatly in their com-

plexity, similar mechanisms are often involved in sensing the mechanical stimulus

at the cellular level. Ion channels are capable of rapidly transducing mechanical

stimuli into an ion flux resulting in an electrical signal and a change in intracellular

ion concentration.

Channels that respond to mechanical stimuli have a number of different

mechanisms of activation (Chalfie 2009; Gillespie and Walker 2001; Hamill

2006; Kung 2005; Kung et al. 2010; Nilius and Honoré 2012; Sharif-Naeini

et al. 2008; Sukharev and Sachs 2012). One of the simplest, giving rise to a truly

mechanosensitive channel, is when the channel itself responds to changes in forces

in the lipid bilayer. In this case, the channel should be activated within milliseconds

of applying the mechanical stimulus. Other mechanosensitive channels present in

the lipid bilayer are conferred mechanosensitive by their interaction with other

proteins, like channel-attached cytoskeletal proteins, the extracellular matrix or

other structural proteins. A further group of channels are a distal component of a

signalling cascade triggered by mechanical stimuli and are themselves not directly

involved in detection of the mechanical stimulus. Here, because of the number of

steps involved, a delay in the activation of the channel is likely.
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2 Cell Volume Regulation

Changes in extracellular osmolarity lead to movement of water and to changes in

cell volume. Mammalian cells generally respond to cell swelling in hypotonic

solutions with a regulatory volume decrease (RVD) and to shrinkage in hypertonic

solutions with a regulatory volume increase (RVI) (for a review, see Hoffmann

et al. 2009). Mechanosensitive channels are sometimes involved in volume regula-

tion, because changes in volume affect membrane tension. Because of the simplic-

ity of applying solutions of different osmolarities to cells, compared to the

application of direct mechanical stimuli, osmotic stimuli have often been used to

study mechanosensitive channels. Mechanosensitive channels are, however, only

one means of detecting changes in cell volume. Other systems for detecting volume

changes use ion channels as part of the signalling cascade involved in volume

regulation. During RVD or RVI, cells respond to alterations in volume by changing

the concentration of intracellular electrolytes, often ions such as K+ and Cl�, or
organic osmolytes, and, thus, modify the intracellular osmotic pressure. The fluxes

of K+ and Cl� are regulated by the opening and closing of ion channels. Ca2+ entry

though mechanosensitive channels or channels activated by a mechanosensitive

signalling cascade is often an important trigger or component of processes involved

in cell volume regulation. The change in intracellular Ca2+ concentration results in

the activation of Ca2+-activated channels or modification of Ca2+-sensitive meta-

bolic pathways.

3 TRP Channels as Mechanosensitive Channels and Their
Role in Volume Regulation

The idea that mammalian TRP channels could be involved in mechano- or

osmosensing came from studies on invertebrate isoforms. In Drosophila and

Caenorhabditis elegans, it was found that mutation of genes for TRP isoforms

leads to deficits in the responses to mechanical or osmotic stimulation, or in

responsiveness to auditory stimuli (Barr and Sternberg 1999; Colbert et al. 1997;

Kim et al. 2003; Tracey et al. 2003; Walker et al. 2000). Therefore, it was logical to

investigate whether mammalian isoforms, and particularly those isoforms closely

related to the invertebrate TRPs, are involved in similar processes in mammals.

In this chapter, I will review the evidence for a role of mammalian TRP channels

in mechanosensation and cell volume regulation. A number of previous reviews

have also addressed the role of TRP channel families in mechanosensitivity and

osmosensitivity (Liedtke 2007; Nilius and Honoré 2012; Pedersen and Nilius 2007;

Sharif-Naeini et al. 2008; Yin and Kuebler 2010). For details of the properties of the

TRP channels discussed, readers are referred to the specific chapters in this

handbook.
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3.1 TRPC Subfamily

TRPC channels have mainly been characterised to be receptor-operated cation

channels activated by intracellular messengers or, perhaps, by depletion of intra-

cellular Ca2+ stores. Some TRPC channel isoforms have also been suggested to

form mechanosensitive channels.

3.1.1 TRPC1
3.1.1.1 TRPC1 and Mechanosensitivity
TRPC1 was identified immunologically as the cation channel forming the

mechanosensitive Ca2+-permeable cation channel (MscCa) or stretch-activated

channel (SAC) that is activated with a latency of a few milliseconds by stretch in

patches from Xenopus oocytes (Maroto et al. 2005). Overexpression of TRPC1

caused a tenfold increase in the current in patches, and TRPC1 knockdown reduced

the endogenous current. In the same study, expression of TRPC1 increased

mechanosensitive currents in Chinese hamster ovary (CHO) cells. In contrast, a

later study showed no significant increase in the mechanosensitive current in CHO

and COS cells following overexpression of TRPC1 (Gottlieb et al. 2008).

Although TRPC1 is expressed in most tissues, deletion of the gene in TRPC1–/–

mice had no obvious effect on the phenotype of the mice (Dietrich et al. 2007).

Pressure-induced vasoconstriction in cerebral vessels of these animals was normal,

and currents in response to cell swelling and cell inflation were similar in vascular

smooth muscle cells from TRPC1–/– and TRPC1+/+ mice (Dietrich et al. 2007).

Recently, evidence has been presented that TRPC1 forms mechanosensitive

channels in growth cones of Xenopus spinal neurones (Kerstein et al. 2013).

Transcripts for TRPC1 have been found in dorsal root ganglion neurones (DRGs

Elg et al. 2007; Kress et al. 2008). A subpopulation of DRGs responded to

hypotonic solutions with an increase in intracellular Ca2+ (Staaf et al. 2009). The

proportion of responsive neurones was more than halved after downregulation of

TRPC1 with a short hairpin RNA (shRNA Staaf et al. 2009). In a skin-nerve

preparation from TRPC1–/– mice, the number of action potentials fired in response

to mechanical stimulation was reduced in slowly adapting Aβ fibres (largely from

Merkel cells) and in rapidly adapting Aδ down-hair fibres compared to control

mice. No differences were found in the responses of nociceptive afferents. Consis-

tent with these findings, behavioural responses to light stroking or light punctate

stimuli were reduced in the TRPC1–/– mice, but responses to intense (painful)

mechanical stimulation were unaffected (Garrison et al. 2012).

3.1.1.2 TRPC1 and Volume Regulation
TRPC1 may also influence the regulation of cell volume in response to hypotonic

stimuli, but results from different cell types appear contradictory. In liver cells,

knockdown of TRPC1 results in a larger increase in cell volume, but a more rapid

RVD than in control cells (Chen and Barritt 2003). An involvement of TRPC1 in

Ca2+ entry leading to RVD in a kidney cell line has also been suggested, because
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knockdown of TRPC1 in this case decreased the rate of the RVD (Madsen

et al. 2012).

3.1.2 TRPC3 and TRPC6
TRPC3 and TRPC6 are both group 3 TRPCs and can form heteromultimers.

Spassova et al. (2006) showed that TRPC6 expressed in human embryonic kidney

(HEK293) or CHO cells can be activated by cell swelling and that a channel with a

similar conductance to TRPC6 opens in response to application of pressures

>84 mmHg to inside-out membrane patches. Channel activation by swelling or

pressure application was phospholipase C independent and, thus, did not involve

the signalling pathway that regulates channel activity after G protein-coupled

receptor stimulation. Channel activation by stretch, receptor stimulation or the

diacylglycerol (DAG) analogue 1-oleoyl-2-acetyl-sn-glycerol (OAG) was inhibited
by the tarantula peptide GsMTx-4, an inhibitor of a number of stretch-activated

channels that acts on the lipid bilayer. In contrast, other studies could not demon-

strate direct mechanosensitivity of TRPC6 in patches (Gottlieb et al. 2008; Inoue

et al. 2009; Mederos y Schnitzler et al. 2008), although the pressures applied

were� 80 mmHg, and below the average threshold reported by Spassova

et al. (2006). In the study by Mederos y Schnitzler et al. (2008), it was shown

that not the channel but Gq protein-coupled receptors in the membrane were

mechanosensitive leading to phospholipase C (PLC)-dependent activation of

TRPC6 and also the isoforms TRPC3 and TRPC7. Another group showed that

TRPC6 was not activated by mechanical stimuli but that receptor-mediated activa-

tion was enhanced by various forms of mechanical stimuli (osmotic swelling, shear

stress, a bulging agent and pipette pressure, Inoue et al. 2009). The enhancement

mechanism involved the release of arachidonic acid from membrane phospholipids

by phospholipase A2 (PLA2) and its subsequent hydroxylation to

20-hydroxyeicosatetraenoic acid (20-HETE).

Expression of TRPC6 did not confer sensitivity to mechanical stimulation with a

glass pipette on cell lines (Quick et al. 2012). However, in the same study,

expression of TRPC3 or, even more, coexpression of TRPC3 and TRPC6 resulted

in currents in response to mechanical displacement in a cell line derived from

sensory neurones, but not in HEK293 or CHO cells. This suggests that interaction

partners required for this form of mechanosensitivity are not expressed in the latter

cell lines.

3.1.2.1 TRPC6 and Mechanosensitivity in the Cardiovascular System
In intact cerebral arteries, small interfering RNA (siRNA)-mediated knockdown of

TRPC6 led to a decrease in the vasoconstriction and smooth muscle cell

depolarisation that occurs on increasing the intra-arterial pressure (Welsh

et al. 2002). Currents activated by hypotonic solutions in isolated smooth muscle

cells from siRNA-treated arteries were also reduced. Another study also indicated

that TRPC6 is involved in the myogenic contraction, but deletion of the channel

increased myogenic tone because of a compensatory upregulation of TRPC3

(Dietrich et al. 2005). In line with their reports of more indirect activation or
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sensitisation of TRPC6 by mechanical stimuli via mechanosensitive Gq-coupled

receptors (Mederos y Schnitzler et al. 2008) or PLA2-dependent production of

20-HETE (Inoue et al. 2009), respectively (Sect. 3.1), these groups also showed

that similar mechanisms were involved in the regulation of myogenic tone in

cerebral and mesenteric arteries (Inoue et al. 2009; Mederos y Schnitzler

et al. 2008). However, contradictory to the findings of Inoue et al. (Inoue

et al. 2009), another group found no effect of Gq-coupled receptor activation on a

hypotonicity-activated TRPC-like current in myocytes from cerebral arteries

(Anfinogenova et al. 2011).

In ventricular myocytes, mechanical stimulation of the membrane with a glass

stylus activated nonselective cation channels (Dyachenko et al. 2009). These were

inhibited by polyclonal antibodies against TRPC6 and by the toxin GsMTx-4. The

stretch-sensitive cation channels and stretch-sensitive K+ channels were found to be

located in the membrane of the transverse tubuli, and it was proposed that TRPC6

may contribute to extrasystoles resulting from myocardial stretch.

3.1.2.2 TRPC6: Activation by Stretch in Podocytes
In the glomerulus of the kidney, podocytes may regulate filtration, and they respond

to distension of glomerular capillaries with a Ca2+-dependent contraction. Although

other TRPCs are expressed in these cells, TRPC6 has gained particular interest

because several mutations that result in a gain of function have been associated with

autosomal dominant nephrotic syndrome (for review see e.g. Dryer and Reiser

2010). In a recent study, it has been shown that cells of podocyte cell line display a

cation current in response to osmotic swelling, membrane indentation or extracel-

lular fluid flow with some properties characteristic of TRPC6 (Anderson

et al. 2013). Furthermore, the current activation was prevented by a TRPC6

siRNA. Responses to stretch were enhanced by disruption of the cytoskeleton and

inhibited by GsMTx-4. The sensitivity of cells to stretch was reduced by the

expression of podocin, a protein that interacts with TRPC6 (Anderson et al. 2013).

3.1.3 TRPC Subunit Combinations in Mechanosensation and Hearing
TRPC1, TRPC3 and TRPC6 are expressed in primary sensory neurones (Elg

et al. 2007; Kress et al. 2008). Intrathecal injection of antisense oligonucleotides

to TRPC1 or TRPC6 was shown not to influence baseline mechanical nociception,

but did reduce mechanical hypersensitivity induced by inflammatory mediators

(Alessandri-Haber et al. 2009). More recently, it was shown that mechanical

nociception was unaffected in TRPC3–/–, TRPC6–/– and double knockout mice

(Quick et al. 2012). However, deletion of the genes, that are coexpressed in single

sensory neurones, did influence non-nociceptive mechanosensation (Quick

et al. 2012). Whilst the proportions of mechanosensitive and insensitive small-

diameter sensory neurones were similar to wild-type mice, there was a shift in the

adaptation properties of mechanosensitive currents from rapidly adapting to inter-

mediately adapting in TRPC3–/– neurones. In double knockout mice, there was a

loss of rapidly adapting currents and a reduction in the percentage of mechanor-

esponsive neurones. Mice with deletions of one gene did not display deficits in
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mechanosensation, but those with double deletions did, suggesting that one of the

isoforms may compensate for the other. The double deletion, but not single

deletions, also had deficits in hearing and vestibular function (Quick et al. 2012).

TRPC3 and TRPC6 are coexpressed in cochlear outer hair cells. In organotypic

cultures of the cochlea from double mutants, mechanoelectrical transduction

currents of hair cells from the basal, but not the apical coil, were reduced by 75–

80 % (Quick et al. 2012). For TRPC3–/– mice, another study has shown that they

display disrupted Ca2+ homeostasis leading, in contrast to the double knockout

described above, to hyperacusis (Wong et al. 2013).

3.1.4 TRPC5
HEK293 cells expressing TRPC5 respond to hypotonic solutions with a current that

has typical characteristics of TRPC5 (Gomis et al. 2008). The response was blocked

by GsMTx-4. In contrast to osmotically induced activation of TRPC6 (Mederos y

Schnitzler et al. 2008), the activation of TRPC5 was not dependent on PLC, but

required the presence of phosphatidylinositol-4,5-bisphosphate (PIP2) in the cells

(Gomis et al. 2008). TRPC5 was also activated by positive pressure applied to the

patch pipette in whole-cell recordings (Gomis et al. 2008).

3.2 TRPV Subfamily

3.2.1 TRPV1
TRPV1 is a heat-, ligand- (e.g. capsaicin) and pH-sensitive, voltage-dependent

cation channel involved in thermal nociception. A splice variant of TRPV1 has

been implicated in osmosensing in neurones (Sect. 3.2.1.1), but there are few

reports on the osmosensitivity of TRPV1 after heterologous expression. No Ca2+

increase was observed in cells expressing full-length TRPV1 in response to hypo-

tonic solutions (Liedtke et al. 2000; Strotmann et al. 2000), and hypertonic

solutions had no effect on currents at room temperature (Ahern et al. 2005). In

another study, there was hardly any Ca2+ response to changes in osmolarity of the

extracellular solution at room temperature. However, around body temperature,

responses were observed (Nishihara et al. 2011). Cells expressing the channel

responded to increases in osmolarity with increased Ca2+ influx, whereas hypotonic

solutions caused small decreases in influx (Nishihara et al. 2011). Thus, in contrast

to most of the other TRP channels described in this chapter, TRPV1 may be

activated by shrinkage or a decrease in membrane stretch. Although, as indicated,

this finding is based on one report and needs to be confirmed.

3.2.1.1 TRPV1 and Central Osmosensing
Central osmosensitive neurones are involved in the regulation of extracellular fluid

osmolarity by a number of mechanisms including water and salt intake and excre-

tion (Bourque 2008). The primary osmoreceptors are probably located in organum

vasculosum laminae terminalis (OVLT), one of the circumventricular organs, but

other neurones in the subfornical organ and supraoptic nucleus (SON) are
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osmosensitive. Most of these osmosensitive neurones respond to increases in

extracellular osmolarity with a depolarisation and an increase in firing and to

hypotonic solutions with a decrease in activity. Osmosensitive neurones of the

OVLT and the SON express mechanosensitive cation channels that open in

response to hypertonic stimulation and close under hypotonic conditions. The

channels are activated by cell shrinkage. TRPV1 has been shown to be involved

in the response of both sets of neurones (Ciura and Bourque 2006; Sharif Naeini

et al. 2006). SON neurones express an N-terminally truncated TRPV1 splice variant

that is capsaicin insensitive (Sharif Naeini et al. 2006). Neurones from TRPV1–/–

animals failed to respond to hypertonic solutions with a cation current,

depolarisation and an increase in firing (Ciura and Bourque 2006; Sharif Naeini

et al. 2006). Responses to hypertonic stimuli were counteracted by cell inflation and

similar responses evoked by cell deflation, indicating that the channels are

regulated by a mechanical process (Zhang et al. 2007). The same study provided

evidence that the responses to osmotic stimuli are dependent on the actin cytoskel-

eton. Despite the evidence for a role of TRPV1 in mechanosensing in osmosensitive

neurones, the role of the channel in vivo remains unclear since TRPV1–/– mice

showed only moderate differences (Ciura and Bourque 2006) or no difference

(Taylor et al. 2008) compared to wild-type mice in the amount of water they

drank in response to NaCl injection.

3.2.2 TRPV2
CHO cells, transiently transfected with TRPV2, have been shown to respond to

hypotonic solutions with an increase in current. Stretch-activated nonselective

cation channel activity in patches from these cells was also increased (Muraki

et al. 2003). Furthermore, the Ca2+ response to stretch of CHO or HEK293 cells

growing on an elastic substrate was increased after expression of TRPV2 (Iwata

et al. 2003; Muraki et al. 2003; Shibasaki et al. 2010).

3.2.2.1 TRPV2 in Striated and Smooth Muscle
TRPV2 is expressed in myocytes from skeletal and cardiac muscle, and expression

is increased in dystrophic muscle (Iwata et al. 2003). TRPV2 has been implicated in

Ca2+-induced damage in dystrophic muscle because its expression in CHO cells

leads to an increase in stretch-activated Ca2+ influx (Iwata et al. 2003). In aortic

myocytes, TRPV2 expression was detected, and cell swelling and Ca2+ influx in

response to hypotonic solutions was reduced by an siRNA against TRPV2 (Muraki

et al. 2003).

3.2.2.2 TRPV2 in Other Tissues
Expression of TRPV2 was found in developing motor neurones, DRG neurones and

in the dorsal horn of the spinal cord (Shibasaki et al. 2010). In motor neurones and

DRGs, protein expression was detected in the soma, axon shafts and growth cones.

Stretch-induced Ca2+ influx in embryonic DRGs was reduced by a dominant-

negative TRPV2. Stretch-induced axon outgrowth in vitro, and axon outgrowth

in vivo, was increased in neurones transfected with TRPV2 and decreased in

750 T.D. Plant



neurones transfected with the dominant-negative construct or a TRPV2 short

hairpin RNA (Shibasaki et al. 2010).

Rapid strain applied to the membrane of alveolar type II cells with a spatula

mounted on a piezo-driven manipulator induced extremely fast Ca2+ entry (within

30 ms) which stopped immediately upon removal of the stimulus, suggesting that

the channel involved is directly mechanosensitive (Fois et al. 2012). The strongest

mRNA expression for TRPV and TRPC channels in these cells was for TRPV2, and

silencing of this subunit with siRNA reduced the Ca2+ response to strain. Evidence

was also obtained for a role of focal adhesions and the cytoskeleton in the response

to strain (Fois et al. 2012).

3.2.3 TRPV4
The mammalian TRPV channel most often connected with mechanosensitivity or

responses to changes in osmolarity is TRPV4. A number of groups including our

own showed that TRPV4 expressed in HEK293 or CHO-K1 cells was activated by

the application of hypotonic solutions (Liedtke et al. 2000; Strotmann et al. 2000;

Wissenbach et al. 2000). However, in preliminary experiments in HEK293 cells, we

could not detect a change in activity in response to membrane stretch (Strotmann

et al. 2000). Vriens et al. (2004) later showed that TRPV4 is at the end of a cascade

activated by cell swelling that involves PLA2-dependent generation of arachidonic

acid and its cytochrome P450 epoxygenase-dependent metabolism to epoxyeicosa-

trienoic acid (EET). The ability of TRPV4 to respond to osmotically induced cell

swelling is regulated by a protein–protein interaction. Sensitivity to swelling is

reduced when the channel interacts with the protein PACSIN 3 (D’Hoedt

et al. 2008), which prevents the N-terminal tail of the channel from interacting

with PIP2 (Garcia-Elias et al. 2013).

3.2.3.1 TRPV4 in the Kidney
Initial studies on TRPV4 showed that it is strongly expressed in the kidney (Liedtke

et al. 2000; Strotmann et al. 2000; Wissenbach et al. 2000), an organ in which cells

can be exposed to strong differences in osmolarity of the extracellular fluid. An

older study indicated that TRPV4 expression may be localised to water-

impermeable nephron segments and that expression was mainly basolateral,

suggesting a possible role in sensing interstitial osmolarity (Tian et al. 2004).

More recent studies, however, have shown that TRPV4 is expressed near the apical

membrane of cells of the aquaporin 2-positive medullary and cortical collecting

duct system (Berrout et al. 2012a). Cells in this region respond to hypotonic

solutions with increases in Ca2+, and endogenous, Ca2+-permeable TRPV4 was

activated by hypotonic solutions in a cortical collecting duct cell line (reviewed see

Pochynyuk et al. 2013; Wu et al. 2007). In response to hypotonic stimuli, cells in

this region of the nephron release ATP which then increases intracellular Ca2+ via

metabotropic purinergic receptor (P2Y) signalling. TRPV4 was shown to be essen-

tial for the plateau phase of the Ca2+ signal (Mamenko et al. 2011). By inhibiting

vasopressin-dependent water transport, purinergic signalling is part of a local

control mechanism for water transport. The exact contribution of TRPV4 to this
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mechanism and the link between the P2Y receptor and TRPV4 activation is still

unclear. TRPV4 also responds to the flow of tubular fluid. It was shown that flow-

dependent increases in Na+ absorption and K+ secretion in cortical collecting ducts

was dependent on the expression of TRPV4 (Taniguchi et al. 2007). TRPV4 is also

necessary for high flow-induced increases in Ca2+ in the collecting duct system

(Berrout et al. 2012a).

Because they are exposed to large osmotic gradients, kidney cells need to

regulate their volume. TRPV4 is involved in cell volume regulation (the RVD) in

a cortical collecting duct cell line (Galizia et al. 2012). This response required

aquaporin 2 and was blocked by ruthenium red, which unspecifically blocks

TRPVs, and stimulated by a 4α-phorbol ester activator of TRPV4. The RVD

response involved the cytoskeleton and trafficking of TRPV4 to the cell membrane

(Galizia et al. 2012).

3.2.3.2 TRPV4 in the Cardiovascular System
TRPV4 is also involved in flow-dependent signalling in endothelial cells. Shear

stress on the endothelium stimulates the release of vasodilatory factors (nitric oxide,

prostacyclin, H2O2) and the generation of endothelium-derived hyperpolarizing

factor (EDHF) signalling from endothelial cells. This leads to smooth muscle

relaxation. TRPV4 is expressed in large arteries and arterioles, and there is good

evidence that it is involved in the response to shear stress. Shear-stress-induced

relaxation is strongly reduced by inhibitors of TRPV4, by TRPV4 siRNAs, or by

genetic deletion of the channel (Hartmannsgruber et al. 2007; Köhler et al. 2006;

Loot et al. 2008; Mendoza et al. 2010). Furthermore, application of activators of

TRPV4 also results in vasodilation (Köhler et al. 2006). Ca2+ entry through TRPV4

is thought to couple channel activation to the production of vasodilatory mediators

like NO or prostaglandins (Köhler et al. 2006) or to membrane hyperpolarisation

via activation of Ca2+-activated K+ channels (Köhler and Hoyer 2007; Sonkusare

et al. 2012). The hyperpolarisation may be transmitted from the endothelium to

smooth muscle cells by electrical coupling and may, indeed, be EDHF. Activation

of TRPV4 by shear stress seems to be indirect and to involve PLA2-dependent

release of arachidonic acid and its subsequent metabolism to EETs

(Hartmannsgruber et al. 2007; Köhler et al. 2006; Loot et al. 2008). A recent

study has shown that TRPV4 located in microdomains of endothelial cells together

with Ca2+-activated K+ channels at the myoendothelial junction can also be

activated by low intravascular pressure (Bagher et al. 2012). In the lung, Ca2+

entry through endothelial TRPV4 has been implicated to play a role in high vascular

pressure-induced lung injury, a process involving the production of EETs (Jian

et al. 2008).

In addition to its presence in endothelial cells, TRPV4 is also expressed in

vascular smooth muscle cells of some arteries. There it could mediate the response

to EETs, which have also been proposed to be EDHF (Earley et al. 2005). Ca2+

entry through TRPV4 located close to ryanodine receptors induces sparks of Ca2+

release from the sarcoplasmic reticulum. This leads to the activation of Ca2+-

activated K+ channels, hyperpolarisation of the membrane and smooth muscle
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relaxation. In addition to this inhibitory role on smooth muscle cells, TRPV4 has

also been reported to increase smooth muscle tone. TRPV4 is upregulated in

chronic hypoxic rats leading to an increase in myogenic tone and pulmonary

hypertension (Yang et al. 2012).

3.2.3.3 TRPV4 and Mechanosensation in Sensory Neurones
In primary sensory neurones, TRPV4 was shown to be involved in the activation of

nociceptors by hypotonic solutions, an effect enhanced by inflammation

(Alessandri-Haber et al. 2003). Later, some of the first reports on TRPV4–/– mice

described an increase in threshold for the responses to strong noxious mechanical

stimulation in mice lacking the channel (Liedtke and Friedman 2003; Suzuki

et al. 2003). Other studies, however, suggest that TRPV4 does not normally respond

to painful stimuli, but plays a role in mechanical hyperalgesia induced by inflam-

matory mediators (Alessandri-Haber et al. 2006; Grant et al. 2007) or neuropathy

(Alessandri-Haber et al. 2004). The channel has also been shown to be involved in

tonicity-induced neurogenic inflammation (Vergnolle et al. 2010).

3.2.3.4 TRPV4: Involvement in Mechano- or Osmosensitivity in Other Tissues
TRPV4 expression was detected in airway smooth muscle cells, and the channel

may be involved in the contraction caused by exposure to hypotonic solutions (Jia

et al. 2004). TRPV4 was also reported to be involved in the response of the airway

epithelium to shear stress caused by airflow (Sidhaye et al. 2008). Shear stress

increased intracellular Ca2+ in epithelial cells and decreased paracellular epithelial

permeability. In the signalling cascade, TRPV4 activation preceded the opening of

voltage-gated Ca2+ channels, Ca2+ influx and a decrease in the expression of

aquaporin 5 (Sidhaye et al. 2008).

In the bladder, TRPV4 is present in urothelial cells and plays an important role in

the Ca2+-induced release of ATP evoked by hypotonic solutions, stretch or

increases in intravesicular pressure (Birder et al. 2007; Gevaert et al. 2007;

Mochizuki et al. 2009). The activation of TRPV4 leads to the stimulation of

mechanosensitive, capsaicin-insensitive bladder C fibre afferents that facilitate

the micturition reflex (Aizawa et al. 2012). Indeed, TRPV4–/– mice show deficits

in bladder voiding, confirming a possible role in sensing or transducing

intravesicular pressure or volume (Gevaert et al. 2007).

TRPV4 is expressed in cells of the cochlea including outer and inner hair cells.

Outer hair cells of TRPV4+/+ mice respond to hypotonic solutions or TRPV4

agonists with an increase in Ca2+, whereas cells from TRPV4–/– mice do not,

indicative of an osmo- or mechanosensory role of the channel in these cells (Shen

et al. 2006). In one study, TRPV4–/– mice were shown to respond like wild-type

mice to acoustic stimulation (Liedtke and Friedman 2003), whereas in another

deletion of TRPV4 was reported to cause a delayed loss of hearing (Tabuchi

et al. 2005). These results, together with the fact that the channel properties do

not fit with those of the hair cell mechanotransduction channel, suggest that TRPV4

is not the mechanotransduction channel but may be involved in the production of

endolymph (for review see Christensen and Corey 2007).
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3.2.3.5 TRPV4 and Systemic Osmosensing
Because TRPV4 is activated in cells exposed to hypertonic stimuli, it could

potentially be involved not only in cellular but also in systemic osmosensing.

One study showed that TRPV4–/– mice did not counterregulate systemic hyperto-

nicity as well as TRPV4+/+ mice. They drank less and released less antidiuretic

hormone, probably as a result of a defect in osmotic sensing central nervous system

(Liedtke and Friedman 2003). However, another showed increased ADH release in

response to water deprivation (Mizuno et al. 2003). As discussed above

(Sect. 3.2.1.1), neurons in the OVLT are the primary osmosensing neurons in

mammals, but the cation channel in these neurones, unlike TRPV4, is activated in

response to hyperosmotic stimuli. Furthermore, the response of OVLT neurones is

affected by deletion of TRPV1, but not TRPV4 (Ciura et al. 2011).

3.2.3.6 TRPV4 and the RVD
In addition to a role in volume regulation in kidney cells (Sect. 3.2.3.1, Galizia

et al. 2012), Ca2+ entry through TRPV4 has been reported to be involved in the

RVD in a number of cell types. CHO cells do not express endogenous TRPV4 and

normally do not display an RVD, but show an RVD when transfected with TRPV4

(Becker et al. 2005). Other cell types for which an involvement of TRPV4 in RVD

has been described include airway epithelial cells (Arniges et al. 2004),

keratinocytes (Becker et al. 2005), salivary gland cells (Liu et al. 2006), corneal

epithelial cells (Pan et al. 2008), chondrocytes (Phan et al. 2009) and astrocytes

(Benfenati et al. 2011).

Like in kidney cells (Sect. 3.2.3.1, Galizia et al. 2012), the responses in salivary

gland cells (Liu et al. 2006) and astrocytes (Benfenati et al. 2011) required the

concerted activity of TRPV4 and aquaporin isoforms. Furthermore, in a number of

cell types, an intact actin cytoskeleton was shown to be required for the TRPV4-

dependent RVD (Becker et al. 2009; Liu et al. 2006), and one study suggested that

primary cilia and possibly TRPV4 therein are involved in the Ca2+ response to

hypo-osmotic solutions (Phan et al. 2009).

3.3 TRPM Subfamily

Compared to the subfamilies of TRP channels described above, there are only few

reports of sensitivity of TRPM channels to mechanical stimuli or changes in cell

volume.

3.3.1 TRPM3
One splice variant of TRPM3 has been shown to be spontaneously active after

heterologous expression, and the activity of this variant is reduced by hypertonic

and increased by hypotonic solutions (Grimm et al. 2003). Nothing is known of the

physiological importance of this responsiveness, although the channel is expressed

in the kidney of some species (Grimm et al. 2003).
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3.3.2 TRPM4 in Vascular Smooth Muscle
The Ca2+-activated, Ca2+-impermeable cation channel TRPM4 has been shown to

be expressed in smooth muscle cells of cerebral arteries (Earley et al. 2004).

Antisense oligonucleotides against TRPM4 decreased the depolarisation and the

myogenic constriction in response to increased intra-arterial pressure (Earley

et al. 2004).

3.3.3 TRPM7
A channel activated by membrane stretch (half maximal activation at �3 cm H2O)

in inside-out patches from HeLa epithelial cells was inhibited by external Mg2+ and

channel activity abolished by knockdown of TRPM7 with siRNA (Numata

et al. 2007b). In the same study, currents activated by cell swelling and the RVD

in HeLa cells were strongly reduced by a TRPM7 siRNA. In a similar study by the

same authors on TRPM7 expressed in HEK cells, increases in current were

observed with shear stress or on cell swelling (Numata et al. 2007a). In excised

patches, a channel was activated by stretch, with similar properties and a similar

pressure sensitivity to that seen in HeLa cells. In contrast to these data, an endoge-

nous TRPM7-like channel in microglia was insensitive to cell swelling (Jiang

et al. 2003). Another study in HEK293 cells found that TRPM7 activity and

endogenous TRPM7-like currents are sensitive to the extracellular osmolarity

(Bessac and Fleig 2007). Hyperosmotic solutions decreased currents and hypo-

osmotic solutions increased currents. Currents were insensitive to membrane

stretch and there was no effect of TRPM7 expression on the RVD. The

osmosensitivity was shown to arise in part from swelling- or shrinkage-induced

changes in the intracellular Mg2+ concentration to which the channel is sensitive.

3.4 TRPA Subfamily

3.4.1 TRPA1
Heterologously expressed TRPA1 and TRPA1 in sensory neurons are activated by

the application of hypertonic solutions, but not by hypotonic solutions (Zhang

et al. 2008). The mechanism of activation by hypertonic solutions/cell shrinkage

has not been reported.

TRPA isoforms are involved in mechanosensation in invertebrates. Mammalian

TRPA1 is expressed in auditory hair cells and is located to the stereocilia. Knock-

down experiments indicated that TRPA1 was a candidate for the auditory transduc-

tion channel (Corey et al. 2004). TRPA1–/– mice, however, did not have hearing

defects (Bautista et al. 2006; Kwan et al. 2006), so that the channel’s physiological

role in hair cells remains unclear. One of these studies (Kwan et al. 2006), but not

the other, found a reduced sensitivity to noxious mechanical stimuli in TRPA1–/–

mice. In a more detailed investigation in a skin-nerve preparation, the same group

confirmed deficits in mechanotransduction in TRPA1–/– mice (Kwan et al. 2009).

These mice showed weaker C fibre responses to noxious mechanical stimulation

over a wide range of stimulus intensities and reduced Aδ fibre responses to intense
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stimulation. In addition, adaptation of non-noxious mechanoresponses was

modified. Slowly adapting mechanosensitive currents activated by indentation of

the membrane were completely lost in isolectin B4-negative small-diameter dorsal

root ganglion neurons (that give rise to small-diameter nociceptive C fibres) from

TRPA1–/– mice (Vilceanu and Stucky 2010). TRPA1 is also expressed in

mechanosensitive visceral afferents, and responses to noxious colonic distension

were reduced in TRPA1–/– mice (Brierley et al. 2009). This group found a reduction

in amplitude of intermediately adapting currents in response to neurite stimulation

in small-diameter DRG neurones, but not in larger-diameter neurones (Brierley

et al. 2011).

3.5 TRPP Subfamily

Polycystin 2 (referred to here as TRPP2, but also called polycystic kidney disease

2 (PKD2), PC2 and TRPP1 by IUPHAR) and the two polycystin 2-like proteins

TRPP3 (polycystic kidney disease 2-like 1 (PKD2L1), IUPHAR: TRPP2) and

TRPP5 (polycystic kidney disease 2-like 2 (PKD2L2), IUPHAR: TRPP3) belong

to the TRP family, whereas polycystin 1 (PKD1, sometimes called TRPP1 in the

nomenclature used here) and its relatives, because of their additional transmem-

brane domains and because they have little sequence similarity to TRP channels, do

not. It is noteworthy that differences in nomenclature can cause considerable

confusion when surveying the polycystin literature. Mutations in PKD1 and

TRPP2 have been shown to cause polycystic kidney disease (ADPKD), and

hence the name polycystin (Hofherr and Kottgen 2011). PKD1 and TRPP2

co-localise to nonmotile primary cilia of epithelial and endothelial cells where

there is evidence that they confer responses to mechanical stimuli. In addition to

forming a surface membrane channel, PKD1 and TRPP2 interact with and amplify

Ca2+ release from inositol trisphosphate receptors in the endoplasmic reticulum

(Koulen et al. 2002).

3.5.1 TRPP2
3.5.1.1 TRPP2 in the Kidney
Cultured kidney epithelial cells responded to shear stress with an increase in Ca2+

that was lost in cells from PKD1–/– mice or in cells treated with antibodies against

PKD1 or the extracellular domain of TRPP2 (Nauli et al. 2003). The response was

also lost in cells lacking fully developed primary cilia and depended on Ca2+ release

through RyRs. TRPV4 has also been reported to interact with TRPP2 to form

mechanosensitive channels in renal epithelial cells (Kottgen et al. 2008). After

coexpression of TRPV4 and TRPP2 in Xenopus oocytes, swelling-activated

currents were larger than when TRPV4 was expressed alone. TRPV4 knockdown

abolished flow-activated currents in a cell line derived from the renal epithelium.
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3.5.1.2 TRPP2 in the Vasculature
PKD1 and TRPP2 are also expressed in primary cilia of endothelial cells where

they have been shown to be involved in the response to shear stress. Knockout of

PKD1 or TRPP2 in mice resulted in a loss of the shear-stress response (AbouAlaiwi

et al. 2009; Nauli et al. 2008). Similarly, endothelial cells from a ADPKD patient

had no response to shear stress and lacked TRPP2 expression (AbouAlaiwi

et al. 2009). In the endothelium, polycystin-dependent Ca2+ increases were linked

to the production of the vasodilator NO (AbouAlaiwi et al. 2009; Nauli et al. 2008).

The authors suggest that the loss of shear-stress responses may contribute to

hypertension in ADAKD patients. If, as in kidney cells, TRPV4 in endothelial

cells were to interact with polycystins, it may be possible to explain the results of

TRPV4 (Sect. 3.2.3.2) or polycystin deletion on shear-stress-induced vasodilation.

In addition to an involvement in endothelial mechanosensation, TRPP2 and

PKD1 influence a mechanosensitive channel in arterial smooth muscle cells.

Overexpression of TRPP2 decreased stretch-activated channel activity in excised

patches from COS cells (Sharif-Naeini et al. 2009), whereas expression of PKD1

alone had no effect. Coexpression of PKD1 with TRPP2 reversed SAC inhibition

by TRPP2. Consistent with these effects, deletion of PKD1 in arterial myocytes

reduced SAC activity and impaired the myogenic response, and depletion of TRPP2

in PKD1-deficient myocytes restored SAC activity and the myogenic response. The

effect of TRPP2 on SAC activity was dependent on the actin cytoskeleton and the

protein filamin A that interacts with TRPP2.

TRPP2 has also been shown to interact with TRPC1 (Tsiokas et al. 1999), and it

has recently been suggested that these mediate Ca2+ influx in response to stretch-

induced injury in blood–brain barrier endothelial cells (Berrout et al. 2012b).

3.5.1.3 TRPP2 and Embryonic Development
In addition to the mechanosensitivity in adult tissues described above, TRPP2 plays

a role in embryonal development. Visceral organs are normally asymmetric with

respect to their position and/or shape. TRPP2–/– mice display deficits in left–right

(L–R) symmetry, e.g. in lobation of the lung and liver and in location of the heart

stomach and spleen (Pennekamp et al. 2002). The breaking of L–R symmetry is

mediated by unidirectional fluid flow in the ventral node of the embryo. TRPP2

expressed in the nonmotile cilia of perinodal crown cells is required for sensing of

fluid flow and likely involves Ca2+ signalling (Yoshiba et al. 2012).

3.5.2 TRPP3 and PKD1/TRPP3 Heteromers
TRPP3 was first reported to be retained in the endoplasmic reticulum (ER) and

trafficked to the cell surface when coexpressed with PKD1 or after removal of an

ER retention signal (Murakami et al. 2005). In the same study, it was shown that

HEK293 cells coexpressing PKD1 and TRPP3 or expressing TRPP3 mutants

lacking the retention signal responded to hypo-osmotic stimulation with an increase

in Ca2+. More recently, it was shown that TRPP3 forms constitutively active

channels after expression alone in HEK293 cells (Shimizu et al. 2009). Cell volume

increases in response to hypotonic solutions led to an increase in channel activity,
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whereas cell shrinkage decreased channel activity (Shimizu et al. 2009). The

changes in activity resulted from swelling-induced shifts in the potential depen-

dence of the channel.

3.6 TRPML Subfamily

3.6.1 TRPML3
The mucolipidin TRP channel TRPML3 is expressed in various cells of the inner

ear including outer and inner hair cells, where most expression is intracellular, but

some is detected in stereocilia (Di Palma et al. 2002). Because of this, and because

heterozygote mice carrying the varitint-waddler mutation in TRPML3 are deaf

(Cable and Steel 1998; Di Palma et al. 2002), it was hypothesised that the channel

may be involved in mechanosensation (Di Palma et al. 2002). The varitint-waddler

mutation leads to a gain of function in TRPM3 and to degeneration of hair cells (for

a review see e.g. Atiba-Davies and Noben-Trauth 2007), but the channel does not

seem to form the mechanotransduction channel (van Aken et al. 2008), and hair

cell-specific deletion of TRPML3 does not lead to hearing or balance impairments

(Jörs et al. 2010).

Conclusions and Outlook

From the information presented in this chapter, it is clear that a number of TRP

isoforms from different subfamilies have been proposed to be involved in

responses to mechanical stimuli. However, for only few of these channels is

the evidence supporting this role comprehensive and comprises evidence for

mechanical activation in native cells and after heterologous expression, evidence

at the biophysical (single channel conductance and channel properties) and

molecular level (knockout, knockdown, expression) for channel involvement,

knowledge of the activation mechanism (direct, indirect, pathway), and an

indication of its possible physiological roles (response to knockout, knock-

down). In my view, the channel that meets these criteria best amongst the TRP

channels is TRPV4. For other channels (e.g. TRPP1), evidence is good at some

levels (expression, physiological role), but lacking at others (activation mecha-

nism, biophysical characterisation). For others, indeed for most, however, the

evidence that the channel responds to mechanical stimuli is often based on a

single report or work from one group and lacks independent confirmation, or

there are conflicting reports on the same channel from different studies. In some

cases, the evidence that the TRP isoform is involved in a response relies on the

specificity of the technique used (e.g. the antibody or siRNA), and relatively

indirect measurements of channel activity (e.g. changes in Ca2+ concentration or

contraction), or behavioural assays. Since most TRP channels are Ca2+ perme-

able and often show some spontaneous activity, they can influence cellular Ca2+

homeostasis and the activity of other Ca2+-sensitive channels.

Some TRP channels (there is at least some evidence for TRPC1, TRPC3/6,

TRPV2, TRPM7, TRPA1, TRPP1) may respond rapidly and directly to changes
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in membrane tension as indicated by responses to pressure applied to membrane

patches or to mechanical stimulation of cells using a probe and may thus fulfil a

major criterium for a mechanosensitive channel. They may, however, particu-

larly in native cells, influence other non-TRP cation channels present in the cells

that respond to these stimuli. For some TRP channels (TRPC6, TRPV1, TRPV2,

TRPV4, TRPP1), there are reports that the cytoskeleton is involved in the

response to mechanical stimulation. Many of the TRP channels may not be

mechanosensitive per se, but be activated by multistep mechanosensitive signal-

ling pathways. A feature of many TRP channels is their complex regulation by

the membrane potential and/or a variety of intracellular signals including G

proteins, Ca2+, PIP2, DAG, EETs and phosphorylation. Thus, mechanosensitive

pathways that influence these factors could influence TRP channel activity. An

indirect activation pathway has clearly been shown for TRPV4 and may apply to

a number of other TRP channels, particularly if there is a delay in activation. In

some processes, such as the responses of vascular smooth muscle cells to

pressure and mechanosensation in sensory neurones, there is evidence for the

involvement of a number of TRP channel isoforms from different subfamilies. In

these cases, it needs to be clarified how the channels interact in the response,

which channel, if any, is the primary mechanosensor and which are activated

subsequently by mechanosensitive signalling cascades. The evidence for an

involvement of TRPs in volume regulation is again best for TRPV4, but

TRPC1 may also play a role.

Future studies will hopefully pinpoint the role of individual TRPs in

mechanosensing and volume regulation and determine their importance in

comparison to other mechanosensitive non-TRP cation channels and

mechanosensitive K+ channels.
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Abstract

The transient receptor potential (trp) gene superfamily encodes TRP proteins

that act as multimodal sensor cation channels for a wide variety of stimuli from

outside and inside the cell. Upon chemical or physical stimulation of cells, TRP

channels transduce electrical and/or Ca2+ signals via their cation channel

activities. These functional features of TRP channels allow the body to react

and adapt to different forms of environmental changes. Indeed, members of one

class of TRP channels have emerged as sensors of reactive oxygen species

(ROS), reactive nitrogen species (RNS), reactive carbonyl species (RCS), and

gaseous messenger molecules including molecular oxygen (O2), hydrogen sul-

fide (H2S), and carbon dioxide (CO2). Hydrogen peroxide (H2O2), an ROS,

triggers the production of ADP-ribose, which binds and activates TRPM2. In

addition to TRPM2, TRPC5, TRPV1, and TRPA1 are also activated by H2O2 via

modification of cysteine (Cys) free sulfhydryl groups. Nitric oxide (NO), a

vasoactive gaseous molecule, regulates TRP channels directly via Cys

S-nitrosylation or indirectly via cyclic GMP (cGMP)/protein kinase G (PKG)-

dependent phosphorylation. Anoxia induced by O2-glucose deprivation and

severe hypoxia activates TRPM7 and TRPC6, respectively, whereas TRPA1

serves as a sensor of mild hypoxia and hyperoxia in vagal and sensory neurons.

TRPA1 also detects other gaseous molecules, such as hydrogen sulfide (H2S)

and carbon dioxide (CO2). In this review, we highlight our current knowledge of

TRP channels as chemosensors for ROS, RNS, RCS, and gaseous molecules and

discuss their functional impacts on physiological and pathological events.

Keywords

TRP channels • Chemosensor • ROS • RNS • RCS • Oxygen

1 Sensing of ROS by TRP Channels

Oxidative stress is generally defined as an imbalance that favors the production of

prooxidants [represented by reactive oxygen species (ROS)] over antioxidants

(which detoxify the reactive intermediates in biological systems) (Fig. 1). ROS

include superoxide anions (O2
��) and hydrogen peroxide (H2O2), which can pro-

duce the severely damaging hydroxyl radical (�OH). These species are produced

mainly by one-electron reduction of molecular oxygen (O2), but are also generated

as a byproduct of respiration in mitochondria or by specific enzymes of the NADPH

oxidase (NOX) and dual oxidase (DUOX) family (Orrenius et al. 2003; Kulkarni

et al. 2007). Because ROS are highly chemically reactive, they are commonly

considered as nonspecific toxins that cause random damage to cellular components.

However, accumulated evidence has shown that oxidative stress also controls the

activation of a number of complex and interrelated signaling events (Chandra
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et al. 2000; Gopalakrishna and Jaken 2000), implicating ROS as important signal-

ing molecules in a variety of cellular events.

Oxidative stress plays a critical role in various pathophysiological processes,

including cancer, acute and chronic neurodegenerative disorders (e.g., Alzheimer’s

and Parkinson’s diseases), diabetes mellitus, atherosclerosis, ischemia–reperfusion

injury, and autoimmune disease, but is also involved in normal cellular functions

such as apoptosis, cell proliferation, and gene expression (Chandra et al. 2000;

Kietzmann et al. 2000; Langley and Ratan 2004; Chiu and Dawes 2012). In

ischemia–reperfusion injury and degenerative diseases, necrotic and apoptotic

processes are controlled by oxidative stress (Coyle and Puttfarcken 1993; Giroux

and Scatton 1996). Tissue damage and inflammation produce an array of

substances, including ROS, that excite or sensitize nociceptors, eliciting localized

pain. It also contributes significantly to the expression of a variety of different

inflammatory cytokines, adhesion molecules, and enzymes by activating redox-
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Fig. 1 Pathways of ROS formation. Reaction 1: the superoxide anion radical (O2
.�) is formed by

the process of reduction of molecular oxygen mediated by NADPH oxidase (NOX), dual oxidase

(DUOX), and xanthine oxidase (XO) or nonenzymatically by redox-reactive compounds such as

the semi-ubiquinone compound of the mitochondrial electron transport chain. Reaction 2: super-

oxide anion radical is dismutated by the superoxide dismutase (SOD) to hydrogen peroxide

(H2O2). Reaction 3: hydrogen peroxide is scavenged by the enzyme glutathione (GSH) peroxidase,

catalase, and thioredoxin (Trx) peroxidase. Reaction 4: some transition metals (e.g., Fe2+, Cu+ and

others) can break down hydrogen peroxide to the hydroxyl radical (.OH) (Fenton reaction).

Reaction 5: the hydroxyl radical can abstract an electron from polyunsaturated fatty acid to give

rise to a carbon-centered lipid radical (L.). Reaction 6: the lipid radical can interact with molecular

oxygen to give a lipid peroxyl radical (LOO.). Reaction 7: the lipid peroxyl radical is reduced by

the reduced form of vitamin E (T-OH) resulting in the formation of a lipid hydroperoxide.

Reaction 8: lipid hydroperoxides can react with Fe2+ to form lipid alkoxyl radicals (LO.). Reaction

9: the nitric oxide (NO.) is formed by the enzyme nitric oxide synthases (NOS) from L-arginine and

molecular oxygen. Reaction 7: the nitric oxide can react with superoxide anion radical to produce

the peroxynitrite (ONOO�)
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sensitive transcription factors such as nuclear factor-κB (NF-κB) (Dröge 2000).

Regulation of intracellular Ca2+ concentration ([Ca2+]i) is critical to most of these

processes, but the identity of the oxidative stress-activated Ca2+-permeable

channels involved in mediating calcium influx remained a mystery until the recent

identification of a family of mammalian homologs of transient receptor potential

(TRP) channels.

1.1 Activation Mechanisms for TRPM2 by H2O2

The second member of the TRP melastatin subfamily, TRPM2, is a Ca2+-permeable

nonselective cation channel that is expressed in the brain, pancreatic β-cells, and
immunocytes including monocytes/macrophages and neutrophils (Wehage

et al. 2002; Perraud et al. 2003; Clapham et al. 2013). TRPM2 possesses a

NudT9-H domain in its C-terminus, which delivers only a low level ADP-ribose

pyrophosphatase activity, despite its significant homology with NudT9 ADP-ribose

pyrophosphatase. Intracellular ADP-ribose can activate TRPM2 by binding to this

C-terminal NudT9-H domain (Perraud et al. 2001), and we have demonstrated that

TRPM2 is also activated by ROS such as H2O2 (Hara et al. 2002). The first

proposed mechanism underlying TRPM2 channel activation by H2O2 was produc-

tion of nicotinamide adenine dinucleotide (NAD+) and its binding to the C-terminal

NudT9-H domain (Hara et al. 2002). However, it is more believed that this H2O2-

mediated channel opening is transduced by the production of ADP-ribose, a

metabolite of NAD+ (Kolisek et al. 2005; Perraud et al. 2005).

It has been suggested that ADP-ribose is produced from mitochondria in oxida-

tive stress-induced TRPM2 activity (Perraud et al. 2005). Cytosolic or mitochon-

drial overexpression of ADP-ribose pyrophosphatase, which degrades ADP-ribose,

suppresses H2O2-induced Ca
2+ responses, illustrating the role of ADP-ribose as the

link between H2O2 and TRPM2 activation. However, ADP-ribose is produced not

only by mitochondria but also in the nucleus in response to various noxious factors

including oxidative stress and involving a pathway that includes poly(ADP-ribose)

polymerase-1 (PARP-1)/poly(ADP-ribose) glycohydrolase (PARG) as components

(Tanuma et al. 1985; de Murcia and Menissier de Murcia 1994; Oliver et al. 1999;

Virag and Szabo 2002). Evidence for a functional role for PARP-1 is derived from

experiments on three structurally distinct PARP inhibitors that suppress oxidative

stress-dependent activation of TRPM2 (Fonfria et al. 2004). Electrophysiological

studies have shown that PARP inhibitors fail to interfere with the activation of

TRPM2 by ADP-ribose, indicating that the PARP inhibitors must act upstream

from the interaction between TRPM2 and ADP-ribose. Additionally, it has also

been reported that the PARP-deficient DT40 cell line, which expresses TRPM2,

exhibits impaired Ca2+ responses to oxidative stress (Buelow et al. 2008).
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1.2 Physiological Roles of ROS-Activated TRPM2

1.2.1 Cell Death
Since the first report on the involvement of TRPM2-evoked [Ca2+]i elevation in cell

death (Hara et al. 2002), substantial evidence has accrued supporting the proposal

that TRPM2 is an important factor in cell death induced by oxidative stress (Zhang

et al. 2003, 2006; Fonfria et al. 2005). TRPM2-expressing HEK cells are suscepti-

ble to cell death induced by exposure to H2O2 through the elevation of [Ca
2+]i (Hara

et al. 2002; Zhang et al. 2003). This has been consistently demonstrated in cells that

endogenously express TRPM2, including neuronal cells, monocytes, and

insulinoma cells. H2O2-induced cell death is attenuated by reducing TRPM2

expression using specific antisense oligonucleotides, RNA interference, and phar-

macological inhibitors (Hara et al. 2002; Fonfria et al. 2005; Zhang et al. 2006).

TRPM2-specific antisense also almost abolishes tissue necrosis factor α (TNFα)-
evoked [Ca2+]i oscillations in RIN-5F cells and significantly suppresses TNF-

α-induced death in RIN-5F cells (Hara et al. 2002). These results suggest an

important involvement of TRPM2 in cell death mediated by TNFα-activated Ca2+

channels.

TRPM2 channels have been implicated in neuronal damage induced by oxidants,

TNFα, and amyloid β-peptide (Aβ, a major component of senile plaques) and are

thus important in the pathogenesis of Alzheimer’s disease (AD) (Hara et al. 2002;

Halliwell 2006). Kaneko et al. (2006) have demonstrated that TRPM2 expressed in

rat cortical neurons is critically involved in H2O2-induced Ca2+ influx that causes

neuronal cell death. Accumulating evidence suggests that a failure of Ca2+ homeo-

stasis plays a critical role in the neuropathology of AD. The direct neurotoxicity of

Aβ and enhanced vulnerability of cells to excitotoxicity are both attenuated when

cells are incubated in Ca2+-free medium, suggesting the involvement of Ca2+ influx

in this process (Mattson et al. 1993). Several paradigmatic mechanisms for Aβ
neurotoxicity involve the production of ROS such as H2O2 and NO, as well as

excitotoxicity due to intracellular Ca2+ accumulation (Marchesi 2011). Aβ is known
to stimulate microglia and astrocytes (Goodwin et al. 1997; Rossi and Bianchini

1996; Wallace et al. 1997; Akama et al. 1998), and the activation of microglia

releases cytokines such as interleukin-1α (IL-1α), IL-1β, and TNFα (Yamabe

et al. 1994; Walker et al. 1995; Dickson et al. 1988). These lines of circumstantial

evidence are consistent with the idea that TNFα released from Aβ-activated
microglia triggers neuronal cell death via TRPM2 in AD. Fonfria et al. (2005)

have also suggested that activation of TRPM2, functionally expressed in primary

cultures of rat striatum, contributes to Aβ- and oxidative stress-induced striatal cell

death. Thus, TRPM2 activity likely contributes to neuronal cell death in pathophys-

iological circumstances where ROS are abundant. Little is known about the intra-

cellular mechanisms that regulate oxidative stress-induced cell death via TRPM2,

although we recently revealed that the EF-hand motif-containing protein EFHC1,

mutation of which causes juvenile myoclonic epilepsy (JME) via mechanisms

including neuronal apoptosis, associates with TRPM2 and positively regulates its

channel activity and H2O2-induced cell death (Katano et al. 2012).
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1.2.2 Immunological Function of TRPM2
A major physiological role of TRPM2 is to regulate the signal cascades leading to

chemokine production in monocytes/macrophages. In monocytes, we showed that

H2O2 induces TRPM2 activation alongside a Ca2+-independent activation of extra-

cellular signal-regulated kinase (Erk) as an initial response phase. Subsequently,

activated TRPM2 mediates H2O2-activated Ca2+ influx, which drives the

autophosphorylation of Ca2+-sensitive proline-rich tyrosine kinase 2 (Pyk2), therein

amplifying Erk activation in a Ras-dependent manner. This amplified Erk activity

upregulates the transcription of the CXCL8/CXCL2 gene by inducing nuclear

translocation of RelA, an NF-κB subunit in human monocytes (Yamamoto

et al. 2008). ROS, including H2O2, are generated and released from various cell

types at sites of inflammation. Using a Trpm2 knockout (KO) mouse, we have

revealed that TRPM2-mediated chemokine production in monocytes and

macrophages is an important mechanism in the progressive severity of dextran

sulfate sodium-induced ulcerative colitis (Yamamoto et al. 2008). Recently,

Wehrhahn et al. (2010) have shown that lipopolysaccharide (LPS) and TNF-α
both significantly upregulate TRPM2 expression and channel activity in human

monocytes, resulting in the production of cytokines including IL-6, IL-8, IL-10, and

TNF-α. A more recent study has shown that Trpm2 KO mice are extremely

susceptible to infection with the bacterial pathogen Listeria monocytogenes
(Knowles et al. 2011). TRPM2 channels seem to have manifold contributions to

pathogenesis in immunity and inflammation (Knowles et al. 2013).

1.2.3 Modulation of Cardiac Ischemia–Reperfusion Injury
Myocardial ischemia–reperfusion (I/R) injury is characterized by acute inflamma-

tion associated with the augmentation of oxidative stress. In particular, neutrophils

accumulating in the heart play a central role in the early phase of I/R injury

(Romson et al. 1983; Vinten-Johansen 2004). I/R of the heart also causes

myocardial Ca2+ overload, leading to contractile dysfunction and cell death

(Carrozza et al. 1992; Dong et al. 2006). Thus, oxidative stress, neutrophils, and

Ca2+ homoeostasis are key factors in the development of myocardial I/R injury. We

have recently revealed that myocardial infarction following I/R, but not ischemia

alone, is reduced in Trpm2 KO mice compared to wild-type (WT) mice and cardiac

contractile function is also improved in Trpm2KOmice (Hiroi et al. 2013). TRPM2

is highly expressed in polymorphonuclear leucocytes (PMNs) rather than in the

heart, and the number of neutrophils in the reperfused area following ischemia is

reduced in Trpm2 KO mice. When WT or Trpm2 KO PMNs were administered to

the Trpm2 KO heart ex vivo through the perfusate or in vivo by intravenous

injection, WT PMNs precipitated an enlargement of the infarct size, whereas

Trpm2 KO-derived PMNs did not. Thus, we have shown that the accumulation of

TRPM2-activated neutrophils in the reperfused area is likely to play a crucial role in

myocardial I/R injury. Yang et al. (2006) have demonstrated the involvement of

TRPM2 in oxidative stress-induced cardiomyocyte death in cultured ventricular

myocytes. In ex vivo experiments, the administration of Trpm2 KO PMNs to WT

hearts induces greater increases in infarct size than those in Trpm2 KO hearts,
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suggesting that TRPM2 expressed in the heart partly contributes to myocardial

infarction.

In contrast to our findings, an independent Trpm2 KO mouse model has been

used to suggest that TRPM2 channels protect the heart from I/R injury by decreas-

ing ROS generation and enhancing ROS scavenging (Miller et al. 2013). The

reasons for the discrepancy in these results are not obvious. Future studies using

tissue-specific Trpm2 KO mice would provide an unequivocal answer to this

contentious issue.

1.3 ROS Sensing by Other TRP Channels

The cellular signals initiated by ROS involve the posttranslational modification of

specific amino acid residues on signaling proteins, notably the sulfhydryl groups on

cysteine (Cys) residues (Satoh and Lipton 2007). Certain members of the TRPC and

TRPV subfamilies, including TRPC5 and TRPV1, are activated by ROS through

modification of Cys free sulfhydryl groups (Yoshida et al. 2006; Chuang and Lin

2009). TRPC5 is also activated by the reducing agent dithiothreitol (DTT) and by

extracellular reduced thioredoxin, both of which cleave a disulfide bridge in the

predicted extracellular loop adjacent to the ion-selectivity filter of TRPC5

(Xu et al. 2008). TRPC3 shows insensitivity or, if at all, only marginal sensitivity

to H2O2 but is sensitive to tert-butyl hydroperoxide at relatively low concentrations,

although the mechanism for this sensitivity is unclear (Balzer et al. 1999). More

recently, TRPA1 channel activation has been shown to occur by H2O2 through

modification of N-terminal Cys residues (Takahashi et al. 2008a; Sawada

et al. 2008; Bessac et al. 2008; Nilius et al. 2012).

2 Sensing of RNS by TRP Channels

Among the gaseous signaling molecules, nitric oxide (NO) is the most extensively

studied. Its biological significance and the systems by which it is generated were

first revealed in the 1980s (Furchgott and Zawadzki 1980; Palmer et al. 1988;

Sakuma et al. 1988), and it is now known to regulate a variety of biological events,

including vascular relaxation and neurotransmission. Conversely, excessive gener-

ation of NO and NO-derived reactive nitrogen species (RNS) has been implicated in

a number of pathological conditions (Reiter 2006). Cyclic GMP (cGMP) is the

canonical mediator of NO signaling. However, the importance of a cGMP-

independent signaling pathway involving protein S-nitrosylation is becoming

increasingly recognized (Jaffrey et al. 2001; Hess et al. 2005). S-nitrosylation of

Cys is readily reversible with high spatial and temporal specificity. The NADH-

dependent oxidoreductase, S-nitrosoglutathione reductase, specifically catalyzes

the denitrosylation of S-nitrosoglutathione, by which protein S-nitrosylation is

regulated in the cellular equilibrium between S-nitrosylated proteins and

S-nitrosoglutathione. Thioredoxin also mediates direct denitrosylation of multiple
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S-nitrosylated proteins. Thus, the temporal and spatial regulation of S-nitrosylation

and denitrosylation confers specificity to NO-based cellular signaling (Benhar

et al. 2009).

2.1 Regulation of TRP Channels by NO Via Cys S-Nitrosylation

Some TRP channels are potently regulated by Cys modifications, including Cys

S-nitrosylation by NO in heterologous systems and bovine aortic endothelial cells

(Yoshida et al. 2006). Labeling and functional assays performed with Cys mutants

have shown that Cys553 and nearby Cys558 on the N-terminal side of the putative

pore-forming region between the fifth and sixth transmembrane domains (S5 and

S6) are essential for mouse TRPC5 activation in response to the NO donor

S-nitroso-N-acetyl-DL-penicillamine (SNAP). In Drosophila melanogaster Shaker
voltage-gated K+ channels, the activation gate formed by S6 residues near the

intracellular entrance of the pore cavity has been identified (del Camino and Yellen

2001). Given the longer S5–S6 linkers in TRPC5, the TRPC5 S5–S6 linker with

modified Cys553 and Cys558 may be invaginated toward the cytoplasm to reach the

S6 activation gate. The corresponding Cys sites in TRPC1, TRPC4, TRPV1,

TRPV3, and TRPV4 are potential targets of nitrosylation leading to channel

activation in heterologous expression systems. Although the differences in maximal

[Ca2+]i responses [Δ ratio (340/380)] to SNAP in control cells and cells heterolo-

gously expressing either TRPC1 or TRPC4β (a splice isoform of TRPC4) were not

statistically significant, a larger fraction (7–9 %) of the TRP-expressing cells

showed a Δ ratio (340/380) >0.5 when compared to control cells (2–5 %). Heterol-

ogous co-expression of TRPC4β and TRPC5 gave SNAP-induced responses com-

parable to those in cells expressing TRPC5 alone, whereas co-expression of TRPC1

and TRPC5 gave slightly suppressed (albeit still robust) responses.

Co-immunoprecipitation of TRPC5 with TRPC1 or TRPC4β suggests that

heteromultimeric TRPC5/TRPC1 and TRPC5/TRPC4β channels also have sensi-

tivity to NO (Yoshida et al. 2006). The thermosensor TRP channels TRPV1,

TRPV3, and TRPV4 also show SNAP-induced activation, as predicted from

conserved Cys residues in the corresponding regions of these homologs. Indeed,

the substitution of two conserved Cys residues in TRPV1 leads to significantly

suppressed responses to SNAP and Cys S-nitrosylation (Yoshida et al. 2006).

Notably, the sensitivity of TRPV1 to H+ and heat is enhanced by SNAP but

abolished by the mutations, despite normal surface expression and intact control

H+ and heat responses (Yoshida et al. 2006). Thus, channel activation regulated by

nitrosylation is conserved among a number of TRP channels that belong to different

subfamilies.
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2.2 NO Sensing by TRPC5 Channel

SNAP-activated TRPC5 channels are not entirely inactivated by ascorbate, which

reduces S-nitrosothiols, but not disulfides, to thiols. However, DTT, which reduces

both S-nitrosothiols and disulfides to thiols, fully suppressed SNAP-activated

TRPC5 channel activity, suggesting that both nitrosylation and disulfide bond

formation are involved in SNAP-induced TRPC5 activation. S-nitrosylation is

abolished by mutation of Cys553 in TRPC5, but not by mutation of Cys558 (Jaffrey

et al. 2001). As proposed for the acid–base catalysis of hemoglobin nitrosylation in

proteins with high NO sensitivity, basic and acidic amino acids surrounding

S-nitrosylated Cys may enhance the nucleophilicity of the sulfhydryl (SH) group

and therefore the S-nitrosylation of this group of proteins (Hess et al. 2005).

Charged residues flanking Cys553 and Cys558 in TRPC5 may confer a susceptibil-

ity to being modified by NO. It is possible that the TRPC5 channel is opened via

S-nitrosylation of Cys553, with a subsequent nucleophilic attack on nitrosylated

Cys553 by the free SH group of Cys558 forming a disulfide bond that stabilizes this

open state (Fig. 2). However, the NO sensitivity of TRPC5 channels has been

Fig. 2 Model for activation ofTRPC5 by NO. Possible protein conformation changes and

chemical reactions during activation of TRPC5 by NO. NO modify the free sulfhydryl group of

Cys553 accessible from the cytoplasmic side to open the activation gate. The modified Cys553 can

be further attacked nucleophilically by the free sulfhydryl group of Cys558 to form an intramo-

lecular disulfide bond, which may stabilize the channel in activation states
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disputed by several groups (Xu et al. 2008; Wong et al. 2010) and may be

influenced by culture conditions, drug administration protocols, cell density during

measurements, levels of antioxidants, or other experimental conditions that may

affect the modification state of TRPC5 proteins.

NO is produced by nitric oxide synthase (NOS), of which two constitutive

isoforms (neuronal NOS (nNOS) and endothelial NOS (eNOS)) and one inducible

isoform (iNOS) have been cloned. NO produced by NOS is involved in diverse

physiological processes including vascular smooth muscle relaxation. Increases in

[Ca2+]i in endothelial cells induce NO production via eNOS, which triggers vascu-

lar smooth muscle relaxation. However, the molecular entities and/or mechanisms

that mediate the increased [Ca2+]i required for eNOS activation remain elusive.

Vasodilators such as ATP, substance P, and acetylcholine can increase endothelial

cell [Ca2+]i and activate TRP channels, suggesting that TRP channels may be

involved in these [Ca2+]i increases. NO-evoked [Ca2+]i increases were observed

in bovine aortic endothelial cells (BAECs), and NO-induced increases in [Ca2+]i
were suppressed by TRPC5-specific siRNA and expression of a TRPC5 dominant-

negative mutant, indicating that NO-evoked [Ca2+]i increases in BAECs are attrib-

utable to Ca2+ influx through endogenous TRPC5 channels. ATP, a vasodilator,

evoked [Ca2+]i increases and NO production in BAECs, which were suppressed by

TRPC5-specific siRNA, suggesting that TRPC5 is also involved in these signaling

processes. Additionally, these ATP-evoked [Ca2+]i increases and NO production

were suppressed by the NOS inhibitor, NG-nitro-L-arginine, and by an eNOS-

specific siRNA, implicating eNOS-derived NO in the ATP-evoked [Ca2+]i influx

via TRPC5. We have since confirmed the S-nitrosylation of endogenous TRPC5

after ATP stimulation (Yoshida et al. 2006). These results demonstrate the activa-

tion of native TRPC5 channels by nitrosylation via eNOS following ATP receptor

stimulation in endothelial cells. Subsequent Ca2+ influx through nitrosylated

TRPC5 channels may then mediate positive feedback regulation of Ca2+-dependent

NO production.

2.3 NO Sensing by Other Channels

Recent reports have shown that SNAP and another NO donor, (6)-(E)-Ethyl-2-[(E)-

hydroxyimino]-5-nitro-3-hexeneamide (NOR3), activate human TRPA1 in heter-

ologous systems and mouse TRPA1 in dissociated sensory neurons (Sawada

et al. 2008; Takahashi et al. 2008a; Miyamoto et al. 2009). Functional characteri-

zation of site-directed Cys mutants of TRPA1 has demonstrated that Cys421,

Cys641, and Cys665 are responsible for human TRPA1 activation by NO

(Takahashi et al. 2008a). Cys421, Cys641, and Cys665 are located, respectively,

in the eleventh and seventeenth ankyrin repeat (AnkR) domains and the N-terminal

cytoplasmic region between the seventeenth AnkR domain and S1 (Gaudet 2008)

and are reversibly bound by methylglyoxal, a reactive metabolite accumulating in

diabetes and uremia apparently leading to subsequent formation of disulfide bonds

and TRPA1 activation (Eberhardt et al. 2012).
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Cys modifications are also central to the ability of several regulatory factors to

mediate the activation of TRPV1 (Yoshida et al. 2006). The alignment of amino

acid sequences surrounding Cys553 and Cys558 of TRPC5 with counterpart

sequences reveals Cys residues conserved on the N-terminal side of the putative

pore-forming region, which is located between the fifth and sixth transmembrane

domains in TRPV1. Indeed, TRPV1 channels are activated by NO itself, and a

TRPV1 mutant with substitutions at these conserved Cys residues exhibits a

significantly blunted response to NO. NO also enhances the sensitivity of TRPV1

to H+ and heat, suggesting that nitrosylation-induced Ca2+ entry through TRPV1 is

involved in heat and pain sensation (Yoshida et al. 2006).

Injection of (�)-(E)-4-ethyl-2[(E)-hydroxyimino]-S-nitro-3-hexenamide

(NOR3) into the mouse hind paw after phospholipase C (PLC) and protein kinase

A (PKA) pathway activation (which sensitizes nociceptors, including TRPV1 and

TRPA1) causes nociceptive behavior (Miyamoto et al. 2009). Interestingly, a

decrease in nociception is observed in mice lacking both TRPV1 and TRPA1 but

not in animals where only one of these genes is deleted (Miyamoto et al. 2009),

despite in vitro results showing that the NO donor can activate both ion channels.

Note that due to solubility issues with NO donors, limitations exist in using NO

donors at relatively high concentrations for behavioral experiments (<10-fold the

in vitro EC50). For capsaicin, injections of capsaicin at >1,000� the in vitro EC50

are typically used to observe acute pain behavior. It is therefore not surprising that

significant acute nocifensive behavior was not observed following administration of

NO donors. Another potential explanation for the lack of phenotype in individual

KO mice is due to functional compensation for each other. Indeed, TRPV1 and

TRPA1 have overlapping expression in a subset of DRG neurons (Story et al. 2003)

and could thereby share all or part of their intracellular signaling pathway in vivo.

Recently, icilin, an agonist of TRPA1 and TRPM8, was found to trigger shaking

and hyperthermia, which require NO production and NMDA receptor activation

(Ding et al. 2008; Werkheiser et al. 2009). In this context, it would be interesting to

explore the mechanism underlying concerted regulation of Ca2+ and NO signaling

by TRP channels, NMDA receptors, and nNOS in neurons.

2.4 Regulation of TRP Channels Via the NO/cGMP/PKG Pathway

A principal consequence of activating the NO/cGMP/PKG cascade in blood vessels

is vasorelaxation, which is mediated by phosphorylation of proteins that regulate

intracellular Ca2+ levels and the sensitivity of the contractile machinery. Several

distinct mechanisms have been proposed for the reduction in [Ca2+]i caused by

PKG (Lincoln et al. 2001; Feil et al. 2003). Increased activity of the BKCa channels

following PKG activation has been reported to induce membrane hyperpolariza-

tion, thereby decreasing the rate of Ca2+ entry into vascular smooth muscle cells

(VSMCs) through voltage-dependent Ca2+ channels (VDCCs). Phosphorylation of

the inositol 1,4,5-trisphosphate receptor (IP3R)-associated protein, IRAG (IP3R-

associated PKG substrate), is thought to inhibit agonist-induced Ca2+ release from
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internal stores. Phosphorylation of phospholamban by PKG has also been proposed

to increase the activity of sarcoplasmic Ca2+-ATPase, facilitating the active trans-

port of Ca2+ into internal stores, and thereby decreasing [Ca2+]i. In many different

types of blood vessel, activation of PKG has been found to inhibit vasoconstrictor-

induced Ca2+ influx through plasmalemmal pathways other than those employing

VDCCs (Karaki et al. 1997). However, little information exists regarding the

molecular components of such Ca2+ influx pathways, and, accordingly, it remains

unclear how phosphorylation via PKG activation reduces the rate of Ca2+ influx.

TRPC6 is a Ca2+-permeable channel regulated negatively by PKG-mediated

phosphorylation in the NO/cGMP signaling pathway in heterologous systems and

in A7r5 rat vascular myocytes (Takahashi et al. 2008b). Macroscopic and single-

channel current recordings using patch-clamp techniques have demonstrated that

SNAP-induced inhibition of receptor-activated TRPC6 currents is abolished by

pharmacological blockade of cGMP/PKG signaling with 1H-[1,2,4]oxadiazolo

[4,3-a]quinoxalin-1-one (ODQ), 2,3,9,10,11,12-hexahydro-10R-methoxy-2,9-

dimethyl-1-oxo-9S,12R-epoxy-1H-diindolo[1, 2,3-fg:30,20,10-kl]pyrrolo[3,4-i][1,6]
benzodiazocine-10-carboxylic acid, methyl ester (KT5823), or a membrane-

permeable PKG inhibitory peptide, DT3. It is also ablated by site-directed alanine

mutation of a PKG phosphorylation site [threonine (Thr) 69] within the N-terminal

cytoplasmic region of TRPC6. The critical involvement of Thr69 in PKG phos-

phorylation is confirmed by 32P-incorporation assays using WT and alanine-

substitution mutant TRPC6 proteins. Similar negative regulation of TRPC6-like

currents by the NO/cGMP/PKG pathway has been observed in A7r5 VSMCs.

Indeed, vasopressin-evoked membrane depolarization in these cells, which is

expected secondarily to activate VDCCs, is significantly slowed and attenuated

after application of SNAP. The TRPC6 protein is abundantly expressed in various

types of VSMCs and has been shown to be a constituent of vasoconstrictor-

activated cation channels, which increase Ca2+ entry into VSMCs via direct Ca2+

permeation or by secondary activation of a VDCC and/or Na+–Ca2+ exchanger

(Inoue et al. 2006; Dietrich et al. 2007; Poburko et al. 2007). Thus, it is highly

possible that, in a direct or indirect manner (i.e., via changes in membrane potential

or an increase in intracellular Na+ concentration), PKG-mediated mechanisms may

work as a universal negative feedback to regulate neurohormonal Ca2+ mobilization

across the VSMC membrane. This mechanism may be physiologically important in

vascular tissues where NO is constantly released from vascular endothelial cells or

nitrergic nerves.

3 Sensing of RCS by TRP Channels

Another form of posttranslational modifications is the addition of reactive carbonyl

species (RCS) to proteins, a process generically termed “protein carbonylation.”

The most reactive and common form of these carbonyl groups are aldehydes.

α,β-unsaturated aldehydes such as 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2)

and 4-hydroxy-(2E)-nonenal (4-HNE) are reactive aldehydes generated from
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polyunsaturated fatty acid oxidation. Because of the presence of electron-

withdrawing functional groups, the double bond of these compounds serves as a

site for Michael addition with the sulfur atom of Cys. Through the modification of

key Cys sulfhydryls, these electrophiles can mediate various biological actions

including functional regulation of the IκB kinase (IKK) β-subunit, the nuclear

factor (NF)-κB p65 subunit (Rossi et al. 2000; Straus et al. 2000), kelch-like

ECH-associated protein (Keap1; Eggler et al. 2005), thioredoxin (Shibata

et al. 2003), and peroxisome proliferator-activated receptor (PPAR)γ (Shiraki

et al. 2005). Thus, highly conserved redox reactions of Cys sulfhydryls can be

elementary molecular processes in the same way as phosphorylation reactions of

threonine, serine, and tyrosine residues are in cell signaling.

Using recombinant expression systems and isolated sensory neurons from

TRPA1 KO mice, 15d-PGJ2 has been shown to activate TRPA1, with a number

of N-terminal Cys residues being candidates for the mediation of this effect

(Takahashi et al. 2008a; Andersson et al. 2008; Maher et al. 2008; Taylor-Clark

et al. 2008b). TRPA1 was originally identified as a sensor of pungent natural

compounds, as well as for low temperatures, receptor stimulation, and the presence

of cannabinoids (Jordt et al. 2004; Bandell et al. 2004; Bautista et al. 2006).

TRPA1-activating pungent compounds include cinnamaldehyde, allyl isothiocya-

nate and α,β-unsaturated aldehydes (from plants such as mustard, onion, cinnamon,

and wasabi), and allicin, the pungent compound from garlic. These compounds are

potentially susceptible to nucleophilic attack by a Cys residue sulfhydryl group.

More recent investigations of various noxious compounds led to the conclusion that

electrophilic compounds that covalently modify Cys residues through mechanisms

such as Michael addition are indeed potent activators of TRPA1 channels (Hinman

et al. 2006; Macpherson et al. 2007). Other α,β-unsaturated aldehyde derivatives

(e.g., the endogenous autacoids 4-oxononenal and 4-HNE) and nitrosylated oleic

acid also display activating effects on TRPA1 channels (Trevisani et al. 2007;

Taylor-Clark et al. 2008a, 2009). Interestingly, TRPV1 also shows sensitivity to

pungent compounds from onion and garlic (e.g., allicin), with the covalent modifi-

cation of a single Cys residue located in the N-terminal region thought to be pivotal

in this phenomenon (Salazar et al. 2008).

4 Sensing of O2 by TRP Channels

Of the gaseous molecules, O2 is the most well known to physicians, scientists, and

laymen alike as an essential physical requirement. O2 functions primarily as a

terminal acceptor of electrons on mitochondrial electron transport. Most of the O2

consumed in this process is reduced to generate water through the actions of

cytochrome oxidase. The remainder is used to generate compounds that exert potent

biological actions, including prostaglandins, ROS, and gaseous molecules such as

NO and CO (Suematsu et al. 2003). In the last decade, O2 itself has been increas-

ingly recognized to mediate many physiological and pathophysiological processes

including proliferation of stem cells, ischemia injury, and tumor progression (Csete
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2006; Swartz et al. 2007). Thus, O2 is required not only for cellular respiration but

also as a signaling molecule and an essential substrate in the formation of other

signaling molecules. However, O2 also exerts toxicity causing aging, respiratory

disorders, and eventually death in a high O2 (hyperoxic) environment. Because of

the ambivalent physiological nature of O2, aerobic life-forms must adapt to

hyperoxic and hypoxic (low O2) environments by sensing O2 availability and

transmitting this information to adaptive effector systems.

Cellular responses to changes in O2 availability can be acute or chronic (López-

Barneo et al. 2001). Acute responses rely mainly on O2-regulated ion channels,

which mediate adaptive changes in cell excitability, contractility, and secretory

activity (Gonzalez et al. 1994; Neubauer and Sunderram 2004; Weir et al. 2005).

Chronic responses depend on the modulation of transcription factors such as

hypoxia-inducible factor (HIF), which determines the expression of numerous

genes encoding growth factors, enzymes, and transporters (Semenza and Wang

1992; Schofield and Ratcliffe 2004; Webb et al. 2009). O2-regulated ion channels

and transcription factors are part of a widely operating signaling system that helps

to provide an appropriate amount of O2 to the tissues and to protect the cells against

toxicity damage due to excess or deficient O2.

In mammals, catecholaminergic neurons in the carotid bodies (located near the

carotid artery bifurcations) and brainstem rapidly detect changes in partial O2

pressure (PO2) in arterial blood (Gonzalez et al. 1994; Neubauer and Sunderram

2004). It is known that BKCa, TASK, and KV K+ channels are involved in the

mechanism of arterial O2 sensing in the carotid bodies (Gonzalez et al. 1994; Weir

et al. 2005). Hypoxia inhibits K+ channels by several mechanisms, including CO

production by heme oxygenase and intracellular ATP depletion that depolarizes

glomus cells. This inhibition leads to activation of VDCCs, exocytosis, and the

excitation of carotid sinus nerves. In contrast, hyperoxia attenuates depolarization

and inhibits exocytosis (Gonzalez et al. 1994; Weir et al. 2005). The chemosensory

inputs of the carotid sinus nerve are carried toward the medullary centers that

regulate the ventilatory pattern. The local O2 tension is also rapidly detected by

other tissues, including vagal and sensory neurons in the airway and lungs; cerebral

neurons; chromaffin cells of the fetal adrenal medulla; and smooth muscle cells in

the pulmonary resistance arteries, fetoplacental arteries, systemic arteries, and

ductus arteriosus (Lee and Milhorn 1975; Waypa and Schumacker 2010). However,

detection of hypoxia by these tissues remains to be fully characterized. Recently, a

class of TRP channels has been demonstrated to act as cell-borne sensor of changes

in O2 availability (Aarts et al. 2003; Weissmann et al. 2006; Takahashi et al. 2011;

Numata et al. 2013).

4.1 Anoxia-Sensing Mediated by TRPM7 Channels in the Brain

Excitotoxicity during brain ischemia triggers neuronal death and neurological

disability, yet these are not prevented by antiexcitotoxic therapy (AET) in humans.

The failure of AET in the face of a clear role for excitotoxicity in acute neurological
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disorders is paradoxical (Birmingham 2002; Ikonomidou and Turski 2002). In

addressing this problem, Aarts et al. (2003) have revealed that, in heterologous

systems and cortical neurons isolated from rats, the TRPM7 channel (termed a

“chanzyme” because it possess a channel and α-kinase domain (Runnels et al. 2001;

Nadler et al. 2001)) is activated by oxygen–glucose deprivation (OGD) through the

production of ROS and RNS, permitting Ca2+ uptake that further stimulates ROS

and TRPM7 activation. Suppressing TRPM7 expression in rat cortical neurons

prevents anoxic neuronal death even in the absence of AET, indicating that

TRPM7 is an essential mediator of anoxic death. It is possible that patients enrolled

in failed trials studying the use of AET for stroke or traumatic brain injury are

selected to have severe injuries (Morris et al. 1999) or that these disorders in

humans, by their nature, induce severe ischemia. Therefore, future treatment of

such disorders may also require the inhibition of TRPM7. Indeed, it has been shown

that suppression of hippocampal TRPM7 by intrahippocampal injections of viral

vectors bearing shRNA specific for TRPM7 renders neurons resistant to ischemic

death after brain ischemia and preserves neuronal morphology and function in rats

(Sun et al. 2009). TRPM7 suppression also prevents ischemia-induced deficits in

long-term potentiation and preserves performance in fear-associated and spatial–

navigational memory tasks. Thus, regional suppression of TRPM7 is feasible and

well tolerated and inhibits delayed neuronal death in vivo in an animal model.

4.2 Hypoxia-Sensing by TRPC6 Channels in Pulmonary Smooth
Muscle Cells

Regional alveolar hypoxia causes local vasoconstriction in the lungs, shifting blood

flow from hypoxic to normoxic areas, thereby maintaining gas exchange. This

mechanism is known as hypoxic pulmonary vasoconstriction (HPV) (Jeffery and

Wanstall 2001; Weissmann et al. 2001; Schermuly et al. 2005). Disturbances in

HPV can cause life-threatening hypoxemia, whereas chronic hypoxia triggers

vascular remodeling in the lungs and pulmonary hypertension (Sartori

et al. 1999). In studying signaling cascades of this vitally important mechanism,

Weissmann et al. have shown that cation influx and currents induced in smooth

muscle cells by severe hypoxia (1 % O2) are largely absent in precapillary pulmo-

nary arteries of Trpc6 KO mice, although recombinant TRPC6 cannot be activated

by hypoxia (Weissmann et al. 2006). Hypoxia-induced TRPC6 activation in smooth

muscle cells is mediated by DAG accumulation, probably as a result of phospholi-

pase activation. TRPC6 appears to be a key regulator of acute HPV, because this

regulatory mechanism is absent in Trpc6 KO mice, whereas the pulmonary vaso-

constrictor response to the thromboxane mimetic, U46619, is unchanged. Accord-

ingly, induction of regional hypoventilation results in severe arterial hypoxemia in

Trpc6 KO mice, but not in WT mice. Notably, chronic hypoxia-induced pulmonary

hypertension is independent of TRPC6 activity. Thus, TRPC6 plays a unique and

indispensable role in acute HPV. Manipulation of TRPC6 function may thus offer a

therapeutic strategy for the control of pulmonary hemodynamics and gas exchange.
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Besides the acute HPV, mutations in the Trpc6 gene are linked with focal

segmental glomerulosclerosis (FSGS), a proteinuric disease characterized by

dysregulated function of renal glomerular epithelial cells (podocytes) (Reiser

et al. 2005; Winn et al. 2005; Kanda et al. 2011). Some studies have indicated

that hypoxia affects glomerular cells and plays an important role in the initiation

and progression of various renal diseases (Brukamp et al. 2007; Neusser

et al. 2010). Kambham et al. (2001) have shown that the combination of focal

segmental glomerulosclerosis and glomerulomegaly in obesity-related

glomerulopathy resembles the secondary forms of focal segmental glomerulo-

sclerosis arising in conditions of chronic hypoxia. More recently, it has been

reported that TRPC6 is upregulated by chronic hypoxia in human mesangial

cells, and the upregulation of TRP6 is involved in the Ca2+ signaling and actin

assembly (Liao et al. 2012). Thus, TRPC6 activation by hypoxia is highly interest-

ing in regard to the initiation and the progression of renal diseases.

4.3 O2-Sensing by the TRPA1 Channel in Vagal and Sensory
Neurons

Sensory and vagal afferent neurons, which project nerve endings throughout the

body, are thought to detect hypoxia in organs such as the airway, lungs, and heart

after ischemia and other conditions of low O2 supply (Howe et al. 1981; De Sanctis

et al. 1991; Longhurst et al. 2001; Gruss et al. 2006). However, the characteristics

and mechanisms by which sensory and vagal neurons detect hypoxia have yet to be

fully defined (Longhurst et al. 2001).

Systematic evaluation of TRP channels using reactive disulfides with different

redox potentials has revealed that TRPA1 can sense O2 (Takahashi et al. 2011). O2

sensing by TRPA1 is based upon proline (Pro) hydroxylation by Pro hydroxylases

(PHDs) and direct oxidation of Cys residues. In normoxia, PHDs hydroxylate a

conserved proline residue, Pro394, within the tenth AnkR domain of TRPA1,

inhibiting its activity. In hypoxia, the decrease in O2 concentration diminishes

PHD activity, activating TRPA1 by relieving it from the inhibitory action of Pro

hydroxylation. This recovery of TRPA1 activity can also be achieved by insertion

of fresh, unmodified TRPA1 proteins into the plasma membrane or by

dehydroxylation of modified proteins, although the mechanism for this is as yet

uncharacterized. In hyperoxia, O2 activates TPRA1 by oxidizing Cys633, Cys856,

or both. Cys633 is located within the seventeenth AnkR domain while Cys856 is

found in the intracellular linker region between S4 and S5. TRPA1 can assume at

least two oxidized forms during hyperoxia: a relatively unstable form (state 1)

readily reversed by glutathione and a relatively stable form (state 2). SH groups on

the key Cys residues (Cys633 and Cys856) may be modified to sulfenic acid (S-OH)

in state 1 and form disulfide bonds (S–S) in state 2. This oxidation mechanism

activates TRPA1 by overriding the inhibition of this channel by Pro hydroxylation.

In mice, disruption of the Trpa1 gene abolishes cationic currents induced by

hyperoxia and mild hypoxia (15 % O2) in vagal and sensory neurons and thereby
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impedes the enhancement of in vivo vagal discharges induced by these stimuli.

These results suggest the existence of a novel O2-sensing mechanism mediated by

TRPA1.

The vagal nerve conveys sensory information regarding organ status to the

central nervous system, in addition to providing output to these same organs.

Enhanced discharges in vagal afferents induce respiratory, cardiac, and vascular

responses (Meller and Gebhart 1992; Longhurst et al. 2001; Kubin et al. 2006).

Chemicals encountered in the airway are detected by airway vagal C fibers (Kubin

et al. 2006). Recently, TRPA1 has been shown to sense environmental irritants, thus

initiating defensive reflexes such as coughing and respiratory depression in the C

fibers (Bessac and Jordt 2008; Bessac et al. 2008; Nassenstein et al. 2008). Inter-

estingly, TRPA1 activation shows an inverted bell-shaped O2-dependency curve

with its lowest point at a PO2 of 137 mmHg, slightly below atmospheric PO2

(159 mmHg) (Takahashi et al. 2011). Considering that tracheal PO2 (149 mmHg) is

comparable to atmospheric PO2 (Cottrell 1988), it is highly possible that TRPA1

expressed in the trachea is slightly but significantly activated to act as a frontline

defense against mild hyperoxia in the atmosphere.

5 Sensing of Other Gaseous Molecules by TRP Channels

The origin of gaseous molecules is shown in Fig. 3. Hydrogen sulfide (H2S) is

increasingly recognized as a gaseous modulator of various biological functions

including nociception (Szabó 2007; Gadalla and Snyder 2010). NaHS activates

capsaicin-sensitive sensory neurons in isolated rat urinary bladder (Patacchini

et al. 2005), and although the mechanisms underlying the action of H2S are yet to

be clarified, its pharmacological profile hints at the involvement of TRPA1. Indeed,

Streng et al. (2008) have shown that NaHS causes activation of human and mouse

TRPA1 in heterologous expression systems, providing further evidence implicating

TRPA1 as the molecular target for H2S in the bladder. In this context, it is

interesting to note that bladder inflammation can be triggered by TRPA1 activation

(Cox 1979; McMahon and Abel 1987) and that potential pathogens, such as

Escherichia coli, can produce H2S (Berglin and Carlsson 1985). Recently,

Miyamoto et al. (2011) have shown that NaHS-evoked increases in [Ca2+]i are

inhibited by the removal of external Ca2+ and by the TRPA1-specific inhibitor,

HC-030031, suggesting that H2S stimulates sensory neurons via activation of

TRPA1. Furthermore, the hyperalgesia/allodynia induced in mice by intraplantar

administration of a low concentration (100 pmol) of NaHS is significantly

suppressed by pre-administration of the TRPA1-specific antagonist, AP18, and by

silencing TRPA1 channels in sensory neurons (Okubo et al. 2012). Thus, H2S-

induced mechanical hyperalgesia and allodynia require activation of TRPA1

channels.

In humans, gaseous CO2 produces a pungent sensation, as noted by the Scottish

philosopher Alexander Bain more than 100 years ago (Cain and Murphy 1980). A

variety of sensory structures and receptors mediate the responses to CO2 in different

TRPs as Chemosensors (ROS, RNS, RCS, Gasotransmitters) 783



organisms (Luo et al. 2009). For example, in flies, gaseous CO2 is detected by

gustatory receptors on the antenna, whereas dissolved CO2 is detected on the

proboscis: CO2 is either aversive or attractive depending on the sensory structure

activated (Suh et al. 2004; Fischler et al. 2007; Jones et al. 2007; Kwon et al. 2007).

In mice, ingested CO2 is sensed by taste receptors in the mouth (Chandrashekar

et al. 2009), and blood CO2 is detected by K+ channels in the brainstem (Trapp

et al. 2008) and by acid-sensing ion channel (ASIC)-1a in the amygdala (Ziemann

et al. 2009). Atmospheric levels of CO2 are detected by guanylyl cyclase D, which

is expressed in a subset of olfactory sensory neurons in mice (Luo et al. 2009).

However, this latter system is not conserved in humans and most other primates

(Young et al. 2007). It is widely believed that the noxious sensation of CO2 is due to

activation of the trigeminal nerve fibers that innervate the nasal and oral cavities

(Silver and Moulton 1982; Steen et al. 1992). Recently, Wang et al. (2010) have

shown that CO2 specifically activates a subpopulation of trigeminal neurons

expressing a functional Trpa1 gene. CO2-induced activation of TRPA1 is

Fig. 3 A sensing mechanism for gaseous molecules linked to metabolic pathways. TRP channels

mediate sensing mechanism for H2S, O2 (anoxia, hypoxia, or hyperoxia), NO, and CO2
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downstream of intracellular acidification, consistent with our observation that

TRPA1 is activated by H+ (Takahashi et al. 2008a). Thus, TRPA1 makes an

important contribution to nociceptive responses to CO2.

Conclusions

TRP channels can respond to multiple activation triggers and therefore serve as

multimodal signal detectors. As mentioned above, TRP homologs have been

demonstrated to act as sensors of ROS, RNS, RCS, and various gaseous messen-

ger molecules (Table 1). Some TRP channels including TRPM2, TRPC5,

TRPV1, and TRPA1 can sense ROS-induced redox changes. The TRPM2

channel, which is activated by ROS via production of ADP-ribose as a second

messenger, mediates not only cell death but also immune and inflammatory

responses. Using Trpm2 KO mice developed in our laboratory, it has been

demonstrated that TRPM2 channel activation aggravates various oxidative

stress-related inflammatory diseases such as DSS-induced colitis and I/R injury.

However, these observations are occasionally in conflict with results from other

groups using independently developed Trpm2 KO mice. A specific inhibitor of

the TRPM2 channel is still not available, but its development would be a useful

Table 1 Activation of TRP homologs by ROS, RNS, RCS, and gasotransmitters

TRPs

Agonists

(environment

factors) References

C3 tert-Butyl
hydroperoxide

Balzer et al. (1999)

C5 H2O2 Yoshida et al. (2006)

NO Yoshida et al. (2006)

C6 Hypoxia Weissmann et al. (2006)

M2 H2O2 Hara et al. (2002), Kolisek et al. (2005), Perraud et al. (2005)

M7 Anoxia Aarts et al. (2003)

V1 H2O2 Yoshida et al. (2006), Chuang and Lin (2009)

NO Yoshida et al. (2006), Miyamoto et al. (2009)

Allicin Salazar et al. (2008)

V3 NO Yoshida et al. (2006)

V4 H2O2 Yoshida et al. (2006)

NO Yoshida et al. (2006)

A1 H2O2 Takahashi et al. (2008a), Sawada et al. (2008), Bessac et al. (2008)

NO Sawada et al. (2008), Takahashi et al. (2008a), Miyamoto

et al. (2009)

15d-PGJ2 Takahashi et al. (2008a), Andersson et al. (2008), Maher

et al. (2008), Taylor-Clark et al. (2008b)

4-Oxononenal Trevisani et al. (2007), Taylor-Clark et al. (2008a, 2009)

Hypoxia Takahashi et al. (2011)

O2 Takahashi et al. (2011)

H2S Streng et al. (2008), Miyamoto et al. (2011), Okubo et al. (2012)
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addition to our armory of tools for the further analysis of the implication between

TRPM2 activation and inflammatory diseases. Furthermore, the physiological

and/or pathological roles of the other ROS-sensitive TRP channels, which are

activated by Cys modification, remain to be elucidated.

An important aspect in the multimodality of the activation sensitivity of TRP

channels is its role in signal integration and amplification. When a TRP channel

that is part of a specific signaling cascade is activated by downstream or

upstream constituents (small molecule messengers/enzymes/scaffolding

proteins) of the cascade, in addition to the immediate upstream activation

trigger, the cascade is equipped with positive feedback or feed-forward loops.

This mechanism, which is capable of ensuring the fidelity of cellular responses

and minimizing the variation in their magnitude, may contribute to the synchro-

nization of responses in neighboring cells that comprise functional domains in

tissues. For example, vasodilator receptor stimulation in vascular endothelial

cells causes Ca2+ influx via NO-activated TRPC5 channels that can amplify the

production of NO by eNOS, resulting in the enhancement of NO production in

nearby endothelial cells and NO-dependent relaxation of smooth muscle cells.

The intercellular amplification of NO production should eventually lead to

vasodilation synchronized at a whole-tissue level in the local vasculature.

The accumulating evidence summarized here strongly suggests that TRPV1

and TRPA1 are sensors that transduce gaseous signals into electrical signals in

sensory and vagal neurons. The chemosensory inputs to these neurons are

propagated toward the central nervous system to induce pain sensation or to

change ventilatory patterns. However, full understanding of the roles of Ca2+

influx via TRPV1 and TRPA1 in controlling Ca2+ signaling pathways in neurons

remains elusive. Considering that the PHD–HIF pathway is central to chronic

hypoxia responses that increase red blood cell mass and stimulate new blood

vessel growth (Semenza and Wang 1992; Webb et al. 2009), it would be

interesting to examine the effect of Ca2+ influx through O2-sensitive TRPA1

channels on the functional regulation of PHD and HIF. Studies of TRP channels

have been extended dramatically from the simple functional description of

single molecules to the holistic analysis and integration of the molecular systems

controlled by TRP channels. Our understanding of the activation of TRP

channels is now stepping forward from functional identification of single

molecules to analysis and integration of molecular systems.
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Reiser J, Polu KR, Möller CC, Kenlan P, Altintas MM,Wei C, Faul C, Herbert S, Villegas I, Avila-

Casado C, McGee M, Sugimoto H, Brown D, Kalluri R, Mundel P, Smith PL, Clapham DE,

Pollak MR (2005) TRPC6 is a glomerular slit diaphragm-associated channel required for

normal renal function. Nat Genet 37:739–744

Reiter TA (2006) NO · chemistry: a diversity of targets in the cell. Redox Rep 11:194–206

Romson JL, Hook BG, Kunkel SL, Abrams GD, SchorkMA, Lucchesi BR (1983) Reduction of the

extent of ischemic myocardial injury by neutrophil depletion in the dog. Circulation 67:1016–

1023

Rossi F, Bianchini E (1996) Synergistic induction of nitric oxide by β-amyloid and cytokines in

astrocytes. Biochem Biophys Res Commun 225:474–478

Rossi A, Kapahi P, Natoli G, Takahashi T, Chen Y, Karin M, Santoro MG (2000) Anti-

inflammatory cyclopentenone prostaglandins are direct inhibitors of IkappaB kinase. Nature

403:103–108

Runnels LW, Yue L, Clapham DE (2001) TRP-PLIK, a bifunctional protein with kinase and ion

channel activities. Science 291:1043–1047

Sakuma I, Stuehr DJ, Gross SS, Nathan C, Levi R (1988) Identification of arginine as a precursor

of endothelium-derived relaxing factor. Proc Natl Acad Sci U S A 85:8664–8667

Salazar H, Llorente I, Jara-Oseguera A, Garcı́a-Villegas R, Munari M, Gordon SE, Islas LD,

Rosenbaum T (2008) A single N-terminal cysteine in TRPV1 determines activation by pungent

compounds from onion and garlic. Nat Neurosci 11:255–261

TRPs as Chemosensors (ROS, RNS, RCS, Gasotransmitters) 791

http://dx.doi.org/10.1007/s00424-013-1237-9


Sartori C, Allemann Y, Trueb L, Delabays A, Nicod P, Scherrer U (1999) Augmented

vasoreactivity in adult life associated with perinatal vascular insult. Lancet 353:2205–2207

Satoh T, Lipton SA (2007) Redox regulation of neuronal survival mediated by electrophilic

compounds. Trends Neurosci 30:37–45

Sawada Y, Hosokawa H, Matsumura K, Kobayashi S (2008) Activation of transient receptor

potential ankyrin 1 by hydrogen peroxide. Eur J Neurosci 27:1131–1142

Schermuly RT, Dony E, Ghofrani HA, Pullamsetti S, Savai R, Roth M, Sydykov A, Lai YJ,

Weissmann N, Seeger W, Grimminger F (2005) Reversal of experimental pulmonary hyper-

tension by PDGF inhibition. J Clin Invest 115:2811–2821

Schofield CJ, Ratcliffe PJ (2004) Oxygen sensing by HIF hydroxylases. Nat Rev Mol Cell Biol

5:343–354

Semenza GL, Wang GL (1992) A nuclear factor induced by hypoxia via de novo protein synthesis

binds to the human erythropoietin gene enhancer at a site required for transcriptional activa-

tion. Mol Cell Biol 12:5447–5454

Shibata T, Yamada T, Ishii T, Kumazawa S, Nakamura H, Masutani H, Yodoi J, Uchida K (2003)

Thioredoxin as a molecular target of cyclopentenone prostaglandins. J Biol Chem 278:26046–

26054

Shiraki T, Kamiya N, Shiki S, Kodama TS, Kakizuka A, Jingami H (2005) Alpha, beta-unsaturated

ketone is a core moiety of natural ligands for covalent binding to peroxisome proliferator-

activated receptor gamma. J Biol Chem 280:14145–14153

Silver WL, Moulton DG (1982) Chemosensitivity of rat nasal trigeminal receptors. Physiol Behav

28:927–931

Steen KH, Reeh PW, Anton F, Handwerker HO (1992) Protons selectively induce lasting excita-

tion and sensitization to mechanical stimulation of nociceptors in rat skin, in vitro. J Neurosci

12:86–95

Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR, Earley TJ, Hergarden AC,

Andersson DA, Hwang SW, McIntyre P, Jegla T, Bevan S, Patapoutian A (2003) ANKTM1, a

TRP-like channel expressed in nociceptive neurons, is activated by cold temperatures. Cell

112:819–829

Straus DS, Pascual G, Li M, Welch JS, Ricote M, Hsiang CH, Sengchanthalangsy LL, Ghosh G,

Glass CK (2000) 15-deoxy-delta 12,14-prostaglandin J2 inhibits multiple steps in the NF-κB
signaling pathway. Proc Natl Acad Sci U S A 97:4844–4849

Streng T, Axelsson HE, Hedlund P, Andersson DA, Jordt SE, Bevan S, Andersson KE, Högestätt
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Abstract

The Drosophila “transient receptor potential” channel is the prototypical TRP

channel, belonging to and defining the TRPC subfamily. Together with a second

TRPC channel, trp-like (TRPL), TRP mediates the transducer current in the fly’s

photoreceptors. TRP and TRPL are also implicated in olfaction and Malpighian

tubule function. In photoreceptors, TRP and TRPL are localised in the ~30,000

packed microvilli that form the photosensitive “rhabdomere”—a light-guiding

rod, housing rhodopsin and the rest of the phototransduction machinery. TRP

(but not TRPL) is assembled into multimolecular signalling complexes by a

PDZ-domain scaffolding protein (INAD). TRPL (but not TRP) undergoes light-

regulated translocation between cell body and rhabdomere. TRP and TRPL are

also found in photoreceptor synapses where they may play a role in synaptic

transmission. Like other TRPC channels, TRP and TRPL are activated by a G

protein-coupled phospholipase C (PLCβ4) cascade. Although still debated,

recent evidence indicates the channels can be activated by a combination of

PIP2 depletion and protons released by the PLC reaction. PIP2 depletion may act

mechanically as membrane area is reduced by cleavage of PIP2’s bulky inositol

headgroup. TRP, which dominates the light-sensitive current, is Ca2+ selective

(PCa:PCs >50:1), whilst TRPL has a modest Ca2+ permeability (PCa:PCs ~5:1).

Ca2+ influx via the channels has profound positive and negative feedback roles,

required for the rapid response kinetics, with Ca2+ rapidly facilitating TRP (but

not TRPL) and also inhibiting both channels. In trpmutants, stimulation by light

results in rapid depletion of microvillar PIP2 due to lack of Ca2+ influx required

to inhibit PLC. This accounts for the “transient receptor potential” phenotype

that gives the family its name and, over a period of days, leads to light-dependent

retinal degeneration. Gain-of-function trpmutants with uncontrolled Ca2+ influx

also undergo retinal degeneration due to Ca2+ cytotoxicity. In vertebrate retina,

mice knockout studies suggest that TRPC6 and TRPC7 mediate a PLCβ4-
activated transducer current in intrinsically photosensitive retinal ganglion

cells, expressing melanopsin. TRPA1 has been implicated as a “photo-sensing”

TRP channel in human melanocytes and light-sensitive neurons in the body wall

of Drosophila.

Keywords

Phototransduction • Photoreceptors • Drosophila • Phospholipase C

1 Introduction

The history of the transient receptor potential (TRP) ion channel family (Hardie

2011; Minke 2010; Montell 2011) dates back to the discovery of a spontaneously

occurring mutant in a laboratory culture (Cosens and Manning 1969). Although the

photoreceptors could generate a response, this decayed to baseline over a few
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seconds of continuous illumination rendering the flies effectively blind. Cosens and

Manning called their mutant “A-type”; fortunately, Baruch Minke and colleagues,

who studied this mutant extensively (Barash et al. 1988; Minke 1977, 1982; Minke

et al. 1975), provided the more descriptive name, “transient receptor potential” or

trp, which ultimately christened the entire gene family. When the trp gene was

cloned, its sequence indicated a transmembrane (TM) protein with 8 TM helices

(later revised to 6 plus a pore loop), with topology reminiscent of known receptor/

transporter/channel proteins (Montell and Rubin 1989). However, there were no

homologies to proteins in available databases and its function remained unknown.

Intracellular recordings from trp mutant photoreceptors had suggested that the

light-sensitive channels were normal (Minke 1982), apparently ruling out the

possibility that the gene encoded the light-sensitive channel; instead, based on the

ability of La3+ to mimic the trp phenotype, Minke and Selinger (1991) proposed it

might represent a Ca2+ transporter required for refilling Ca2+ stores. Then, using

whole-cell voltage-clamp recordings to determine ionic selectivity, Hardie and

Minke (1992) showed that the primary defect in the trp mutant was a drastic

reduction in the Ca2+ permeability of the light-sensitive channels themselves

(Fig. 1). It was concluded that the normal light-sensitive current comprised two

distinct conductances: one is highly Ca2+ selective and encoded by the trp gene and
second is a channel responsible for the residual light-sensitive current in trp
mutants. We now know the latter is encoded by a homologous gene: trp-like or

trpl (Niemeyer et al. 1996; Phillips et al. 1992; Reuss et al. 1997). Drosophila TRP
thus became the prototypical member of the TRP ion channel family and defines the

“canonical” TRPC family, the first of which (TRPC1) was cloned by homology a

few years later (Wes et al. 1995; Zhu et al. 1995).

This chapter primarily concerns the prototypical TRP channel and its homologue

TRPL, which together mediate the light-sensitive current in Drosophila retinal

photoreceptors (Niemeyer et al. 1996; Reuss et al. 1997). Related TRP channels

that may mediate light-sensitive currents in atypical photoreceptor cells in other

systems are also discussed at the end.

2 Gene and Protein Structure

The trp gene is located on the distal end of the third of Drosophila’s four

chromosomes (cytogenetic map: 99C6-7). A single transcript with 15 exons

encodes a 1,275 amino-acid protein with 6 transmembrane domains (S1–6) and a

putative pore loop between S5 and S6 (Fig. 2). The trpl gene is on the second arm of

chromosome 2 (46B2) and encodes a shorter peptide with 900 amino acids. Overall

trpl shares ~40 % identity to trp; most of the divergence is within the C termini, and

within the S1–6 the homology is much closer (~70 %). Within TM helices S3–S6,

as first recognised by Phillips et al. (1992), there is also ~40 % identity with voltage-

gated Ca2+ channels, although the positively charged voltage-sensing residues in S4

are replaced by polar residues. TRPs belong to the overarching superfamily of

voltage and cyclic nucleotide-gated (CNG) ion channels, and like K channels and
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CNG channels, each gene encodes a subunit of a putative tetrameric ion channel.

Although there is some evidence that TRP and TRPL may form heteromultimers

when heterologously expressed (Xu et al. 1997), in the photoreceptors they are

believed to form homo-tetramers in vivo (Katz et al. 2013; Reuss et al. 1997). Like

other TRPC channels the N-termini of TRP and TRPL contain a coiled-coil region

and 4 ankyrin repeats of unknown function, whilst the C-terminus includes the

highly conserved “EWKFAR” motif of the “TRP box” found in several TRP

subfamilies and one (TRP) or two (TRPL) calmodulin-binding sites. TRP has a

Fig. 1 The transient receptor potential phenotype. (a) In response to a prolonged stimulus (5 s

step containing ~105 effective photons), wild-type photoreceptors show a rapid peak-plateau

transition, relaxing to a steady state that is maintained indefinitely. Responses to brief test flashes

(arrows) recover rapidly after the adapting light is turned off. In a trp mutant the response decays

to baseline and sensitivity to test flashes is abolished, recovering only slowly in the dark (not

shown). Shown here under whole-cell voltage-clamp conditions, this is the original transient
receptor potential phenotype, which gives the TRP-channel family its name. The response

decay is due to the failure of Ca2+-dependent inhibition of PLC, resulting in depletion of the

entire pool of PIP2 in the microvilli (see Sect. 6). (b) Reversal potential (Erev) measurements.

Responses to light flashes (arrows) in photoreceptors clamped at different holding potentials

(in 10 mV steps) under bi-ionic conditions (130 mM Csi, 10 mM Cao). A large shift in Erev from

~35 mV in wild type to 0 mV in trp (expressing only TRPL channels) indicates a ~10-fold

reduction in relative Ca2+ permeability. In trpl mutants (expressing only TRP channels), Erev is

shifted to +42 mV. The wild-type response is a weighted response of both channels. A point

mutation in the TRP channel (TRPD621G) virtually eliminates Ca2+ permeation, shifting Erev to

�70 mV (Reprinted with modification from Reuss et al. (1997) with permission from Elsevier)
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conspicuously long C-terminal domain containing a proline-rich region, 8–9 pep-

tide repeats of unknown function (Montell and Rubin 1989) and a PDZ-binding

motif that binds to the scaffolding protein INAD (Peng et al. 2008; Shieh and Zhu

Fig. 2 TRP and TRPL channels. (a) dTRP is a channel subunit with 6 transmembrane helices

(S1–S6), with a pore loop between S5 and S6. The N-terminus contains a coiled-coil region and

4 ankyrin repeats. The “TRP domain” with the “EWKFAR” motif is a highly conserved region

found in all TRPC channels. The C-terminus also contains a CaM binding site (CBS), a proline-

rich region with 29 KP repeats, multiple repeats of a hydrophilic 8–9 peptide sequence DKDKKP

(A/G)D and a PDZ-domain-binding motif required for binding to the INAD protein. (b) TRPL has

similar N-terminal and transmembrane regions, but the C-terminal is distinct. The only recognised

domains are two calmodulin-binding sites (CBS1 and CBS2). (c) Molecular model of the pore

region of the TRP channel (2 subunits shown) based on the crystal structure of KcsA. An acidic

residue (aspartate 621) in the pore loop is responsible for the high Ca2+ selectivity. (d) Like

voltage-gated K+ channels and CNG channels, the TRP channel is believed to be a tetrameric

assembly (probably homomeric) of 4 such subunits (a and b reprinted with modification from

Hardie and Postma (2008) with permission from Elsevier; (c) Reprinted from Liu et al. (2007) with

permission from the Journal of Neuroscience)
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Fig. 3 Drosophila retina and phototransduction cascade. (a) Left: Diagram of ommatidium

showing two (out of a total of eight) photoreceptors with their microvillar rhabdomeres. Light is

focussed on the rhabdomere tips by the overlying lens (~16 μm in diameter). Each ommatidium is

optically screened from its neighbours by pigment cells. The cross section (right) shows the

geometrically precise array of rhabdomeres in the six R1–6 cells and a central photoreceptor R7

(a UV receptor). The electron micrograph shows a single rhabdomere (scale bar 500 nm) with

tightly packed microvilli, each of which contain multiple copies of all major components of the

transduction cascade. (b) Components of the transduction cascade shown approximately to scale in

a schematic section of a “half” microvillus with its central actin filament. Photoisomerisation of

rhodopsin (R) to metarhodopsin (M) activates Gq via GTP–GDP exchange (Step I), releasing the

Gqα subunit; Gqα activates phospholipase C (PLC), generating InsP3 and DAG and a proton from

PIP2 (Step II). Two classes of light-sensitive channels (TRP and TRPL) are activated, putatively by

a combination of PIP2 depletion and acidification (Step III). DAG is also a potential precursor for

polyunsaturated fatty acids (PUFAs). Exogenously applied PUFAs activate channels, but the

lipase necessary for their generation in situ has not been demonstrated. Ca2+ influx, primarily

through the TRP channels, feeds back at multiple targets, e.g., via PKC and CaM, thereby
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1996). The Drosophila genome includes a third TRPC channel—TRPγ
(Xu et al. 2000). However, unlike TRP and TRPL, TRPγ is not particularly

eye-enriched (Jors et al. 2006) and it seems doubtful whether it plays a role in

phototransduction.

3 Expression

Both TRP and TRPL are highly enriched in adult photoreceptors and were once

considered photoreceptor-specific. However, genetic evidence also implicates them

in olfaction (Stortkuhl et al. 1999) and Malphigian tubule function (Macpherson

et al. 2005), whilst microarray data suggests limited expression in the brain

(Flyatlas.org). TRPL, but not TRP, is also expressed in the larval eye, or Bolwig’s

organ (Rosenbaum et al. 2011). In adult photoreceptors, both channel proteins are

predominantly localised in the phototransduction compartment, a rod-like structure

(rhabdomere) consisting of ~30,000 tightly packed microvilli (Fig. 3). Each micro-

villus probably contains about 20–30 TRP and 2–3 TRPL channels, representing

channel densities of ~100/μm2 and ~10/μm2, respectively. TRPL, but not TRP,

translocates reversibly from rhabdomere to cell body in response to illumination

(Bahner et al. 2002), and a recent study also reported TRP and TRPL in the

photoreceptor synaptic terminal where the channels may play a role in regulating

transmitter release (Astorga et al. 2012).

During pupal development, which lasts ~100 h, TRP protein is first detected by

immunocytochemistry at ~45 h (Satoh et al. 2005). However, functional

TRP-channel activity is only detectable from ~82 h, whilst functional TRPL

channels are first detected even later at ~90 h (Hardie et al. 1993). Little is known

about the secretory pathway and targeting; however, TRP trafficking requires both

the Rab GTPase Rab11 (Satoh et al. 2005) and a novel chaperone protein (XPORT)

both of which are required for successful targeting of both TRP and rhodopsin to the

rhabdomeric membrane (Rosenbaum et al. 2011).

Despite many attempts, it has proved very difficult to express TRP heterolo-

gously. In the few apparently successful attempts (Gillo et al. 1996; Vaca

et al. 1994; Xu et al. 1997), the reported biophysical properties did not closely

match those of the native trp-dependent current. Any doubts this might raise over

the identity of TRP as the light-sensitive channel were dispelled with the identifi-

cation of a unique aspartate residue within the pore loop as the major determinant of

Ca2+ permeation (Liu et al. 2007). Targeted mutagenesis of this residue resulted in

�

Fig. 3 (continued) regulating, inter alia, the channels, PLC and M-Arr2 (arrestin). Ca2+ is

extruded by the Na+/Ca2+ exchanger (NCX). Several components of the cascade, including

TRP, protein kinase C (PKC) and PLC, are assembled into signalling complexes by the scaffolding

protein, INAD, which may be linked to the central F-actin filament via the NINAC class III

myosin. INAD contains 5 PDZ domains (1–5) (Reprinted with modification from Yau and Hardie

(2009) with permission of Elsevier)
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systematic alteration of pore properties in vivo demonstrating that TRP indeed

forms a pore-forming subunit of the Drosophila light-sensitive channel (see

Sect. 5.1).

By contrast TRPL has been successfully expressed in many expression systems

(Gillo et al. 1996; Hambrecht et al. 2000; Hardie et al. 1997; Harteneck et al. 1995;

Hu et al. 1994; Lan et al. 1996). Its biophysical properties are essentially indistin-

guishable from those of the native TRPL-dependent current isolated in trp mutants

(Chyb et al. 1999; Hardie et al. 1997), with the exception that in many expression

systems it is constitutively active (for recent discussion, see Lev et al. 2012).

4 Interacting Proteins

4.1 Scaffolding Protein INAD

Along with other key components of the cascade, TRP channels are organised into

multimolecular signalling complexes by the “inactivation no afterpotential D”
(INAD) protein (Fig. 3), a scaffolding protein with five PDZ domains (Chevesich

et al. 1997; Shieh and Niemeyer 1995; Shieh and Zhu 1996; Tsunoda et al. 1997).

PDZ domains typically bind to a terminal three amino-acid motif on the target

protein; however, the interaction of TRP with INAD appears to involve up to

14 amino acids in the C-terminal (Peng et al. 2008). In vitro evidence suggests

the interaction may be “bidentate”, with PDZ3 forming a classical association with

the terminal 3 amino acids (GWL) of TRP and the upstream residues interacting

with the PDZ4/5 supramodule (Liu et al. 2011). As well as TRP, INAD binds

stoichiometrically (1:1) with PLC and PKC (Huber et al. 1996a; Li and Montell

2000; Tsunoda et al. 1997). INAD has also been reported to interact with NINAC, a

class III myosin that may link the complex to the actin cytoskeleton (Hicks

et al. 1996; Wes et al. 1999): calmodulin; retinophilin (Mecklenburg et al. 2010)

and the immunophilin FKBP59 (Goel et al. 2001; Huber 2001; Montell 1999).

Although TRPL has also been reported to bind INAD (Xu et al. 1998), this has been

questioned, and a quantitative study suggests that at most only a small fraction of

TRPL protein could associate with INAD (Paulsen et al. 2000). INAD can form

homomultimers in vitro (Xu et al.1998), and together with other potential linkages

(e.g., via TRP subunits which form tetramers), it is possible that extended

complexes are formed.

Molecular scaffolds like the INAD complex promote signalling specificity and

might facilitate rapid kinetics by minimising diffusional delays. In apparent support

of this, null inaD mutants have reduced sensitivity and slow responses (Scott and

Zuker 1998); however, these phenotypes could also simply reflect the greatly

reduced levels of microvillar PLC found in inaD mutants (Tsunoda et al. 2001).

Whether or not the integrity of the scaffolding complex is critical for rapid excita-

tion, INAD is required to maintain high concentrations of TRP, PLC and PKC in the

rhabdomere in the correct stoichiometry (Cook et al. 2000; Huber et al. 1996a). In

fact, TRP and INAD are mutually required for the long-term stability of the

scaffolding complex; thus TRP protein disappears from the rhabdomere in inaD
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mutants over a period of days, whilst INAD protein is reciprocally destabilised in

trp mutants (Li and Montell 2000; Tsunoda et al. 1997).

Structural studies of the fourth and fifth PDZ domains in INAD show that PDZ4/

5 can exist in two redox states due to the reversible light and PKC-dependent

formation of a Cys-Cys disulfide bridge which disrupts the binding site—possibly

for TRP or PLC (Liu et al. 2011; Mishra et al. 2007). Mutants in which PDZ4/5 is

locked in one or the other state show specific defects in response to inactivation

and/or activation. This raises the possibility that rather than acting as just a passive

scaffold, INAD may regulate signal transduction on a millisecond timescale

through dynamic switching between conformational states (Liu et al. 2011; Mishra

et al. 2007).

4.2 INAF

The inaFmutant has a response decay phenotype very similar to trp (Li et al. 1999).
When first cloned the inaF gene was considered novel without vertebrate

homologues; however, a second transcript was later identified with a transmem-

brane motif that is conserved from flies to humans, but of unknown function (Cheng

and Nash 2007). Using an HA-tagged inaF transgene, INAF was found to localise

to the rhabdomeres and to co-immunoprecipitate with TRP (Cheng and Nash 2007).

In null inaF mutants TRP protein levels are reduced to ~10 %, but the residual

protein still localises to the rhabdomeres (Li et al. 1999). Despite this residual

protein, the inaF phenotype is as severe as in null trp mutants, perhaps implicating

INAF as an auxiliary subunit required for TRP-channel function, (Li et al. 1999).

4.3 Calmodulin

Both TRP and TRPL are calmodulin (CaM)-binding proteins, and both TRP and

TRPL are potently regulated by Ca2+ (see below); however, surprisingly little is

known of CaM’s role in this regulation.

TRPL has two CaM-binding sites (CBS1 and CBS2) in its C-terminus, but their

roles are still unclear. In vitro studies give somewhat conflicting results: Warr and

Kelly (1996) reported that CBS1 is conventional, binding CaM in a Ca2+-dependent

fashion, whilst CBS2 binds the Ca2+-free form of CaM, with dissociation occurring

at high (>10 μM) Ca2+ concentrations. However, Trost et al. (1999) reported that

both sites bind CaM in the presence of Ca2+, but with slightly different Ca2+

dependencies (50 % binding at 100 nM and 3.3 μM Ca2+, respectively, for CBS1

and CBS2). TRPL channels are strongly inhibited by Ca2+ with an IC50 of 1 μM or

lower (Obukhov et al. 1998; Parnas et al. 2007; Reuss et al. 1997); however, CaM’s

role, if any, in this regulation is unclear. Scott et al. (1997) reported that Ca2+-

dependent inhibition of TRPL channel activity in vivo was impaired in trplmutants

lacking either CBS1 or CBS2; however, our lab was unable to reproduce this result

using the same transgenic flies (Hardie R.C. unpublished). When expressed in Sf9
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cells, the inhibitory action of Ca2+ on TRPL was unaffected by the CaM inhibitor

calmidazolium (Obukhov et al. 1998). There are, however, reports of facilitation of

TRPL channels by Ca2+-CaM in heterologous expression systems (Lan et al. 1998;

Trost et al. 1999).

The TRP protein has one CBS in the C-terminus, and peptide fragments from

this region bind CaM in a Ca2+-dependent manner in vitro (Chevesich et al. 1997).

TRP channels are both positively (EC50 300 nM) and negatively (IC50 ~ 1 μM)

regulated by Ca2+ (Chu et al. 2013a; Gu et al. 2005), but again, whether CaM is

involved in this regulation is not known.

4.4 Phosphorylation

Both TRP and TRPL proteins have multiple phosphorylation sites. TRP is a target

for PKC, which is also a component of the INAD scaffolding complex (Huber

et al. 1996b, 1998; Liu et al. 2000). Popescu et al. (2006) identified Ser982 on the

TRP C-terminus as an in vitro target for PKC and found a mild slow-deactivation

phenotype (albeit rather less severe than in a PKC null mutant) in Ser to Ala

mutants of this site. More recently, 21 phosphorylation sites on the native TRP

protein were identified by mass spectrometry, mainly located in the C-terminus

(Voolstra et al. 2010). Several of these, including Ser982, were phosphorylated in a

light-dependent manner, but surprisingly none were found to be compromised in a

PKC null mutant, indicating either that they were not PKC targets or that they can

be redundantly phosphorylated by additional kinases. Although most sites were

phosphorylated in response to light, one in particular (Ser936) was

dephosphorylated in response to illumination (Voolstra et al. 2010). Apart from

the mild phenotype in TRPS982A mutants, no function has been attributed to any of

these sites.

In vitro studies of recombinant TRPL peptide fragments found that CaM binding

to CBS1 was prevented by PKA-dependent phosphorylation, whilst phosphoryla-

tion by PKA was inhibited by prior PKC-dependent phosphorylation (Warr and

Kelly 1996). Again no function has been attributed to this regulation. Recently,

mass spectrometry identified eight C-terminal, light-dependent phosphorylation

sites in TRPL. Mutation of these sites did not affect the electrophysiological

response to light, but led to reduced TRPL content and partial mislocalisation out

of the rhabdomere (Cerny et al. 2013).

4.5 Miscellaneous Interacting Proteins

At least three further proteins have been reported to co-immunoprecipitate with

TRP and/or TRPL, although a direct interaction has not been demonstrated.

1. FKBP59, the Drosophila homologue of the human FK506-binding protein, was

identified as an INAD binding partner in a yeast-2-hybrid screen and also found

to co-immunoprecipitate with TRPL (Goel et al. 2001). The function of this
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interaction has not been studied in vivo, but when co-expressed in Sf9 cells,

FKBP59 induced a graded inhibition of TRPL activity in fura-2 Ca2+ influx

assays.

2. Moesin, which is the sole member of the ezrin-radixin-moesin (ERM) family in

Drosophila, co-immunopreciptates with both TRP and TRPL (Chorna-Ornan

et al. 2005). ERM proteins promote actin-membrane interactions (Fehon

et al. 2010) and are required for the development and maintenance of the

microvilli (Karagiosis and Ready 2004). Upon illumination and PIP2 depletion,

moesin becomes dephosphorylated, dissociates from TRP and/or TRPL and

migrates reversibly from the base of the rhabdomere to cytosolic regions

(Chorna-Ornan et al. 2005; Sengupta et al. 2013).

3. TRP (but not TRPL) interacts with XPORT, which is a resident ER protein in the

secretory pathway and which was recently identified as chaperone for both TRP

and rhodopsin (Rosenbaum et al. 2011).

5 Biophysical Description of Channel Function, Permeation
and Gating

5.1 Ionic Selectivity

The biophysical properties of the native TRP and TRPL conductances in vivo have

been characterised in null trp and trpl mutants to isolate the respective currents

(e.g., Reuss et al. 1997) (Fig. 1). Both channels permeate a broad range of

monovalent and divalent ions including Ca2+, Mg2+, Ba2+, Sr2+ and Mn2+ (Table 1).

TRP and TRPL differ most notably in their selectivity for divalent ions: TRP

channels are highly selective for Ca2+ (PCa:PCs >50:1), and of the entire TRP

superfamily, only the truly Ca2+-selective TRPV5 and TRPV6 have a higher

selectivity. TRPL has a Ca2+ selectivity (PCa:PCs ~ 4:1) more typical of most TRP

channels, including the broader TRPC subfamily (Hardie and Minke 1992; Liu

et al. 2007; Reuss et al. 1997).

The high Ca2+ selectivity of TRP has been attributed to a single negatively

charged aspartate residue (Asp621) located in the pore loop. Neutralising Asp621

(by mutation to glycine or asparagine) eliminates Ca2+ permeation as well as the

block by Mg2+ and ruthenium red leaving a monovalent cation channel (Liu

et al. 2007). Increasing the side-chain length but maintaining the positive charge

(Asp>Glu) barely affected Ca2+ selectivity but decreased the effective pore size,

Table 1 Relative permeabilities of TRP and TRPL channels determined under bi-ionic

conditions from reversal potential measurements of the light-induced currents

PCa:PCs PMg:PCs PBa:PCs PMn:PCs PNa:PCs PLi:PCs

TRP 56.9 15.8 56 17.7 1.3 0.89

TRPL 7.3 3.3 7.7 3.6 0.84 0.8

Data from Reuss et al. (1997) and Liu et al. (2007)
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suggesting the residue also resides at the narrowest part of the channel. By analogy

with other Ca2+-selective channels, it seems likely that four such Asp621 residues

(one from each subunit) coordinate a Ca2+-binding site in the mouth of the pore

(Figs. 1 and 3). A conserved charged residue (Glu) in the equivalent position was

also found to be responsible for Ca2+ selectivity in mammalian TRPC3 (Poteser

et al. 2011).

5.2 Single-Channel Properties

Under physiological conditions noise analysis of native currents in photoreceptors

suggests single-channel conductances of ~8 pS for TRP and 35 pS for TRPL in the

presence of divalent cations (1.5 mM Cao and 4 mM Mgo) or ~30 pS (TRP) and

68 pS (TRPL) under divalent-free conditions (Hardie et al. 1997; Henderson

et al. 2000; Reuss et al. 1997). In excised patch single-channel recordings from

rhabdomeric membrane, values of 57 pS (TRP) and 49 pS (TRPL) have been

reported under divalent-free conditions (Delgado and Bacigalupo 2009). When

expressed in S2 cells, TRPL had a single-channel conductance of 110 pS in the

presence of 4 mM Mg and 0 Ca (Parnas et al. 2007).

Based on permeability to a series of organic cations, the pore diameter of TRP

was estimated at ~8 Å (Liu et al. 2007). Pore diameter has not been systematically

measured for TRPL, although it was reported to be essentially impermeant to

tetraethylamine and N-methyl-D-glucamine (Parnas et al. 2009a).

Open times of both channels are brief: TRPL openings are characterised by two

time constants (~0.1 ms and 0.5–2 ms) both in single-channel recordings in S2 cells

and in noise analysis from spontaneously active TRPL channels in trp mutants

(Hardie and Minke 1994; Hardie et al. 1997; Parnas et al. 2007). Based on power

spectra of native channels, TRP-channel kinetics are even faster, and only a single

time constant of ~0.5 ms can be resolved (Raghu et al. 2000b). In either case the

very brief channel openings mean that physiological response to illumination

should not be limited by channel kinetics.

5.3 Voltage Dependence and Divalent Ion Open-Channel Block

Under physiological conditions, in the presence of divalent cations, TRPL channels

show pronounced outward rectification, whilst TRP channels display complex dual

inward and outward rectifying characteristics. In both cases voltage-dependent

divalent ion open-channel block appears to be responsible.

5.3.1 TRP Channels
For TRP channels, the dual inward/outward rectification is abolished and the

effective single-channel conductance increased 10-fold under divalent-free

conditions (Hardie and Mojet 1995). Using Mg2+ as the blocking ion, IC50 (under

Ca2+ free conditions) was reported as ~280 μM. The dual rectification was
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interpreted as voltage-dependent relief of flickering open-channel block (OCB) by

divalent ions with both depolarisation and hyperpolarisation sufficient to drive the

blocking ions from the pore. Under physiological conditions the voltage-dependent

block is relatively weak around resting potential (�70 mV) but intensifies as the

cell depolarises. This means that the effective single-channel conductance should

decrease as the cell depolarises in response to light, potentially representing an

economical mechanism for light adaptation (Hardie and Mojet 1995).

5.3.2 TRPL channels
The I–V relation of the TRPL channel is strongly outwardly rectifying in physio-

logical solutions but becomes essentially linear under divalent-free conditions. The

outward rectification under physiological conditions is thus interpreted as voltage-

dependent relief of OCB (Parnas et al. 2007). In many cases of OCB, the kinetics of

block and unblock are too fast to be resolved resulting in a reduction in effective

single-channel conductance (flickering block) as appears to be the case for the TRP

channel. However, in a detailed single-channel analysis of heterologously

expressed TRPL channels, removal of divalent ions or depolarisation only

increased open probability and open time without affecting single-channel conduc-

tance (Parnas et al. 2007). The divalent ion OCB described by Parnas et al. (2007)

had an IC50 of 163 nM for Cao at �70 mV and ~2 mM for Mg2+.

5.4 Pharmacology

Like many Ca2+ channels and several mammalian TRP channels, TRP, but not

TRPL, channels are completely blocked by low μM levels of La3+ and ruthenium

red (Liu et al. 2007). The highest affinity blocker reported for TRPL is cinnamyl-

dihydroxy-cyanocinnamate, with an IC50 of 1 μM (Chyb et al. 1999). A variety of

compounds, which are activators of some of the thermo-TRPs, inhibit TRPL

channels at much higher concentrations, including carvacrol (IC50 357 μM), thymol

(1 mM), eugenol (3 mM), cinnamaldehyde (2 mM) and menthol (1.8 mM) (Parnas

et al. 2009b). We recently found that a range of amphiphilic weak bases were all

reversible inhibitors of both TRP and TRPL activity. Although the potency varied

widely (IC50 for TRPL: trifluoperazine 5 μM, chlorpromazine 25 μM, imipramine

100 μM, procaine 5 mM) after correction for partitioning and pKa values (in an

attempt to predict concentration in the lipid membrane), the IC50 values converged

near a common value of ~5 mM, suggesting their action could be attributed to the

effect of the weak bases on physico-chemical properties of the lipid bilayer (Hardie

and Franze 2012).
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6 Physiological Functions

The primary function of the Drosophila TRP and TRPL channels is clear: TRP is

the major light-sensitive channel in the photoreceptors of the retina. It accounts for

up to 95 % of the light-sensitive current, the remainder carried by its homologue

TRPL (Reuss et al. 1997).

6.1 Mechanism of Activation

Phototransduction in Drosophila has long been recognised as a G protein-coupled

PLC-based cascade (Bloomquist et al. 1988; Pak 1995). All the essential elements

of the cascade including the channels are localised within ~30,000 microvilli

together forming the light-guiding rhabdomere (Fig. 3). As in other photoreceptors

the cascade is initiated by absorption of a photon by a chromophore (3-OH 11-cis
retinaldehyde) covalently attached to rhodopsin (R). Photoisomerisation of 11-cis
retinal to the all-trans configuration converts R to the active metarhodopsin state

(M), which catalytically activates a heterotrimeric Gq protein releasing the active

Gqα subunit (Scott et al. 1995). A handful, perhaps 5–10, Gqα are released by each

activated M within the same microvillus during a brief but variable latency period

(15–100 ms) and diffuse in the plane of the membrane before binding to and

activating a PLC molecule (Hardie et al. 2002). Each of the 5–10 PLC molecules

thus activated then hydrolyses PIP2 at a rate of ~1,000 molecules per second

yielding InsP3, DAG and a proton. The final electrical response in response to

absorption of a single photon is a quantum bump, ~10 pA in amplitude, probably

representing the opening of most of the 20 or so TRP channels in a single

microvillus. Under voltage-clamp conditions, the output of the cell as a whole

represents the summation of the quantum bumps independently generated over the

30,000 microvilli (see Hardie 2012 for recent detailed review).

Which consequences of PLC activity are responsible for channel activation

remains debated. Most evidence suggests that InsP3-induced Ca2+ release plays

no role (Hardie 1995; Hardie and Raghu 1998) with phototransduction and adapta-

tion appearing completely normal in InsP3 receptor mutants (Acharya et al. 1997;

Raghu et al. 2000a).

6.1.1 Diacylglycerol and Polyunsaturated Fatty Acids
TRP and TRPL channels are constitutively active in mutants of diacylglycerol

kinase (DGK), encoded by the rdgA gene (Raghu et al. 2000b). Because DGK

metabolises DAG to phosphatidic acid (PA), this is consistent with the notion that

the constitutive activity in rdgA mutants is due to the build-up of DAG by basal

PLC activity (Raghu et al. 2000b). Genetic interactions between rdgA and norpA
(encoding PLC) or Gαq (Gqα subunit) also support an excitatory role for DAG,

namely, in hypomorphic Gαq and norpA mutants, responses to light are greatly

reduced due to diminished PLC activity, but when combined with the rdgA
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mutation (rdgA,norpA or rdgA;Gαq double mutants), the residual responses are

greatly facilitated (Hardie et al. 2002).

Since DAG activates several mammalian TRPC channels (Hofmann et al. 1999),

DAG seems a plausible candidate for the excitatory second messenger; however,

there are problems with this suggestion (Katz and Minke 2009; Raghu 2006; Raghu

and Hardie 2009). First, conversion of DAG to PA by DGK is the first step in PIP2
resynthesis, and hence phenotypes reported in rdgA might also reflect reduced PIP2
levels (Garcia-Murillas et al. 2006; Raghu and Hardie 2009). In addition, PA

potently facilitates PI(4)P 5-kinase (Cockcroft 2009; Jenkins et al. 1994), so the

final stage of PIP2 resynthesis may also be compromised in rdgA mutants. Second,

DGK appears to immunolocalise predominantly to the endoplasmic reticulum and

not the microvilli where other components of transduction are localised (Masai

et al. 1997). Third, attempts to activate TRP and TRPL channels with exogenous

DAG have, in general, been unsuccessful (but see Delgado and Bacigalupo 2009).

By contrast polyunsaturated fatty acids (PUFAs), such as arachidonic and

linolenic acid (which, in principle, might be released from DAG by a DAG lipase),

robustly activate native TRP and TRPL channels as well as heterologously

expressed TRPL channels (Chyb et al. 1999; Estacion et al. 2001; Parnas

et al. 2009a) with an EC50 of ~10 μM. Apparent genetic evidence for PUFAs as

the endogenous excitatory messenger came from mutants of a DAG lipase gene,

inaE, which have greatly reduced sensitivity to light (Leung et al. 2008). However,

the inaE DAG lipase is of the sn-1 class, which releases monoacylglycerols rather

than PUFAs from DAG; whilst the INAE protein immunolocalises to the cell body

with, at most, isolated traces in the rhabdomeres (Leung et al. 2008). There is also

no evidence that light results in generation of PUFAs in the photoreceptors. As

discussed below it is possible that PUFAs may be acting as surrogate agonists,

mimicking the effects of PIP2 hydrolysis on the physico-chemical properties of the

lipid bilayer.

6.1.2 PIP2 Depletion, Protons, and Bilayer Mechanics
In addition to generating DAG and InsP3, hydrolysis of PIP2 by PLC has two further

actions: (1) it depletes PIP2 and (2) it releases a proton. A recent study indicated that

these two neglected consequences of PLC activity can act combinatorially to

activate the channels (Huang et al. 2010). Thus, following depletion of PIP2 in

the photoreceptors, both TRP and TRPL channels could be rapidly and reversibly

activated by protonophores, whilst heterologously expressed TRPL channels in S2

cells could be activated by acidification of the cytosolic surface of inside-out

patches (Fig. 4). This indicates that a combination of PIP2 depletion and acidifica-

tion is sufficient to activate the light-sensitive channels (Huang et al. 2010).

These results appear to suggest that the channels are activated by protons and

that PIP2 binding to the channel inhibits this, either allosterically or by masking a

protonatable site. Arguing against this however, PIP2 applied to the cytosolic

surface of inside-out patches actually activated TRPL channels expressed in S2

cells (Huang et al. 2010)—although the opposite result was reported in Sf9 cells

(Estacion et al. 2001). An alternative possibility is that by removing its bulky and
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charged headgroup, hydrolysis of PIP2 results in a change in the mechanical

properties of the lipid bilayer, as has been suggested, albeit controversially, for

the PLC-mediated activation of heterologously expressed TRPC6 (Spassova

et al. 2006). A similar idea was also championed by Parnas et al. (2009a) who

suggested that lipid activators such as PUFAs might exert their effect by

modulating channel interactions with the lipid bilayer rather than on the channel

per se. In support of this they found that heterologously expressed TRPL channels

were influenced by other manipulations expected to alter bilayer properties includ-

ing facilitation by osmotic stretch and suppression by GsMTx-4 toxin, a mechano-

sensitive ion channel blocker which acts on the channel/lipid boundary (Suchyna

et al. 2000). They also found that the divalent ion-dependent outward rectification

of TRPL channels was linearised by PUFA application and proposed that activation

of channels by such lipid-mediated interaction was achieved by removal of open-

channel block (Parnas et al. 2009a).

Fig. 4 Activation by protons and PIP2 depletion. (a) Upon illumination (at time zero), there is a

rapid acidification of the photoreceptor (measured with the fluorescent pH indicator, HPTS, loaded

via whole-cell recording electrode: the signal is significantly faster when imaged from the

rhabdomere than from the whole cell). (b) Under control conditions (left) brief application of

the protonophore 2,4 dinitrophenol (DNP, 100 μM) activates no channels (whole-cell recording) in

a trp mutant. However, after PIP2 depletion induced by a 5 s light pulse, the same dose of DNP

rapidly activates the light-sensitive channels. (c) Patch-clamp recording from an excised inside-out

patch containing TRPL channels expressed in Drosophila S2 cells. Acidification of the bath

(cytosolic surface of patch) rapidly and reversibly activated the channels. (d) pH dependence of

channel activation (Reprinted with modification from Huang et al. (2010) with permission from

Elsevier)

810 R.C. Hardie



In support of a “photomechanical” mechanism, photoreceptors were recently

shown to contract in response to light (Hardie and Franze 2012). The contractions,

measured using atomic force microscopy on isolated retina, were faster than the

electrical response (latency<5 ms); were strictly dependent upon PLC activity; and

in the absence of Ca2+ influx (which normally inhibits PLC) were saturated at

intensities equivalent to ~1 absorbed photon per microvillus. The contractions seem

most parsimoniously explained by the decrease in membrane area due to hydrolysis

of the large headgroup of PIP2 from the inner leaflet, thereby increasing membrane

tension and resulting in constriction of the microvilli. Furthermore, light responses,

whether mediated by TRP or TRPL channels, were reversibly increased or

suppressed by hypo- and hyper-osmotic solutions, respectively, indicating that the

native channels were sensitive to membrane tension (Fig. 5). To ask whether light-

induced hydrolysis of PIP2 generated sufficient mechanical force to activate ion

channels, a known mechano-sensitive channel (gramicidin) was incorporated into

the membranes of trpl;trp double mutant photoreceptors lacking all native light-

sensitive channels. Remarkably, such photoreceptors now responded to light by

increased activity of the ectopic gramicidin channels with similar intensity depen-

dence to the measured contractions (Hardie and Franze 2012).

Given the dual requirement for PIP2 depletion and protonophores, a working

hypothesis would be that the altered physical membrane environment following

PIP2 hydrolysis is energetically favourable for a conformational state of the channel

that can be directly activated by protonation.

6.2 Ca2+ Influx

As well as mediating the cell’s electrical response to light, TRP and to some extent

TRPL channels are responsible for massive Ca2+ influx during the light response.

Measurements of fractional Ca2+ currents indicate that ~30 % of the light-sensitive

current is carried by Ca2+ ions, broadly in line with GHK predictions (Chu

et al. 2013b). As a result, the concentration of Ca2+ reached transiently within

each microvillus during a quantum bump probably exceeds 1 mM, saturating even

the lowest affinity Ca2+ indicators (Oberwinkler and Stavenga 2000; Postma

et al. 1999). During maintained illumination in a light-adapted state, this relaxes

to a global steady-state concentration of around 5–10 μM due to the action of a

potent Na+/Ca2+ exchanger.

The Ca2+ influx, particularly via the dominant TRP channels, plays essential

positive and negative feedback roles in regulating the gain and kinetics of the light

response including most aspects of light adaptation (Gu et al. 2005; Hardie 1991;

Henderson et al. 2000; Reuss et al. 1997). The importance of Ca2+ influx is shown

by removing extracellular Ca2+ from the bath, in which case both rising and falling

phases of the response become at least tenfold slower, and light adaptation is

abolished. The positive feedback is primarily, if not exclusively, reflected in

facilitation of TRP-channel activity, whilst both TRP and TRPL channels are

inhibited by Ca2+ (Reuss et al. 1997). Although Ca2+ influx influences many
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Fig. 5 PIP2 depletion and photomechanical response. (a) The bulky, charged headgroup of PIP2
is cleaved by PLC leaving DAG, with its much smaller footprint, in the membrane. Cartoon cross-

sections of a microvillus indicate how removal of the inositol headgroup (blue) from the inner

leaflet would decrease crowding, thereby increasing membrane tension, with the result that the

microvillar diameter may contract. (b) (1) Contractions of the photoreceptors measured by AFM

(lower traces) to moderate intensity flashes (200–800 effective photons); upper traces show

electrical responses recorded to identical stimuli. (2) Family of contractions measured to 5 ms

flashes of increasing intensity: latency to brightest flashes is less than 5 ms (cf ~ 6 ms for electrical

response). (3) Response intensity function for contractions (nm) and electrical response

(mV) mediated by TRP channels recorded under current clamp conditions. (c) (i) Left: Whole-

cell voltage-clamp light responses in a trp mutant to a series of brief flashes are rapidly and

reversibly facilitated by hypo-osmotic solution (200 mOsm). Right: Representative superimposed

flash responses mediated by both TRPL channels (in trpmutant) and TRP channels (in trplmutant)

are suppressed by hyper-osmotic (400 mOsm) and facilitated by hypo-osmotic (200 mOsm)

solutions. Bar graph (ii) shows normalised responses for wild type (wt), trp and trpl, as well as
wt in Ca2+-free solution to exclude indirect effect by change in Ca2+ (Reprinted with modification

from Hardie and Franze (2012) with permission from Science)
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molecular targets, both positive and negative feedback effects may be mediated

directly on the channels themselves (Gu et al. 2005; Hardie 1995). Using the

transmembrane Na+ gradient to control cytosolic Ca2+ via the Na+/Ca2+ exchanger

equilibrium, the IC50 for both TRP and TRPL channel inhibition was estimated at

~ 1μM (Gu et al. 2005), whilst TRP, but not TRPL, channel activity, induced by

exogenous agonist (PUFAs), was facilitated by Ca2+ with an EC50 of ~ 300 nM

(Chu et al. 2013a).

Other Ca2+-dependent targets modulated by influx via the TRP and TRPL

channels include Ca2+-CaM-dependent acceleration of arrestin binding to activated

metarhodopsin (Liu et al. 2008) and Ca2+-dependent inhibition of PLC, which

appears to be mediated via PKC—possibly indirectly via phosphorylation of

INAD (Gu et al. 2005). In addition, Ca2+ at low (submicromolar) concentrations

can facilitate PLC (Hardie 2005; Katz and Minke 2012; Running Deer et al. 1995),

although it is unclear whether this is significant under physiological conditions.

There are also at least two Ca2+-dependent steps in the visual pigment cycle:

CaMKII-dependent phosphorylation of Arr2 and Ca-CaM-dependent dephosphor-

ylation of rhodopsin by rhodopsin phosphatase (rdgC gene) (Byk et al. 1993; Steele

et al. 1992; Vinos et al. 1997). Although neither appear to contribute directly to the

electrophysiological response kinetics, both are required for normal pigment

recycling and long-term cell survival (see Sect. 8).

7 Channel Mutant Phenotypes

7.1 trp Phenotype

The explanation for the classical transient receptor potential phenotype, namely, the

decay of the response to baseline during continuous illumination (Fig. 1), has been

controversial. Originally it was interpreted as the depletion of InsP3-sensitive Ca
2+

stores due to reduced Ca2+ influx (Cook and Minke 1999; Minke and Selinger 1991)

and later as Ca2+-dependent inhibition of the TRPL channels mediating the residual

response (Scott et al. 1997). However, subsequent studies failed to support a role of

intracellular Ca2+ stores in phototransduction (Acharya et al. 1997; Hardie 1996;

Raghu et al. 2000a; Ranganathan et al. 1994), whilst the trp phenotype was found to
be accentuated in the absence of Ca2+ influx (Cook and Minke 1999; Hardie

et al. 2001). What then causes the phenotype that effectively christened the TRP

ion channel family? An answer came using a genetically targeted PIP2-sensitive ion

channel (Kir2.1) to monitor endogenous PIP2 levels in vivo. This showed that the

decay of the response in trpmutants was strictly paralleled by the rapid depletion of

PIP2, whilst the recovery of sensitivity in the dark followed the time course of PIP2
resynthesis (Hardie et al. 2001, 2004). The underlying cause for PIP2 depletion and

response decay appears to be the failure of Ca2+ and PKC-dependent inhibition of

PLC, which is normally dependent upon Ca2+ influx via the TRP channels

(Gu et al. 2005; Hardie et al. 2001). Without this inhibition, PLC activity is
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sufficient to hydrolyse all PIP2 in the rhabdomere within as little as a second of

relatively modest illumination (Hardie et al. 2001, 2004).

The absence of the major Ca2+ influx channel, and the resultant PIP2 depletion,

has many secondary phenotypic consequences including lack of light adaptation,

lack of positive feedback, reduced single-photon responses (quantum bumps) as

well as light-dependent retinal degeneration (see below).

7.2 trpl Phenotype

The TRP channel dominates the wild-type light response, and in whole-cell volt-

age-clamp recordings there is little obvious phenotype in trpl null mutants beyond

predictable changes in permeation properties and pharmacology (Niemeyer

et al. 1996; Reuss et al. 1997). However, studies under more physiological

conditions, using either the electroretinogram (ERG) or the intracellular voltage

recordings, revealed further subtle phenotypes. These include a reduced plateau

potential, high-frequency (~100 Hz) oscillations superimposed on the response and

an impaired ability to light adapt to very dim background lights (Bahner et al. 2002;

Leung et al. 2000). With the possible exception of the reduced ability to light adapt,

it remains unclear how these phenotypes relate to the known properties of the two

channels. The oscillations in the trpl mutant ERG are probably synaptic in origin

and may reflect a role of TRPL channels in synaptic transmission (Astorga

et al. 2012).

8 Role in Hereditary and Acquired Diseases

TRP channels are the primary route for Ca2+ influx in the photoreceptor and play a

major role in Ca2+ homeostasis, balanced by an NCX Na+/Ca2+ exchanger which is

the major mechanism for Ca2+ extrusion (Wang et al. 2005b). A variety of retinal

pathologies have been attributed both to reduced Ca2+ influx in mutants where

TRP-channel activity is reduced or eliminated and to excessive Ca2++ influx under

conditions where channels are constitutively activated or fail to inactivate on

cessation of the light stimulus.

Mutants in upstream components of the cascade, e.g., Gαq or PLC, result in

failure to activate channels and typically undergo light-dependent retinal degenera-

tion over a course of one to two weeks. This is believed to result from failure of one

or more Ca2+-dependent steps in the visual pigment cycle resulting in the build-up

of potentially toxic complexes consisting of arrestin (Arr2) bound to

phosphorylated M (MPP-Arr2). Thus, the pigment cycle normally involves

photoisomerisation of R to M, whose activity is terminated by Ca2+-dependent

binding to Arr2 (Dolph et al. 1993; Liu et al. 2008). At the same time M becomes

phosphorylated by Rh kinase. Although Rh kinase is probably not Ca2+-dependent

per se, phosphorylated rhodopsin is dephosphorylated by a Ca2+-CaM-dependent

phosphatase encoded by the rdgC gene so that rhodopsin becomes
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hyperphosphorylated in the absence of Ca2+ (Lee and Montell 2001; Steele

et al. 1992; Vinos et al. 1997). Arr2 itself is also rapidly phosphorylated by CaMKII

(Matsumoto et al. 1994). This is important for two reasons: first, unphosphorylated
Arr2-MPP is a target for clathrin-mediated endocytosis which is believed to trigger

apoptosis (Kiselev et al. 2000) and, second, Arr2 can only dissociate from R once

Arr2 has been phosphorylated (Alloway and Dolph 1999). Red light can photorei-

somerise M back to R at any point during the cycle and thus also prevents build-up

of toxic MPP-Arr2.

trp mutants themselves also undergo retinal degeneration. There is evidence

suggesting that defects in the pigment cycle contribute to the degeneration (Lee

et al. 2013; Wang et al. 2005a); however, recently evidence was found for an

additional mechanism, namely, the profound PIP2 depletion that occurs when Ca2+

influx is compromised (Sengupta et al. 2013). MPP-Arr2-mediated degeneration

can be simply prevented by rearing flies under red light (which reconverts M to R);

this rescues degeneration in norpA and rdgC, but not in trp. Instead degeneration

under red light was rescued by genetic elimination of PLC (in a norpA;trp double

mutant), whilst the intensity dependence of degeneration quantitatively matched

that of PIP2 depletion. PIP2 depletion and degeneration were also associated with

depolymerisation of the actin cytoskeleton of the microvilli, possibly triggered by

dephosphorylation of moesin (Sengupta et al. 2013).

Excessive Ca2+ influx is widely implicated in excito-toxicity, and, not surpris-

ingly, overactivity of the photoreceptor TRP channels also triggers retinal degener-

ation. Again this can be due to defects in upstream signalling or in the TRP channel

itself. For example, light-dependent retinal degeneration is found in arr2 mutants,

attributable to persistent channel activity due to failure to inactivate M (Dolph

et al. 1993). Particularly severe degeneration occurs in DAG kinase (rdgA) mutants,

which are characterised by constitutive TRP and TRPL channel activity (Raghu

et al. 2000b). However, the most direct and striking evidence implicating the

cytotoxic effect of Ca2+ influx via TRP channels comes from the dominant Trp365

mutant, which has a point mutation (Phe550Ile) in S5 that results in a constitutively

active channel and massive retinal degeneration even in the dark (Hong et al. 2002;

Yoon et al. 2000). Interestingly this aromatic residue is widely conserved amongst

the TRP family, and the equivalent mutation in the yeast TRPY1 channel is also a

gain-of-function mutation with increased constitutive activity (Su et al. 2007).

9 Other “Photosensitive” TRP Channels

9.1 ipRGCs

Vertebrate rods and cones are the so-called ciliary photoreceptors which diverged

from the microvillar photoreceptors characteristic of Drosophila and many other

invertebrates at least 550 million years ago. It had long been assumed that rods and

cones, which signal using cGMP-gated channels, were the only photoreceptors in

vertebrate eyes. However, recently it has become recognised that there are
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additional classes of light-sensing cell in most if not all vertebrate retinae (Berson

2003; Do and Yau 2010; Fu et al. 2005; Hankins et al. 2008). The best known are

the so-called intrinsically photosensitive retinal ganglion cells (ipRGCs) that

express a visual pigment, melanopsin, with closer homology to invertebrate opsins

than to rod or cone opsins (Provencio et al. 2000). Along with a variety of other

molecular similarities, this suggests that ipRGCs share a common evolutionary

origin with the microvillar photoreceptors of Drosophila and most invertebrates

(Arendt 2003).

Unlike rods and cones, which hyperpolarise in response to illumination, ipRGCs

depolarise slowly, generating action potentials that adapt at best sluggishly thus

giving an output that reflects the intensity of ambient illumination (Berson 2003; Do

and Yau 2010; Fu et al. 2005; Hankins et al. 2008). This seems suited to their major

functions of controlling the pupillary light reflex and entraining circadian rhythms

via projections to the olivary pretectal nucleus and suprachiasmatic nucleus. Until

recently there were only hints as to the underlying transduction cascade. For

example, when expressed in Xenopus oocytes, melanopsin is capable of activating

a Gq-based PLC cascade and a mammalian TRPC channel (Panda et al. 2005). In

native ipRGCs the light-activated current can be blocked by PLC inhibitors

(Graham et al. 2008) and inhibitors (albeit rather unspecific) of TRPC channels

(Warren et al. 2006). Most convincingly however, it was recently demonstrated that

the light-activated current in native ipRGCs was abolished in mouse knockouts

lacking PLCβ4 as well as double knockouts lacking both TRPC6 and TRPC7.

Interestingly, PLCβ4 is more closely related to PLC in Drosophila photoreceptors

(norpA) than it is to other vertebrate PLC isoforms (Ferreira and Pak 1994). Along

with the apparent involvement of TRPC channels, there are thus close parallels with

phototransduction in Drosophila. There is, as yet, little or no evidence for the

downstream pathway linking PLC activation to TRPC channel activation in the

ipRGCs. In heterologous expression systems TRPC6 and TRPC7 can be activated

by DAG (Hofmann et al. 1999; Okada et al. 1999). Putative native TRPC6/7

channels, in other mammalian cells, such as the vascular smooth muscle, are also

reported to be activated by DAG, possibly in synergy with InsP3 and PIP2 depletion

(Albert and Large 2003, 2006; Ju et al. 2010).

9.2 TRPA1

Finally, recent studies in both vertebrate and invertebrates have suggested roles for

TRPA1 channels in some atypical “dermal photoreceptors”.

9.2.1 Melanocytes
Melanin synthesis in human epidermal melanocytes (HEM) is stimulated by

absorption of UV light. Short-wavelength (UVB) light may stimulate melanin

synthesis downstream of DNA damage itself (Lin and Fisher 2007), but the

mechanism underlying response to longer-wavelength UVA light is poorly under-

stood. In a recent study UVA light was shown to activate a current in HEM cells,
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which was inhibited by TRPA1 antagonists (camphor or HC-030031) and almost

eliminated by TRPA1 miRNA (Bellono et al. 2013). Both miRNA and TRPA1

antagonists also inhibited early melanin synthesis. Based on pharmacology, activa-

tion appeared to be via a G protein and PLC-based signalling pathway. It also

required pre-incubation of cells with retinaldehyde suggesting the involvement of

an opsin-based pigment (Bellono and Oancea 2013; Wicks et al. 2011).

9.2.2 Larval Photo-Avoidance Behaviour
Drosophila larvae have a primitive eye (Bolwig’s organ), which mediates larval

phototaxis. However, even after these have been genetically deleted, larvae were

shown to avoid bright UV light. This photo-avoidance behaviour is mediated by a

class of sensory neuron (class IV neurons) with dendrites that tile essentially the

entire body surface and was abolished in mutants lacking TRPA1 channels (Xiang

et al. 2010). The response also requires an orphan GPCR (Gr28b), which is

annotated as a gustatory receptor. Whether this represents a previously

unrecognised visual pigment or whether it might respond to a chemical generated

via UV illumination is unclear, as is the transduction pathway linking the receptor

to TRPA1 activation. Interestingly, a Caenorhabditis elegans homologue of

Gr28b—lite1—was also found to be required for UV photo-avoidance behaviour

in C. elegans; however, in this case the transduction cascade involves guanylate

cyclase culminating in activation of cGMP-gated channels (Liu et al. 2010).

Concluding Remarks

The unique experimental advantages of the Drosophila retina for both genetic

and functional analysis not only led to the discovery of the TRP ion channel

family but have also provided key insight into many aspects of TRP-channel

function. From its discovery it was clear that Drosophila TRP was activated

downstream of PLC (Hardie and Minke 1992). This is now regarded as a

common feature for all TRPC channels, and in fact many, if not most, other

TRP channels can be regulated in one way or another by PLC. Nevertheless,

exactly which consequence of PLC activity is responsible for activation is often

far from clear. TRPC2, 3, 6 and 7 are reportedly activated by DAG (Hofmann

et al. 1999; Lucas et al. 2003; Okada et al. 1999); but whether this action is direct

remains debated (Lemonnier et al. 2008), and no DAG binding domain has been

identified. Roles for InsP3 and PIP2 have also been reported (Ju et al. 2010). The

mechanism of activation of TRPC4, 5 and 1 is yet more mysterious, though

complex roles for PIP2 have been proposed (Otsuguro et al. 2008; Trebak

et al. 2009). Even though it is debatable whether PUFAs are physiologically

relevant agonists in the photoreceptors, the discovery that TRP and TRPL could

be activated by PUFAs was the first indication that TRPC channels were

regulated by lipid messengers (Chyb et al. 1999; Hardie 2003). This is again

believed to be a common feature of not only all TRPCs but also many other

TRPs (Beech 2012; Hardie 2007).

Whether the latest working hypothesis for physiological activation of TRP

and TRPL, a combination of membrane tension and protons (Hardie and Franze
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2012), is more generally applicable remains to be seen. However, mechanical

gating has been repeatedly suggested, albeit often controversially, for many

members of the TRP family (Barritt and Rychkov 2005; Christensen and

Corey 2007; Liedtke 2007; Lin and Corey 2005; Maroto et al. 2005; Mederos

y Schnitzler et al. 2008; Patel et al. 2010; Quick et al. 2012; Sharif-Naeini

et al. 2008; Spassova et al. 2006; Su et al. 2007; Yin and Kuebler 2010). Protons

are also known modulators of several TRP channels, and although most reports

concern extracellular sites—as in TRPV1 and TRPC5 (Ryu et al. 2007; Semtner

et al. 2007)—intracellular protons have been implicated as inhibitors of gating of

TRPM2 (Du et al. 2009) and activation of TRPA1 (Wang et al. 2010). More

generally, like many, if not all, TRP channels, Drosophila TRP and TRPL are

polymodally regulated, with multiple signals including lipids, protons, Ca2+ and

membrane tension all playing potentially important roles.

Although the physiological roles of many vertebrate TRP channels are still

often only poorly understood, along with the electrical signal (depolarisation),

Ca2+ influx is probably the single most important physiological consequence of

TRP-channel activation. Again, for the light-sensitive Drosophila TRP channel,

this has been clear from its discovery, with Ca2+ influx having profound roles

acting on multiple targets, with actions ranging from the millisecond timescale

of the light response to long-term cell survival or degeneration. Nevertheless, as

with all members of the TRP family, many questions remain to be answered, not

least, a final resolution to the question of how the channels are activated. The

mechanism of dual (positive and negative) Ca2+-dependent regulation is also

surprisingly poorly understood, as is the role of extensive phosphorylation of

both proteins.
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Abstract

TRP channels are expressed in taste buds, nerve fibers, and keratinocytes in the

oronasal cavity. These channels play integral roles in transducing chemical

stimuli, giving rise to sensations of taste, irritation, warmth, coolness, and pun-

gency. Specifically, TRPM5 acts downstream of taste receptors in the taste

transduction pathway. TRPM5 channels convert taste-evoked intracellular Ca2+

release into membrane depolarization to trigger taste transmitter secretion.

PKD2L1 is expressed in acid-sensitive (sour) taste bud cells but is unlikely to

be the transducer for sour taste. TRPV1 is a receptor for pungent chemical stimuli
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such as capsaicin and for several irritants (chemesthesis). It is controversial

whether TRPV1 is present in the taste buds and plays a direct role in taste. Instead,

TRPV1 is expressed in non-gustatory sensory afferent fibers and in keratinocytes

of the oronasal cavity. In many sensory fibers and epithelial cells lining the

oronasal cavity, TRPA1 is also co-expressed with TRPV1. As with TRPV1,

TRPA1 transduces a wide variety of irritants and, in combination with TRPV1,

assures that there is a broad response to noxious chemical stimuli. Other TRP

channels, including TRPM8, TRPV3, and TRPV4, play less prominent roles in

chemesthesis and no known role in taste, per se. The pungency of foods and

beverages is likely highly influenced by the temperature at which they are

consumed, their acidity, and, for beverages, their carbonation. All these factors

modulate the activity of TRP channels in taste buds and in the oronasal mucosa.

Keywords

TRPM5 • TRPV1 • TRPA1 • Gustation • Chemesthesis • Sour • Salty • Irritants •

Spices • Carbonated sodas • Oronasal cavity • Trigeminal

1 Introduction

Consistent with their role in sensory mechanisms elsewhere in the body, TRP

channels are key players in the chemical senses. This chapter reviews findings

over the past decades up to the present about TRP channels in two chemical

senses—taste and chemesthesis. The other major chemical sense, olfaction,

although closely linked with chemesthesis (Cain and Murphy 1980; Frasnelli

et al. 2007), is discussed elsewhere, in the chapter “TRPs in Olfaction.” Taste

comprises sensations of sweet, sour, salty, bitter, umami, and possibly fat, as

generated in the peripheral end organs, the taste buds. Chemesthesis refers to the

more general chemical sensitivity of the skin and mucous membranes, perceived as

irritation, pungency, cooling, warmth, or heat. The following pages catalog and

discuss the different TRP channels that may be involved in gustation and

chemesthesis. Of the entire superfamily of TRP channels, only a limited number

have known functions in taste and chemesthesis. A review of the literature reveals

that certain of these TRP channels figure more prominently in taste and others in

chemesthesis. Simply enumerating references to a given TRP channel in abstracts

of these publications shows that the channel that is mentioned most often in taste

literature is TRPM5, and in chemesthesis is TRPV1 (Fig. 1). This might indicate

that these particular channels are the main players in those senses, or at least the

ones most thoroughly investigated to date.

After briefly introducing the cellular organization of taste buds and the anatomy

of the chemesthetic sense (next), I will present and describe the expression pattern

and functional properties of TRPM5, TRPV1, and other TRP channels involved in
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taste and chemesthesis in the order of how often they are cited in the literature,

as shown in Fig. 1.

2 What Types of Cells Are Found in Taste Buds?

Taste buds represent a community of cells that express different chemosensory

transduction proteins and carry out distinct functions. Taste cells are classified into

three main categories, originally based on their histology and ultrastructure, but

more recently distinguished by their expression patterns of key proteins involved in

taste transduction (Chaudhari and Roper 2010). These categories are type I, type II,

and type III taste bud cells. TRP channels are differentially expressed among these

taste cell types (discussed below).

Type I cells are the most numerous cells in taste buds, comprising 1=2 to 2=3 of the

total population of 70–85 taste cells in rodents (Ma et al. 2007). These cells enwrap

adjacent taste cells with lamellar processes. These lamellar processes are endowed

with a powerful ecto-ATPase (Bartel et al. 2006). This surface-bound enzyme

rapidly breaks down and limits the diffusion and lifetime of ATP, a transmitter

released by type II cells during taste excitation (see next). Type I cells also are

believed to participate in the spatial buffering of K+ ions released into the interstitial

spaces deep within a taste bud when taste cells are stimulated and they generate

bursts of action potentials (Dvoryanchikov et al. 2009). This combination of

functions suggests that type I cells represent a type of glial or supporting cell within

taste buds (Chaudhari and Roper 2010). Type I cells have also been implicated in

salt taste (Vandenbeuch et al. 2008). This function remains to be confirmed with

additional studies.

taste:

chemesthesis:

Fig. 1 “Word clouds” showing the prominence of literature references to TRP channels in
taste (top) and chemesthesis (bottom). Abstracts of publications describing TRP channels in studies

on taste and chemesthesis were searched. The size of the font is proportional to the number of times a

given TRP channel is mentioned in these abstracts (see http://www.wordle.net/). This representation

gives an approximation of how well-studied are these TRP channels in taste and chemesthesis.

For taste, TRPM5>TRPV1�PKD2L1~TRPA1> PKD1L3>TRPMb>TRPV4�TRPV3.

For chemesthesis, TRPV1�TRPA1>TRPM8�TRPM5>TRPV4>TRPV2>TRPV3
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Type II taste cells make up about 20–30 % of the taste bud1. These taste cells

possess G protein-coupled receptors (GPCRs) for sweet, bitter, and umami taste

compounds. Taste GPCRs for sweet and umami compounds consist of heterodimers

of T1R1, T1R2, and T1R3. Bitter taste receptors (T2Rs) form a family of about two

dozen (depending on species) GPCRs that differ markedly from the T1Rs. Type II

cells have also been called Receptor taste cells because they express these taste

GPCRs for sweet, umami, or bitter. Some bitter-sensitive Receptor cells also

respond to aversively high salt (NaCl, KCl) concentrations (Oka et al. 2013).

Receptor (type II) taste cells express TRPM5 channels which are prominently

involved in taste transduction, as will be shown below. Upon taste stimulation,

these cells secrete ATP via membrane channels (Huang et al. 2007; Romanov

et al. 2007; Taruno et al. 2013). ATP is a neurotransmitter that excites gustatory

sensory afferents (Bo et al. 1999; Finger et al. 2005). ATP, acting as a paracrine

transmitter, also excites adjacent type III taste cells (Huang et al. 2007).

Type III cells represent a small population of cells within taste buds, ~15 %.1

These cells respond directly to acid (sour) taste stimuli (Huang et al. 2006, 2008b;

Chang et al. 2010) Type III cells may also respond to high concentrations of NaCl

and KCl (Oka et al. 2013). In addition, type III cells also respond indirectly to sweet,

bitter, and umami tastes via the aforementioned purinergic paracrine pathway from

Receptor (type II) cells (Tomchik et al. 2007). Type III cells are the only taste cells

that have ultrastructural specializations associated with synapses. Correspondingly,

these cells selectively express proteins associated with synapses, such as SNAP25,

and they store and release the neurotransmitters serotonin and GABA. Because of

these characteristics, type III cells have been named Presynaptic cells. Stimulation of

Presynaptic (type III) cells releases serotonin and GABA into the interstitial space

of the taste bud. Serotonin, and perhaps also GABA,mediates an inhibitory feedback

onto Receptor (type II) taste bud cells during taste excitation (Chaudhari and Roper

2010). Presynaptic (type III) cells also express the TRP channel PKD2L1, whose

function remains debatable, as will be discussed below.

These cells and their connections are reviewed in Chaudhari and Roper (2010)

and Roper (2013), and diagrammed in Fig. 2.

3 What Is the Anatomical Basis for Chemesthesis?

The sense of irritation, pungency, warmth, or cooling elicited by a wide variety of

chemical compounds acting on the skin andmucusmembranes, coined the “common

chemical sense” (Parker 1912), is now termed chemesthesis (Green et al. 1990;

Green 2012). This multimodal sense is related to but distinct from taste, olfaction,

pain, temperature, and itch (Laska et al. 1997; Green 2000). Examples of

1 The proportions of types I, II, and III cells stated here are based on taste tissues from mice and

rats, immunostained for cell markers that characterize these types (Ma et al. 2007). These

proportions vary markedly depending on the location of the taste buds within the oral cavity.
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chemesthesis include the irritating effects of concentrated saline solutions (e.g.,

seawater) on the nasal mucosa, or painful sensations evoked by a high concentration

of CO2. Other examples are the irritation of wasabi or hot chili peppers (capsaicin),

the astringency of tannins in tea, and the unpleasant sensation frommethyl salicylate.

sensory 
afferent fibers

  GLAST glutamate reuptake

  NTPDase2 ecto-ATPase
  NET norepinephrine uptake

  ion redistribution and transport
  ROMK K+ homeostasis

  OXTR oxytocin signaling?

  neurotransmitter clearance

   other

Type I glial-like cell

   T1Rs, T2Rs taste GPCRs
   mGluRs taste GPCRs

   Ga-gus, Gg13 G protein subunits
   PLCb2 synthesis of IP3

   TRPM5 depolarizing cation current

   Nav1.7, Nav1.3 action potential generation

   Px1 ATP release channel
   CALHM1              "

   taste transduction

   excitation & transmitter release

Type II Receptor cell

  NCAM neuronal adhesion
  PKD channels sour taste?

  AADC biogenic amine synthesis
  GAD67 GABA synthesis
  5-HT neurotransmitter
  Chromogranin vesicle packaging

  Nav1.2 action potential generation
  Cav2.1, Cav1.2 voltage-gated Ca2+ current
  SNAP25 SNARE protein, exocytosis

  neurotransmitters, synthesis

  surface glycoproteins, ion channels

  excitation, transmitter release

Type III Presynaptic cell

P2Y

sour

Ca2+

Ca2+

sweet, 
umami,
bitter

P2Y

K+

P2X

Px1?
CALHM1?

K+

ROMK

salty?

5-HT

ATP

GABA

Fig. 2 The three major classes of taste cells. This classification incorporates ultrastructural

features, patterns of gene expression, and the functions of each of types I, II (Receptor), and III

(Presynaptic) taste cells. Type I cells (grey) degrade or absorb neurotransmitters. They also may

clear extracellular K+ that accumulates after action potentials (shown as starburst symbols) in

Receptor (yellow) and Presynaptic (green) cells. K+ may be extruded through an apical K channel

such as ROMK. Salty taste may be transduced by some type I cells, but this remains uncertain.

Sweet, bitter, and umami taste compounds activate Receptor cells, inducing them to release ATP

through pannexin1 (Panx1) (Huang et al. 2007; Romanov et al. 2007) or CALHM1 (Taruno

et al. 2013) channels. The extracellular ATP excites ATP receptors (P2X, P2Y) on sensory

nerve fibers and on taste cells. Presynaptic cells, in turn, release serotonin (5-HT) and GABA,

which inhibit Receptor cells. Sour stimuli (and carbonation, not depicted) directly activate

presynaptic cells. Only presynaptic cells form ultrastructurally identifiable synapses with nerves.

Starburst symbols denote action potentials. Tables below the cells list some of the proteins that are

expressed in a cell type—selective manner. Modified from Chaudhari and Roper (2010)
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Chemesthesis also refers to nonirritating sensations such as the cooling of menthol,

used in mouthwash, toothpaste, decongestants, and other products. Chemesthesis

also includes pleasant sensations, for instance, those produced by aromatic spices

such as oregano and mint. Given this broad range of sensations, it is not surprising

that the receptor mechanisms subserving chemesthesis are equally diverse and are

present in a wide array of sensory structures, including nociceptors, other free nerve

endings, and keratinocytes.

Although formally, chemesthesis represents the general chemical sensitivity of

the skin and mucus membranes throughout the body, this term commonly refers to

sensations in the oronasal cavities (Fig. 3) and eyes (specifically, the cornea).

Oronasal chemesthetic signals are believed to be conducted by somatosensory

fibers in the trigeminal (V), glossopharyngeal (IX), and vagus (X) nerves.

Chemesthetic stimuli are transduced by unmyelinated terminals of fibers traveling

in these nerves, by isolated chemosensory cells innervated by afferent axons

travelling in these nerves, and possibly by epithelial keratinocytes, as discussed

below.

taste buds :
TRPM5
PKD2L1
TRPV1?
TRPM4?
TRPM8?

trigeminal ganglion:
TRPV1
TRPA1 
TRPM8

oronasal 
keratinocytes :

TRPA1
TRPV1
TRPV3 
TRPV4
TRPM8 axon terminals : 

TRPA1
TRPV1
TRPM8

Fig. 3 The oronasal cavity and its innervation, showing TRP channels involved in taste and
chemesthesis. TRP channels are expressed in sensory ganglion neurons, their axon terminals, and

in epithelial keratinocytes throughout the oronasal cavity. The TRP channels illustrated here have

known or implied functions in gustation and chemesthesis. Other TRP channels are expressed in

these sites, but their functions in taste and chemesthesis are not well understood. Drawing courtesy

of Patrick Lynch, Yale University
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4 TRP Channels in Taste Buds

4.1 TRPM5 Channels Are Downstream Effectors
for G Protein-Coupled Taste Receptors

The first TRP channel identified unambiguously in taste tissue was TRPM5.

Consequently, there is an abundant literature on the expression and function of

this channel in taste cells. Antibodies to TRPM5 and transgenic mice expressing

GFP on the TRPM5 promoter have proven to be key markers for certain taste bud

cells and have been invaluable for investigating taste bud structure and function.

4.1.1 TRPM5 Expression in Taste Buds
Margolskee and his colleagues (Perez et al. 2002) used single-cell PCR to search for

RNAs differentially distributed among taste cells expressing or lacking gustducin, a

taste-specific Gα protein associated with sweet and bitter transduction. Their search

identified TRPM5 in a subset of taste bud cells. Perez et al. (2002) and, shortly after,

Zhang et al. (2003) confirmed that this TRP channel is selectively expressed in cells

that also possess transduction machinery for sweet and bitter tastes. Transgenic

mice expressing GFP on the TRPM5 promoter and/or anti-TRPM5 immunostaining

verified the association of TRPM5 with Receptor (type II) taste cells (Clapp

et al. 2006; Bezencon et al. 2007; Kaske et al. 2007). Consequently, TRPM5

immunostaining or GFP expression driven by TRPM5 has become a reliable and

robust marker for Receptor (type II) taste cells.

4.1.2 TRPM5 Function in Taste Buds
Based on its cellular location, Perez et al. (2002) presumed that TRPM5 participated

in transduction of sweet and bitter tastes. Heterologous expression of their

transcripts in CHO cells and Xenopus oocytes led the researchers to conclude that

this TRP channel mediated Ca2+ influx during taste transduction. They surmised that

the immediate events following gustatory activation of taste GPCRs was an

IP3-mediated depletion of intracellular Ca2+ stores, and that this depletion triggered

TRPM5 to open. Shortly following that publication, Montell and his laboratory

(Hofmann et al. 2003), Liu and Liman (2003), and Prawitt et al. (2003) clarified

that TRPM5 was a monovalent cation channel that was impermeable to Ca2+. These

researchers and Zhang et al. (2007) also reported that this channel was triggered

open by a rise in, not a depletion of, intracellular Ca2+ consequent to taste stimula-

tion. This is now accepted as how TRPM5 participates in taste transduction (Liman

2007). Interestingly, TRPM5 is one of only two TRP channels (the other being

TRPM4) that do not permeate Ca2+. They are selectively permeable to monovalent

cations. Because Na+ and K+ ions permeate TRPM5 channels, this channel is

believed to generate depolarizing receptor potentials in Receptor (type II) cells.

The consensus chemotransduction pathway for taste GPCRs is outlined in Fig. 4.

Huang and Roper (2010) demonstrated the importance of TRPM5 for taste

transmitter secretion, the final step in the above transduction pathway. They showed

that during taste-evoked responses, the depolarization generated by TRPM5 acts in
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concert with Ca2+ released from intracellular stores to elicit non-vesicular ATP

secretion, presumably through pannexin 1 and/or CAHLM1 channels (Huang

et al. 2007; Romanov et al. 2007; Huang and Roper 2010; Taruno et al. 2013).

4.1.3 Genetic Ablation of Trpm5: Knockout Studies in Taste
Initial reports of genetically modified mice lacking functional TRPM5 protein

showed the mice lacked normal taste responses to sweet, bitter, or umami

compounds (Zhang et al. 2003). This finding cemented a role for TRPM5 in taste

transduction. Later studies that used a different Trpm5 knockout mouse strain

reported that taste responses were significantly reduced, but not entirely absent

(Damak et al. 2006; Oliveira-Maia et al. 2009). Those studies underlined the

importance of TRPM5 in taste but also revealed taste transduction mechanisms

for sweet, bitter, and umami that are independent of TRPM5. Genetically

engineered mice lacking TRPM5 also have a substantially reduced response to

aversively high concentrations of sodium and potassium salts (Oka et al. 2013).

Specifically how TRPM5 channels participate in aversive salt taste transduction is

not presently known. Lastly, Liu et al. (2011) showed that knockout mice lacking

TRPM5 had reduced taste responses to linoleic acid, indicating that this TRP

channel is involved in the chemotransduction pathway for fatty taste in rodents.

The receptors for fatty taste are currently being hotly pursued. Whether fatty is a

basic taste is currently actively debated.2

sweet, bitter, or umami taste agonists
↓

bind to taste GPCRs (T1Rs, T2Rs)
↓

activates PLCb2
↓

synthesizes IP3
↓

activates IP3R3 receptors
↓

releases intracellular Ca2+

↓
opens TRPM5

↓
causes Na+ influx

↓
depolarizes cell

↓
releases transmitter

Fig. 4 Canonical
transduction pathway for
sweet, bitter, and umami taste
stimuli. These taste
compounds activate G

protein-coupled taste

receptors that are expressed in

taste Receptor (type II) cells.

Taste receptor activation

leads to IP3-mediated

intracellular Ca2+ release,

TRPM5 opening, and

ultimately, transmitter

secretion from Receptor cells.

Reviewed in Chaudhari and

Roper (2010)

2 It remains arguable whether fatty acids or fats in general stimulate a primary taste quality in

humans, as opposed to the sensations of olfaction and texture that fats elicit (Tucker and Mattes

2012).
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4.1.4 Pharmacological Block of TRPM5 Channels in Taste Buds
In addition to genetic knockout experiments, researchers have used pharmaco-

logical agents to block TRPM5 channel activity and assay how this affects taste.

Talavera et al. (2008) showed that quinine, a pharmacological antagonist of

TRPM5, reduced sweet-evoked gustatory nerve responses in mice, consistent

with the role in taste transduction outlined above. To confirm that TRPM5 was

the proximate target for quinine, these researchers showed that quinine had no

effect in Trpm5 knockout mice.3 These findings may be related to the ability of

the bitterness of quinine to reduce sweet, a taste quality transduced by TRPM5

(Lawless 1979; Keast and Breslin 2003; Frank et al. 2005). Sweet/bitter mixture

suppression due to central cognitive effects is equally plausible (Kroeze and

Bartoshuk 1985). Curiously, Talavera et al. (2008) found that quinine did not

significantly inhibit taste nerve responses evoked by umami stimuli, even though

umami, like sweet and bitter taste transduction, is believed to utilize TRPM5

channels. A likely explanation is that, like sweet, umami taste is transduced via

multiple parallel, TRPM5-dependent and TRPM5-independent pathways (Talavera

et al. 2008; Tokita and Boughter 2012; Kusuhara et al. 2013).

Other studies have tested alternative TRPM5 blockers. Palmer et al. (2010)

demonstrated that triphenylphosphine oxide (TPPO), a selective antagonist for

TRPM5, blocked currents in excised patches of mouse taste cells. Taste-evoked

responses were not investigated in that study. Topical application of high

concentrations of TPPO (~100� IC50) onto the rat tongue during taste stimulation

altered salt responses and reduced gustatory nerve responses to the bitter tastant

quinine (Ren et al. 2013). Findings showing responses to aversively strong salt

stimulation are reduced in Trpm5 knockout mice (Oka et al. 2013) are consistent

with these effects of TPPO. However, using quinine as a bitter taste stimulus is

complicated given that Talavera et al. (2008) had shown that quinine itself is a

TRPM5 antagonist. It is fair to say that the detailed actions of TPPO on taste

responses have not been well characterized.

Finally, another approach to blocking TRPM5 has been to eliminate inward

current through this channel using ion substitutions. As previously cited, Huang and

Roper (2010) eliminated TRPM5 function in isolated mouse taste Receptor (type II)

cells by replacing Na+ in the bathing medium with NMDG+, a cation that does not

permeate TRPM5 channels. Exchanging Na+ with NMDG+ blocked taste-evoked

transmitter (ATP) release from the cells, consistent with the proposed role for

TRPM5 in taste transduction.

4.1.5 Factors That Modulate TRPM5 Channel Activity in Taste Buds
Acidic solutions potently block TRPM5 when this channel is expressed in HEK

cells. The effect of acid has an IC50 at pH 6.2 with nearly complete block at pH 5.4

3 Talavera et al. (2008) used the same strain of Trpm5 knockout mice that had been shown to

exhibit reduced, but reliable, TRPM5-independent sweet responses (Damak et al. 2006). Quinine

did not alter these TRPM5-independent responses.
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(Liu et al. 2005). Intracellular acidification does not affect TRPM5 channels. The

pronounced effect of low pH on TRPM5 is curious insofar as one might predict

acidic solutions might reduce tastes that are transduced by TRPM5 channels,

namely sweet, bitter, and umami. However, combining acid (sour) taste with

sweet or bitter results in variable and complex outcomes, including no interaction,

suppression, or enhancement, depending on concentrations of the two stimuli

(Schiffman et al. 2000; Green et al. 2010; see Keast and Breslin 2003). A possible

explanation for these disparate effects of acid stimulation in taste mixtures is that

TRPM5 channels in situ may have different properties than when expressed in HEK

cells, such as forming channel multimers that are pH insensitive or that TRPM5

channels in situ are situated on the basolateral surface of taste cells and protected

from fluctuations of pH in the oral cavity, as suggested by Liu et al. (2005).

Alternatively, there may be overriding central neural mechanisms (Savant and

McDaniel 2004). Furthermore, acidic compounds will stimulate Presynaptic (type

III) taste cells, thereby activating inhibitory paracrine pathways (serotonergic,

GABAergic) in taste buds (Fig. 2), complicating any direct actions of low pH on

TRPM5 channels in Receptor (type II) cells.

Temperature also modulates TRPM5 activity. Warming HEK cells expressing

TRPM5 from 15� to 35 �C activates this channel (Talavera et al. 2005). This means

that temperatures to which taste buds are routinely exposed when one consumes

cold or hot food and beverages can affect TRPM5. Talavera et al. (2005) showed

that this heat sensitivity of TRPM5 indeed confers a temperature modulation of

certain taste responses. Specifically, warming taste stimuli to 35 �C enhanced

responses to sweet compounds in chorda tympani nerve recordings from mice.

Sweet taste responses in Trpm5 knockout mice were unaltered by temperature

changes. This temperature sensitivity of TRPM5 is believed to explain how

warming or cooling the tongue gives rise to gustatory nerve responses and taste

sensations even in the absence of chemical stimuli (Sato et al. 1975; Cruz and Green

2000). Warming the tongue would be expected to activate TRPM5 directly,

bypassing taste receptors and IP3-mediated Ca2+ release and eliciting transmitter

release. This simple mechanism cannot completely explain thermal taste, however,

because cooling the tongue, which would have the opposite effect and suppress

TRPM5 channels, elicits sour or bitter tastes (Cruz and Green 2000). Furthermore,

warming solutions of taste stimuli selectively enhanced responses to sweet

compounds, yet TRPM5 also transduces bitter and umami compounds. Why

sweet taste is specifically enhanced was not explained. Lastly, presenting a taste

stimulus at different temperatures onto the tongue elicits different responses in

gustatory neurons in the brain stem (Wilson and Lemon 2013). This temperature

modulation of taste-evoked responses was attributed in part to the thermal sensiti-

vity of TRPM5.

Other regulators of TRPM5 include phosphatidylinositol-4,5-bisphosphate

(PIP2) (Liu and Liman 2003) and arachidonic acid (Oike et al. 2006). How or

whether these intracellular factors figure into taste modulation via alterations in

TRPM5 channel activity during taste transduction remains undetermined.
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4.1.6 TRPM4 in Taste Buds
There is only very indirect evidence that another member of the melastatin-related

branch of TRP channels, TRPM4, is present in taste buds. TRPM4 channels, like

TRPM5, do not pass Ca2+, which sets these channels apart from other TRP

channels. Neither the transcripts for TRPM4 nor the protein itself has been detected

in taste buds to date. Yet, using patch clamp recordings on taste bud cells from mice

lacking TRPM5 channels, researchers have observed Ca2+-activated currents with

properties suggestive of TRPM4 (Zhang et al. 2007). A role for this current in taste

cells, or even whether it is generated by TRPM4, is not known.

4.1.7 Conclusions Regarding TRPM4 and TRPM5 Channels in Taste
Buds4

There is strong, unambiguous, and compelling evidence that exists for TRPM5

channels in a subset of taste bud cells, namely in Receptor (type II) taste cells.

This Ca2+-activated monovalent cation channel functions as a downstream effector

to link taste GPCR activation and release of intracellular Ca2+ with membrane

depolarization during taste stimulation. TRPM5 is found in many chemoreceptor

4 TRPM5 channels are also found in chemical-sensing cells that express “taste” GPCRs but that are

located outside the taste buds. For instance, solitary chemosensory cells in the upper air tract

express taste receptors and TRPM5 channels (Kaske et al. 2007; Lin et al. 2008). These cells are

discussed in greater detail later in this chapter. Also, isolated receptor cells in the lower respiratory

tract that are innervated by vagal sensory fibers (“brush cells”) express bitter taste receptors

and other components of the taste receptor transduction pathway, including TRPM5 (Kaske

et al. 2007; Tizzano et al. 2010; Krasteva et al. 2011). In the intestinal tract, nutrient-sensing

cells express taste GPCRs as well as TRPM5 channels (Wu et al. 2002; Fonfria et al. 2006;

Bezencon et al. 2007; Jang et al. 2007; Kidd et al. 2008; Kokrashvili et al. 2009; Young et al. 2009;

Janssen et al. 2011). These gut chemoreceptor cells may employ TRPM5 in a similar transduction

pathway as do taste cells. Also, TRPM5 and taste receptors are expressed in the pancreas

(Taniguchi 2004; Fonfria et al. 2006; Reimann et al. 2008; Nakagawa et al. 2009; Colsoul

et al. 2010). TRPM5 channels are required for normal glucose-stimulated insulin secretion from

the pancreas (Uchida and Tominaga 2011); Trpm5 knockout mice have impaired glucose toler-

ance, and pancreatic islets from these mice show defective glucose-induced insulin release

(Colsoul et al. 2010). Nakagawa et al. (2009) showed that the insulin-secreting pancreatic β cell

line, MIN6, that had previously been shown to express TRPM5 channels (Prawitt et al. 2003)

expresses sweet taste receptors. They reported that artificial sweeteners and glucose promoted

insulin secretion from these cells. These data reinforce the notion that there may be a transduction

pathway in pancreatic β cells resembling that in taste Receptor (Type II) cells. [Curiously, without

referring to the earlier study showing TRPM5 expression in MIN6 cells (Prawitt et al. 2003),

Nakagawa et al. (2009) reported that TRPM5 was not present in their MIN6 cells.] Finally, taste

receptors and TRPM5 are co-expressed in spermatids (Iwatsuki et al. 2010; Li and Zhou 2012;

Meyer et al. 2012; Mosinger et al. 2013). The function of this chemoreceptor transduction pathway

remains to be elucidated, though it appears to be involved in spermatid differentiation

and maturation (Mosinger et al. 2013).

As a generality, one might argue that many chemosensory cells throughout the body that express

“taste” GPCRs also express TRPM5 and likely mobilize intracellular Ca2+ in a manner similar

to the canonical taste transduction pathway (Fig. 4). Perhaps the nomenclature for “taste” receptor

genes, “TASRs,” should be reconsidered and renamed to apply more broadly to chemical sensors

situated far distant from the end organs of taste in the oral cavity.
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cells located outside of taste buds that also have “taste” GPCRs, suggesting a

common linkage between TRPM5 and taste receptors. Evidence for expression of

the related channel, TRPM4, in taste buds is considerably weaker.

4.2 Do Taste Bud Cells Express TRPV1 Channels?

The next most intensely studied TRP channel after TRPM5 in taste is TRPV1, the

capsaicin receptor. Two sensations related to gustation are believed to involve

TRPV1—pungency and salty taste. Pungent sensations elicited by capsaicin, the

active ingredient of hot chili peppers, were investigated long before its cognate

receptor TRPV1 (formerly, VR1) was cloned (Szolcsanyi 1977; Rozin et al. 1981;

Lawless et al. 1985). The consensus is that this spicy ingredient mainly affects

somatosensory afferents (nociceptors, see chemesthesis, below). However, there

may be some ill-undefined interactions between capsaicin and taste bud cells. More

recently, salt taste has been postulated to involve TRPV1 or a TRPV1-like channel

(Lyall et al. 2004). Despite these associations between TRPV1 and taste, the notion

that this channel is present and functional in taste buds is arguable, as reviewed

below.

4.2.1 TRPV1 Expression in Taste Buds
It is debatable whether TRPV1 is expressed in taste bud cells. The findings are

equivocal. TRPV1 transcripts have been identified using RT-PCR on RNA

extracted from rat taste buds (Liu and Simon 2001; Lyall et al. 2004; Moon

et al. 2010). It is impossible in these experiments, however, to rule out contamina-

tion from somatosensory nerve terminals (e.g., trigeminal) that might contribute

TRPV1 RNA (Whitehead et al. 1999; Tohda et al. 2001) or contamination from

epithelial cells that also express TRPV1 (Marincsak et al. 2009). Highlighting this

problem, Ishida et al. (2002) and Kido et al. (2003) independently observed

immunostaining for TRPV1 protein (then named VR1) in nerve fibers surrounding

and penetrating into rat taste buds. Both laboratories specifically noted the absence

of TRPV1-immunopositive taste bud cells. Those findings were contradicted by

another group who claimed to find TRPV1 immunostaining in rat taste bud cells

that were also immunopositive for taste receptors (Gu et al. 2009; Moon

et al. 2010). These latter authors offered no explanation for the discrepancy between

their findings and those of previous researchers. It must be noted that because their

tissue source was rat lingual samples, Gu et al. (2009) and Moon et al. (2010) were

unable to conduct the gold standard control—immunostaining tissue from Trpv1-
knockout animals. Failing this control and given the nonselectivity of some anti-

TRPV1 antibodies (Everaerts et al. 2009), the claim of TRPV1-immunopositive

taste cells should be viewed with some reservation. The contradictory findings

remain unresolved.

If gustatory sensory afferents, per se, express TRPV1, as claimed in some of the

above publications, one might expect to find evidence for TRPV1 expression in the

parent neurons—geniculate and petrosal ganglion cells. Given that geniculate
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ganglion neurons predominantly (but not exclusively) innervate taste buds, that

ganglion is well suited to investigate TRPV1 expression in gustatory afferents. A

comprehensive study of cranial ganglia from rats failed to reveal expression of

TRPV1 in geniculate ganglion neurons, though expression was abundant in the

neighboring trigeminal ganglion (Matsumoto et al. 2001). In contrast, Katsura

et al. (2006) reported TRPV1 immunostaining and in situ hybridization for

TRPV1 in roughly 20 % of rat geniculate ganglion cells, a finding that might be

consistent with the aforementioned TRPV1 expression in fibers innervating taste

buds. Yet, a portion of geniculate ganglion neurons innervates the skin of the outer

ear via the posterior auricular nerve. This population might include TRPV1-

expressing somatosensory nociceptors.5 Katsura et al. (2006) did not refer to or

explain their discrepancy with the earlier findings of Matsumoto et al. (2001). As

explained above, rat tissue does not lend itself to immunostaining controls using

knockout tissue. Furthermore, it was not clear in Katsura et al. (2006) that control

probes (sense vs. antisense) were included in their in situ hybridization. In short, the

absence of critical controls for in situ hybridization and immunostaining substan-

tially weakens findings claiming expression of TRPV1 in the geniculate ganglion.

In an interesting alternative approach to exploring expression of TRPV1 in

sensory fibers that innervate taste buds and specifically in chorda tympani nerve

fibers, Hiura et al. (1990) injected a limited number of mice (n¼ 3) with capsaicin

shortly after birth. This procedure destroys neurons that express TRPV1. Using

electron microscopy, they counted the number of axons remaining in the chorda

tympani nerves. Injecting capsaicin caused no loss of chorda tympani axons relative

to uninjected controls, leading Hiura et al. to conclude that geniculate ganglion

neurons and their axons in the chorda tympani do not have capsaicin receptors (later

identified as TRPV1).6 In earlier studies using this technique on neonatal rats, Nagy

et al. (1982) had shown that peptidergic (Substance P) fibers surrounding the taste

buds were destroyed by capsaicin treatment, entirely consistent with the destruction

of somatosensory, capsaicin-sensitive fibers (see below). That is, neurons that

express TRPV1, such as those in the trigeminal ganglion, are destroyed by neonatal

capsaicin injection. Neurons lacking TRPV1 are refractory to this procedure. The

above findings stress the absence of TRPV1 in sensory neurons and their axons that

innervate taste buds.

5 However, using patch-clamp recordings, Nakamura and Bradley (2011) reported that geniculate

ganglion neurons with axons in the posterior auricular nerve specifically were insensitive to

capsaicin, a TRPV1 agonist. This finding argues against a population of geniculate ganglion

nociceptive neurons dedicated to the posterior auricular nerve.
6 Nakamura and Bradley (2011) also noted that geniculate ganglion neurons with axons in

the chorda tympani nerve were insensitive to capsaicin, complementing the findings of Hiura

et al. (1990). The only capsaicin-responsive geniculate ganglion neurons were those innervating

the soft palate and having axons in the greater petrosal nerve (Nakamura and Bradley 2011).
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4.2.2 TRPV1 Function in Taste Buds
If there is no definitive evidence for the expression of TRPV1 RNA or protein in taste

buds, is there instead functional evidence for this channel in the end organs of taste?

Some researchers report that in isolated rat taste receptor cells, 50–100 μM capsaicin

stimulates Ca2+ influx and inhibits K+ conductance, though not necessarily via

TRPV1 (Park et al. 2003; Costa et al. 2005).7 Additionally, Liu and Simon (2001)

found no functional evidence for TRPV1 in isolated rat taste bud cells. Liu and Simon

(2001) based their conclusion on the inability of an established TRPV1 antagonist,

capsazepine, to block proton-activated taste cell responses. Those findings were

supported by their later study where they speculated that capsaicin elicits effects

independent of TRPV1, perhaps by partitioning into the plasma membrane and

influencing ion channels and GRPCs nonselectively (Costa et al. 2005).

Capsaicin (10 μM) applied to the tongue elicits small, almost negligible responses

in gustatory nerves innervating taste buds (Dahl et al. 1997), a finding that does not

strongly argue for the existence of capsaicin receptors in taste bud cells or taste

fibers. Capsaicin solutions, however, are able to modulate taste nerve responses to

other compounds, particularly NaCl (Wang et al. 1995; Osada et al. 1997). This

modulation was interpreted as being produced indirectly, via stimulation of

non-gustatory, capsaicin-sensitive somatosensory nerve terminals in the lingual

epithelium (e.g., trigeminal) that released peptides such as Substance P or CGRP

onto taste cells, that is, by axon reflex (Finger 1986; Holzer 1988; Wang et al. 1995).

Other researchers extended the above findings and reached a different conclu-

sion. Namely, Lyall et al. (2004) applied the TRPV1 agonists capsaicin and

resiniferatoxin topically onto the tongue and also found these agents enhanced

gustatory nerve (chorda tympani) responses to NaCl stimulation. This enhancement

was specifically in amiloride-insensitive NaCl responses, that component of salt

taste that appears to transduce aversive concentrations of Na+ and K+ salts (Oka

et al. 2013). Capsaicin and resiniferatoxin were ineffective in enhancing responses

in Trpv1 knockout mice. Based on these findings and their RT-PCR data (see

above), Lyall et al. (2004) concluded that TRPV1 or a TRPV1-like channel is

expressed in taste bud cells and transduces amiloride-insensitive salt taste. How-

ever, these conclusions have been challenged by behavioral studies of salt taste in

Trpv1 knockout mice (see below).

Lastly, investigators have conducted physiological tests to search for evidence of

TRPV1 in the sensory ganglion cells that innervate taste buds—geniculate ganglion

neurons. Nakamura and Bradley (2011) reported that a subset of rat geniculate

ganglion neurons, namely, 27 % of the small population of neurons that innervate

the soft palate responded to capsaicin (10 μM) with an inward current under patch

clamp recordings. Geniculate ganglion neurons that innervated taste buds on the

anterior tongue did not respond to capsaicin. Geniculate ganglion cells that

responded to capsaicin had features associated with nociceptive neurons, such as

large tetrodotoxin-resistance Na+ currents and immunopositivity for isolectin B4

7 These are reasonable concentrations of capsaicin. Five to 100 μM capsaicin, when applied to the

tongue, elicits a mild to moderate burning sensation (Simons et al. 2002).
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(IB4)-FITC. It was not possible to identify whether geniculate ganglion cells that

responded to capsaicin innervated taste buds per se. In short, the findings of Katsura
et al. (2006) and Nakamura and Bradley (2011), taken together, could be interpreted

as suggesting that about ¼ of the geniculate ganglion neurons have characteristics

of nociceptors and that these neurons innervate the soft palate, not the tongue.

Because both those studies were conducted on rats, it was not possible to validate

the observations in animals lacking TRPV1 channels (i.e., knockout, next).

4.2.3 Genetic Ablation of Trpv1, Knockout Studies in Taste
Mice normally avoid drinking solutions containing high concentrations of capsaicin

(100 μM), presumably due to the irritating effect generated by stimulating somato-

sensory TRPV1 channels (chemesthesis, see below). Not surprisingly, Trpv1
knockout mice consume solutions of 100 μM capsaicin as readily as they do

water (Costa et al. 2005). Yet, despite the absence of TRPV1 channels and the

absence of capsaicin-evoked avoidance behavior, capsaicin was nonetheless able to

alter taste responses in knockout mice. Specifically, 100 μM capsaicin reduced the

strong taste preference for sucrose solutions in Trpv1 knockout mice (Costa

et al. 2005). The significance of these findings is that capsaicin acts on targets

other than TRPV1. Reports of how capsaicin acts on taste buds and gustatory fibers

should be interpreted with caution.

Trpv1 knockout mice have been studied intensively vis-à-vis the hypothesis that

this vanilloid receptor transduces salt (NaCl) taste (above). Two independent

studies showed that there are no changes, or only ambiguous ones, in salt taste

behavior in Trpv1 knockout mice (Ruiz et al. 2006; Treesukosol et al. 2007).

Further investigations substantiated these findings and indicated that wild-type

and Trpv1 knockout mice did not differ in their perceived saltiness of moderate

concentrations of NaCl solutions (Smith et al. 2012). Only when NaCl

concentrations became sufficiently high to elicit irritation, possibly through

nociceptors or osmoreceptors, were differences between wild-type and Trpv1
knockout mice evident. Put simply, there is no evidence for alterations in salt

taste in Trpv1 knockout mice. Once again, the findings do not vouch for the

presence of TRPV1 in taste buds or sensory fibers innervating taste buds.

4.2.4 Conclusions Regarding TRPV1 Channels in Taste8

In sum, neither the molecular expression of nor physiological evidence for TRPV1

in sensory gustatory afferent neurons or taste cells is particularly compelling.

8 Parenthetically, other gustatory-related sensations attributed to TRPV1 channels include metallic

taste (Riera et al. 2009) and aversive off-tastes of artificial sweeteners (Riera et al. 2008). These

conclusions were reached by investigations using heterologous expression systems and taste

behavioral assays. The conclusions from the behavioral studies were verified using Trpv1 knock-

out mice. How or whether those findings specifically implicate TRPV1 in taste bud cells or

gustatory afferents remains to be examined in greater detail. TRPV1 also appears to play some

role in the consumption of ethanol, though whether this involves taste per se is unlikely. Specifi-

cally, Trpv1 knockout mice have a higher preference for and consumption of ethanol solutions.

Moreover, Trpv1 knockout mice have greater tolerance for the inebriating action of ethanol

(Blednov and Harris 2009).
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RT-PCR evidence for TRPV1 expression in taste buds may stem from contami-

nating fragments of somatosensory nerve fibers. Immunohistochemical findings

lack critical controls using Trpv1 knockout tissue. However, the lack of evidence

for TRPV1 expression in taste buds or gustatory afferent neurons does not,

of course, prove that this TRP channel is not present. Until and unless more

complete experiments are conducted on knockout mice lacking TRPV1, or

single-cell RT-PCR on RNA taken from isolated taste bud cells (DeFazio

et al. 2006), a role of this channel in taste transduction remains uncertain, at best.

4.3 Are PKD2L1 Channels the Long-Sought Sour Transducer?

4.3.1 PKD2L1 Expression in Taste Buds
LopezJimenez et al. (2006) were the first to identify PKD2L1 (“polycystic kidney

disease 2-Like 1,” aka TRPP2) channels co-expressed with the transmembrane

protein PKD1L3 (“polycystic kidney disease 1-Like 3”) in a subpopulation of

mouse circumvallate taste bud cells. These cells were distinct from those that

transduce sweet, bitter, and umami compounds. Consequently, LopezJimenez

et al. (2006) surmised that PKD2L1 together with PKD1L3 was involved in acid

(sour) or salty taste. In situ hybridization and immunostaining showed that PKD2L1

is found in taste buds throughout the tongue and palate. By contrast, PKD1L3

expression is limited to taste buds in the posterior tongue (circumvallate and foliate

taste buds) (Huang et al. 2006; Ishimaru et al. 2006). Kataoka et al. (2008) showed

that PKD2L1 immunostaining specifically marked Presynaptic (type III) taste cells.

4.3.2 PKD2L1/PKD1L3 Function in Taste Buds
Shortly after its discovery in taste cells, the combination of PKD2L1 and PKD1L3

was expressed in HEK293T cells and shown to form a cation channel activated by

acid (sour-tasting) solutions (Ishimaru et al. 2006). Moreover, mice in which Pre-

synaptic (type III) taste cells (and specifically, cells expressing PKD2L1) were

selectively ablated lacked responses to acid taste stimuli (Huang et al. 2006). A

study on a very limited sample of human subjects (n¼ 2) who exhibited the rare taste

disturbance sour ageusia reported that these individuals lacked expression of

PKD2L1 and PKD1L3, among other genes (Huque et al. 2009). Interestingly,

expressing PKD2L1 in drosophila chemoreceptor cells that normally sense sugars

and elicit feeding showed a slight but statistically significant increase in the feeding

preference to citric acid (Adachi et al. 2012). These findings all strongly implicated

the combination of PKD2L1 and PKD1L3 in acid taste and have led many to

conclude that acid taste transduction has finally been explained at the molecular level.

Yet, in the enthusiasm for embracing the view that PKD2L1/PKD1L3 explains

acid (sour) taste, important inconsistencies had been overlooked. Namely, hetero-

logously expressed PKD2L1/PKD1L3 has a high threshold for acid activation (e.g.,

EC50¼ pH 2.9 with acetic acid) compared with that for sour-sensing taste bud cells,
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and the expressed channels respond mainly to the removal of acid stimulation

(offset), not its onset (Ishimaru et al. 2006; Inada et al. 2008; Ishii et al. 2009;

Kawaguchi et al. 2010). Further, taste buds in the anterior tongue (fungiform taste

buds) and palate, which respond quite well to sour stimuli, lack the PKD1L3

transmembrane protein (Huang et al. 2006; Ishimaru et al. 2006). Finally, many

researchers had not taken into account the longstanding awareness that sour taste is

not simply activated by acid solutions (i.e., by extracellular protons) (Harvey 1920).

Indeed, a proximate stimulus for sourness is intracellular acidification (Lyall

et al. 2001; Richter et al. 2003; Huang et al. 2008b) produced when fully protonated

(i.e., uncharged) acid molecules cross the plasma membrane and dissociate in the

cytosol (see (Roper 2007)).9 In sum, certain details of PKD2L1/PKD1L3 activation

do not align well with sour taste activation in taste buds.

4.3.3 Genetic Ablation of Pkd2l1 and Pkd1l3, Knockout Studies
in Taste

A final argument challenging the notion that PKD2L1/PKD1L3 channels transduce

acid (sour) taste is the finding that genetic knockout of PKD2L1 and/or PKD1L3 in

mice reduces acid taste responses only somewhat (Horio et al. 2011) or not at all

(Nelson et al. 2010). There is no doubt that these PKD channels are expressed in

acid-sensitive taste cells and that ablating taste cells that express PKD2L1 eliminates

acid taste (Huang et al. 2006). However, PKD2L1/PKD1L3 channels themselves

may play other roles in cellular function apart from transducing acid taste.

4.3.4 Conclusions Regarding PKD2L1 in Sour Taste
In sum, TRP channels may participate in some as-yet unexplained manner to acid

taste or to the physiology of acid-sensing taste bud cells, but PKD2L1/PKD1L3

channels per se do not appear either to be necessary or sufficient for transducing this
taste quality. Mechanisms other than those involving PKD2L1 channels must

explain acid taste transduction (Roper 2007; Chang et al. 2010).

9 Organic (“weak”) acids such as acetic acid exist as a mixture of protonated and dissociated acid

molecules at levels of pH that are sharply sour tasting. Mineral (“strong”) acids such as HCl that

are fully dissociated in aqueous solution do not readily cross the plasma membrane (i.e., the

plasma membrane is tolerably impermeable to protons). Mineral acids are not as sour tasting as

organic acids at equivalent pH values. Protons can only gain access to the cytosol via H+-

permeable ion channels and transporters, neither of which are features of the PKD2L1/PKD1L3

dimer. Parenthetically, one such H+-permeable channel has been identified in Presynaptic (type

III) taste bud cells. This channel may contribute to the sour taste of mineral acids (Chang

et al. 2010).
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4.4 Other, Lesser-Studied TRP Channels in Taste Buds

4.4.1 TRPV4 in Taste Buds
TRPV4 immunostaining was recently identified in zebrafish taste buds (Amato

et al. 2012). In other tissues, this TRP channel is associated with sensing cell

volume, warm temperatures, and mechanical perturbations (Watanabe et al. 2002;

Suzuki et al. 2003; Vriens et al. 2004; Becker et al. 2005; McKemy 2007). The

function of TRPV4 channels in zebrafish taste buds was not investigated, but these

authors speculated that TRPV4 functioned as a chemoreceptor (Amato et al. 2012).

In a separate study, Bradley (2000) argued that certain mammalian taste buds,

namely, those in the pharynx, are tonicity detectors. This could provide a possible

role for TRPV4 in taste if this TRP channel should be found to be expressed in

mammalian pharyngeal taste bud cells. Further, there has been a longstanding

comparison between mechano- and osmosensing cutaneous Merkel cells and

Merkel-like cells present in taste buds, at least in teleosts and amphibia (Toyoshima

1989; Whitear 1989). In rodents, cutaneous Merkel cells and their innervation in

rodents express TRPV4 (Suzuki et al. 2003; Boulais et al. 2009) providing further

speculation for a possible mechano- or osmosensing role for TRPV4 in taste buds.

Yet, to date, there are no reports of TRPV4 expression in mammalian taste buds. All

the aforementioned implied functions for this channel in taste buds are completely

speculative.

4.4.2 TRPM8 in Taste Buds
TRPM8 channels are discussed below with reference to chemesthesis. There is one

report describing TRPM8 expression in taste buds in the soft palate and pharynx of

rats (Sato et al. 2013). Because TRPM8 channels are associated with sensing cool

temperatures, these researchers surmised that palatal and pharyngeal taste buds are

stimulated during swallowing cold food and drinks.

5 TRP Channels in Chemesthesis

Chemesthesis is often associated with afferent terminals of sensory ganglion

neurons innervating the oronasal cavities. A comprehensive quantitative analysis

of TRP channels expressed in the neurons from one of these sensory ganglia—

mouse trigeminal ganglion neurons—revealed 17 of the possible 28 TRP genes

(Vandewauw et al. 2013). A subset of these TRP channels—namely TRPM2,4,7,8;

TRPA1; TRPML1; PKD2L1; and TRPV1,2, 4—were present at levels significantly

higher than the others, perhaps suggesting these channels have especially important

sensory functions. Certain of these highly expressed TRP channels transduce

thermosensations and, when activated by plant-derived ligands, stimulate a sense

of warmth or cooling (Fig. 5). A selection of these TRP channels is discussed below

(also see reviews by Gerhold and Bautista 2009; Nilius and Appendino 2011; Viana

2011; Nilius and Appendino 2013).
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5.1 TRPV1 Channels Play a Major Role in Chemesthesis

By far, TRPV1 is the predominant TRP channel mentioned in the scientific litera-

ture of chemesthesis (Fig. 1) and thus will be presented first. A common experience

when cooking with hot chili spices is reflex coughing when kitchen vapors are

inhaled. The primary irritant in chili peppers is capsaicin, the prototypic TRPV1

agonist. Capsaicin is a well-established chemesthetic irritant of the nasal cavities

(Collier and Fuller 1984) as well as a pungent spice for the palate (Nilius and

Appendino 2013). TRPV1, however, is involved in responses to a much broader

palette of chemical irritants than just capsaicin, as discussed next.

5.1.1 TRPV1 Expression in the Oronasal Cavities
The capsaicin receptor TRPV1 is robustly expressed in somatosensory neurons and

their peripheral nerve fibers (e.g., trigeminal) of the oral and nasal cavities (Caterina

et al. 1997; Ishida et al. 2002; Kido et al. 2003; O’Hanlon et al. 2007; Yilmaz

et al. 2007; Vandewauw et al. 2013). This widespread expression reflects a major

role for this TRP channel in chemesthesis, nociception, thermoreception, and the

pungency of hot spices (see reviews by Gerhold and Bautista 2009 and Nilius and

Appendino 2013). A significant number (between 20 % and 56 %) of trigeminal

ganglion neurons are immunopositive for TRPV1 channels (Ichikawa and

Sugimoto 2001; Dussor et al. 2003; Bae et al. 2004; Tanimoto et al. 2005). Yet,

mint

TRPA1 TRPV4
TRPV3

TRPV1
TRPV2TRPM8

Temperature (oC)
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garlic King of Bitter

camphor
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Fig. 5 Certain TRP channels involved in chemesthesis are also thermoreceptors. Mammalian

TRP ion channels detect a broad range of temperatures. Their in vitro properties predict the

thermal zones each channel potentially mediates. A role for TRPV3 and TRPV4 in thermal

detection, however, is debatable (Huang et al. 2011). Many of these channels are also activated

by plant derivatives, some of which provide distinct sensations of temperature. Examples of these

plants are shown at top of figure. Modified from McKemy (2007)
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as previously cited (Everaerts et al. 2009), caution must be taken interpreting

positive results with TRPV1 antibodies, especially in tissues where Trpv1 knockout
animals are not available.

TRPV1 expression has also been documented by immunostaining and RT-PCR

in keratinocytes and dermal mast cells, including those in the oronasal mucosa

(Kido et al. 2003; Stander et al. 2004; Seki et al. 2006; Kawashima et al. 2012; Kun

et al. 2012). This suggests a much broader presence of this TRP channel than just in

sensory neurons. As mentioned, however, great caution should be taken interpreting

immunostaining with anti-TRPV1 antibodies and RT-PCR may detect TRPV1

expression from axon fragments included in epithelial samples.

5.1.2 TRPV1 Function in Chemesthesis
The seminal work of Julius, Caterina, and others has firmly established the

polymodal role of TRPV1 in sensing elevated temperature, generating the pun-

gency of chili peppers (capsaicin) and black pepper (piperine), and eliciting respi-

ratory reflexes (e.g., coughing) (Caterina et al. 1997, 1999; Tominaga et al. 1998;

Jordt et al. 2000; Trevisani et al. 2004; McNamara et al. 2005; Adcock 2009).10

TRPV1 is activated by many chemical compounds in addition to capsaicin and

piperine, including acids, ammonia, allicin, mustard oil, cannabinoids such as

anandamide, and numerous other compounds (Tominaga et al. 1998; Silver

et al. 2006; Veronesi and Oortgiesen 2006; Ohta et al. 2007; Dhaka et al. 2009).

Not all acidic irritants stimulate TRPV1 effectively. Volatilized citric acid but

not acetic acid elicits TRPV1-mediated respiratory reflexes (Symanowicz

et al. 2004; Trevisani et al. 2004). However, acetic acid excites TRPV1 channels

in the somatosensory axons that innervate the oral cavity (Arai et al. 2010).

Differences between acetic and citric acids may be explained by the relative

inability of citric acid, compared with acetic acid, to cross cell membranes and

effect intracellular acidosis (Ishii et al. 2012). Extracellular protons (e.g., from

citric acid) activate TRPV1 (Jordt et al. 2000), but intracellular acidification (e.g.,

from acetic acid) has the reverse action—it inhibits this channel (Chung

et al. 2011).11 Intracellular protons instead activate another TRP channel present

in trigeminal axons, TRPA1 (Wang et al. 2010, 2011) (see below). Thus, whether

10 An interesting aside is that TRPV1 in birds lacks the molecular binding domain for capsaicin.

Consequently, birds are indifferent to the irritation of capsaicin. This allows birds to consume and

disperse seeds of plants such as chili peppers that otherwise repel animals (Jordt and Julius 2002).
11 This is a simplification. By definition, at equi-pH, citric and acetic acid solutions contribute the

same [H+]o. However, at a given pH, fully protonated acetic acid molecules will more readily cross

the cell membrane and contribute to intracellular acidification more effectively than will partially

protonated citric acid. For example, given their dissociation constants for the fully protonated,

neutral moieties (presumably the molecule that is most membrane-permeant), a 10 mM solution of

citric acid (pKa1¼ 3.13) at pH¼ 3.13 will contribute 0.75 mM H+ and 4.9 mM triprotonated

(neutral, membrane-permeant) acid molecules (H3Citrate). The remaining 5.1 mM consists of

H2Citrate
-, H1Citrate

2-, and Citrate3-. By contrast, the same concentration of acetic acid (10 mM,

pKa¼ 4.75) at this same pH will also contribute 0.75 mM H+ but a twofold higher concentration

(9.8 mM) of the uncharged, membrane-permeant molecule, Hacetate.
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TRPV1 channels are stimulated in a given situation may depend on the balance of

extracellular tissue pH versus intracellular, cytosolic acidification.

Sensory afferent axons expressing TRPV1 channels not only transmit

chemesthetic information orthodromically to the CNS, but they also stimulate

surrounding (peripheral) tissues via antidromic axon reflex and release of glutamate

and peptides from their terminals (Holzer 1988; Jeftinija et al. 1991; Omote

et al. 1998). Peptides secreted by axon reflexes include Substance P and calcitonin

gene-related peptide (CGRP). This local effector role of sensory nerve endings

underlies inflammatory responses in the skin, such as vasodilation when

nociceptors are stimulated. Indeed, Finger (1986) andWang et al. (1995) speculated

that stimulating the tongue with capsaicin releases peptides from lingual nerve

fibers that terminate near or within taste buds and modulate gustatory responses.

Solitary chemosensory receptor cells in the airway mucosa, discussed below, are

innervated by peptidergic trigeminal fibers expressing TRPV1 (Tizzano

et al. 2010). Chemesthetic stimulation of these TRPV1-rich trigeminal fibers

might similarly be expected to elicit Substance P, CGRP, and glutamate release

onto the chemosensory cells via axon reflex, possibly affecting the sensitivity of the

solitary chemosensory cells.

A function for TRPV1 channels in keratinocytes and other nonneural tissues

in the oronasal cavities is not well studied. As briefly discussed below, there are

indications that TRPV1 expressed in nonneural tissues may be involved in inflam-

matory responses (Fernandes et al. 2012), similar to what has been found for

TRPV3 in thermal hyperalgesia (Huang et al. 2008a).

5.1.3 Genetic Ablation of Trpv1, Knockout Studies in Chemesthesis
The original studies on Trpv1 knockout mice demonstrated the central role of this

TRP channel in pain and thermoreception (Caterina et al. 2000; Davis et al. 2000).

Decades before Trpv1 was cloned, capsaicin-sensitive neurons were ablated in

rodents by neonatal injections of the capsinoid. Among other sensory phenomena,

this pharmacological ablation showed that capsaicin-sensitive fibers were responsi-

ble for certain chemesthetic responses. For instance, rats lacking capsaicin-

sensitive afferents did not respond to cigarette smoke as do intact rats (Lundberg

and Saria 1983). Modern genetic ablation shows that Trpv1 knockout mice lack

responses to certain irritants but maintain normal avoidance to other chemesthetic

compounds. For instance, in an isolated mouse tracheal preparation, acid-

stimulated secretion of CGRP, a bronchostimulator and index of tracheal irritation,

was significantly reduced in Trpv1 knockout compared with wild-type mice

(Kichko and Reeh 2009). Further, Saunders et al. (2013) demonstrated that wild-

type C57Bl mice avoid cotton swabs saturated with capsaicin or cyclohexanone, but

Trpv1 knockout mice have a somewhat neutral response to the swabs. Yet, in that

same study, Trpv1 knockout mice had mixed responses or no deficiencies in

reacting aversively to benzaldehyde, eugenol, amyl acetate, nicotine, toluene, and

acetic acid. Similarly, mice lacking TRPV1 channels maintained normal protective

respiratory reflexes against irritation by acetic acid and other volatilized irritants

(Symanowicz et al. 2004). In other words, somatosensory afferents express
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chemesthetic receptors other than TRPV1, as will be discussed below. As Saunders

et al. (2013) state, polymodal afferent fibers express multiple TRP channels besides

TRPV1 to provide redundant mechanisms for detecting irritants. Eliminating

TRPV1 only reduces, but does not eliminate, the capacity to respond to irritant

stimuli.

How knocking out TRPV1 expression in nonneural tissues impacts

chemesthesis has not been investigated substantially. Okada et al. (2011) reported

that TRPV1 channels in basal epithelial cells in the cornea participate in inflamma-

tion and scarring after chemical irritation (alkali treatment). Corneal inflammation

was reduced and healing enhanced in Trpv1 knockout mice. A solid connection

between TRPV1 and neurogenic inflammation, of course, is well established

(Cortright and Szallasi 2009).

5.1.4 Modulation of TRPV1 Channels
There is a rich literature on influences that modulate TRPV1 activity, including

such varied factors as bradykinin, membrane lipids, lysophosphatidic acid, heat,

and acids (Sugiura et al. 2002; Tominaga and Tominaga 2005; Vay et al. 2010;

Morales-Lazaro et al. 2013). Of interest for the present chapter, the chemesthetic

irritant nicotine sensitizes TRPV1 channels to capsaicin, but curiously not to heat

(Liu et al. 2004). This sensitization of TRPV1 channels by nicotine does not appear

to affect cough reflexes. That is, the presence of nicotine did not alter capsaicin-

evoked coughing (Hansson et al. 1994). Parenthetically, nicotine itself is not

believed to stimulate TRPV1 channels (Silver et al. 2006).

Equally important for its role in chemesthesis, protons stimulate TRPV1 and

enhance capsaicin activation of this channel (Jordt et al. 2000). This may have

implications for how certain beverages and foods interact, discussed below. Briefly,

acidic soft drinks such as colas might be expected to potentiate TRPV1-mediated

pungency of hot spicy foods. This has not been systematically investigated,

although there are numerous anecdotal references to this phenomenon.

Finally, as mentioned above, heat directly activates TRPV1. However, when

tested on TRPV1-expressing HEK cells, increasing the temperature (22� to 50 �C)
actually decreased the potency for capsaicin (Sprague et al. 2001). It is surprising,

then, that human subjects perceive heated solutions of capsaicin (34� to 60 �C) as
more pungent than cooled solutions (2� to 18 �C) (Sizer and Harris 1985; Green

1986). Yet, another report recorded little effect of temperature upon capsaicin-

evoked oral irritation (Prescott et al. 1993), perhaps explained by methodological

differences among the different studies. An altered pungency with increased tem-

perature would have obvious implications for serving food spiced with chili

peppers. Interactions between capsaicin and temperature on TRPV1, however, are

complicated by their mutual desensitization of the channel.

5.1.5 Conclusions Regarding TRPV1 in Chemesthesis
There is no question that TRPV1 channels in somatosensory afferent fibers underlie

responses to many oronasal chemesthetic stimuli, especially volatilized acids,

capsaicin, and a variety of other irritants. Yet, TRPV1 immunolocalization to
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specific cells and tissues is clouded by uncertainties regarding anti-TRPV1

antibodies. Knockout studies show that receptors other than TRPV1 in somatosen-

sory fibers are also activated by many chemical irritants. Redundant mechanisms

for sensing oronasal chemesthetic stimuli provide a safety net to insure potentially

harmful chemicals are detected. TRPV1 expression in nonneural cells such as

keratinocytes may contribute to chemesthetic responses in some as-yet poorly

explained manner, possibly involving inflammatory cellular responses. The ability

of acidic foods and beverages to enhance TRPV1-mediated responses in the

oronasal cavity is a distinct, but as-yet largely unexplored possibility.

5.2 TRPA1 Channels are Co-Expressed with TRPV1

The next most-studied TRP channel in chemesthesis is TRPA1. TRPA1 channels

have been implicated in thermo- (cold), mechano-, and chemosensory reception, as

well as in other physiological processes (Nilius et al. 2012). TRPA1 is co-expressed

with TRPV1 in many somatosensory cells and elsewhere in the oronasal cavities.

The two TRP channels TRPA1 and TRPV1 cooperate to assure that an individual

responds to chemesthetic irritants.

5.2.1 TRPA1 Expression in the Oronasal Cavities
As with TRPV1 channels, TRPA1 is prominently expressed in trigeminal neurons

and fibers innervating nasal and oral epithelium (Kobayashi et al. 2005; Peyrot des

Gachons et al. 2011; Vandewauw et al. 2013). TRPA1 channels are also found in

nonneural tissues, including keratinocytes (Anand et al. 2008; Atoyan et al. 2009;

Nassini et al. 2012). TRPA1 is often co-expressed with TRPV1 (Story et al. 2003;

Kobayashi et al. 2005; Akopian 2011; Vandewauw et al. 2013). For instance, in one

study on rat trigeminal ganglion cells, 44 % of the neurons expressed TRPV1 and

~83 % of these cells also expressed TRPA1 (Kobayashi et al. 2005). All cells

expressing TRPA1 co-expressed TRPV1. These relationships are illustrated in

Fig. 6. Although, to my knowledge, the ratio of TRPV1 to TRPA1 expression

from cell to cell in sensory ganglia has not been quantified, it seems unlikely that

Fig. 6 Distribution of rat
trigeminal ganglion neurons
that express TRPM8, TRPA1,
and TRPV1. There is
extensive co-expression of

TRPA1 and TRPV1 in many

of these sensory ganglion

cells. A separate population

of neurons expresses TRPM8.

This Venn diagram was

created from data published in

Kobayashi et al. (2005)
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this is uniformly constant across all neurons. Instead, it seems more plausible that

the relative expression of TRPV1 to TRPA1 may vary from neuron to neuron and

may even be dynamic (Diogenes et al. 2007). This variation could impart different

sensitivities to chemesthetic irritants in the oronasal cavities (Rentmeister-Bryant

and Green 1997). Sensory fibers with proportionately different TRPA1/TRPV1

expression might have distinctive distributions throughout the mucosa.

5.2.2 TRPA1 Function in Chemesthesis
TRPA1 channels are activated by compounds as diverse as allyl isothiocyanate

(“mustard oil,” found in horseradish, wasabi), allicin (garlic), methyl salicylate

(“wintergreen oil,” found in mouthwashes), cinnamaldehyde (main constituent of

cinnamon oil, present in foods, chewing gums, and toothpastes) (Bandell

et al. 2004; Jordt et al. 2004; Bautista et al. 2005; Macpherson et al. 2005; Gerhold

and Bautista 2009; Nilius and Appendino 2013), and even cannabinoids (Akopian

et al. 2008) and ozone (Taylor-Clark and Undem 2010). The inflammatory pain

evoked by lipopolysaccharide (LPS) is attributed to activation of TRPA1 channels

(Andersson et al. 2012). Interestingly, LPS appears to stimulate TRPA1 not by

binding to a particular molecular domain within the channel protein, but instead by

inserting into the plasma membrane surrounding the channels and changing the

membrane rigidity (Talavera et al. 2013). That is, LPS activates TRPA1 channels

via mechanical perturbation rather than chemostimulation. Menthol, long recog-

nized as an agonist of TRPM8 (cool sensing) channels, exerts concentration-

dependent actions on TRPA1. Low concentrations of menthol activate TRPA1;

high concentrations inhibit this channel (Karashima et al. 2007). Menthol may be

influencing TRPA1 activity not only by ligand binding, but, as with LPS, by

altering plasma membrane fluidity (Kashiwayanagi et al. 1990).12

Interestingly, TRPA1 channels in somatosensory fibers innervating the throat are

stimulated by oleocanthal, a pungent compound present in high-quality extra-virgin

olive oil. Excitation of these fibers underlies a reflexive cough elicited by consu-

ming high-quality olive oil (Peyrot des Gachons et al. 2011).

High concentrations of CO2 in the oral cavity and nasal passages elicit a stinging

or pungent sensation. This is now understood to be transduced by diffusion of CO2

across cell membranes of nociceptors, causing cytosolic acidification and activation

of TRPA1 channels (Wang et al. 2010). Similarly, heterologously expressed

TRPA1 is strongly activated by organic (weak) acids. This is explained by the

same mechanism as for CO2, namely, diffusion of the uncharged, fully protonated

acid across the cell membrane, followed by intracellular acidification (Wang

et al. 2010).

Stimulating TRPA1 channels in peripheral sensory fibers, as does TRPV1

activation, triggers release of Substance P and CGRP via axon reflex (Trevisani

et al. 2007). These peptides initiate inflammatory responses in the surrounding

12 Parenthetically, altering the physical properties of the plasma membrane is how menthol might

be modulating TRPM8 channel activity (Morenilla-Palao et al. 2009).
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tissues. One might speculate that activating TRPA1 channels in keratinocytes

might trigger ATP release and stimulation of nearby somatosensory nerve endings

(Dixon et al. 1999; Rong et al. 2000; Koizumi et al. 2004; Lee and Caterina 2005;

Lumpkin and Caterina 2007), similar to how stimulating TRPV1 in uroepithelial

keratinocytes causes them to secrete ATP and excite nociceptors (Birder

et al. 2002).

TRPA1 is also associated with sensing noxious cold temperatures (Story

et al. 2003), but this is more related to its role in nociception and is not further

discussed here.

Finally, as mentioned above, TRPA1 and TRPV1 are co-expressed in many cells.

The two TRP channels appear to form a complex at the plasma membrane and

influence each other’s function (Staruschenko et al. 2010; Akopian 2011).

For instance, responses of neurons to mustard oil differ depending on the presence

of TRPV1 (Salas et al. 2009; Staruschenko et al. 2010), in part, because mustard oil

is an agonist for both these TRP channels. Similar modulation of TRPA1 responses

to other chemesthetic ligands is likely. Indeed, regional differences in the sensitivity

of the oral and nasal cavities to common culinary spices such as wasabi, piperine,

and capsaicin may reflect the different distribution pattern of cranial nerves

innervating these regions (Rentmeister-Bryant and Green 1997) as well as the

presence of nerve fibers co-expressing variable proportions of TRPV1 and TRPA1.

5.2.3 Genetic Ablation of Trpa1, Knockout Studies in Chemesthesis
Mutant mice lacking TRPA1 channels have been used to validate many of the

functional studies cited above. For instance, an early study using Trpa1 knockout

mice showed that TRPA1-/- mice consume water containing the irritant mustard oil

(allyl isothiocyanate), whereas wild-type mice strongly avoid this solution (Kwan

et al. 2006). In more recent studies, researchers showed that trigeminal neurons

isolated from Trpa1 knockout mice do not respond to cinnamaldehyde and only

weakly to propionic acid (a weak acid that acidifies the cytosol), whereas neurons

isolated from wild-type mice exhibit robust responses (Wang et al. 2011). These

data support the argument that intracellular acidification stimulates TRPA1

channels. Buffer solutions saturated with ozone (10 μM) stimulate neurons isolated

from vagal ganglion of wild-type mice, but do not do so for vagal ganglion neurons

from Trpa1 knockout mice. This confirms that TRPA1 is a target for ozone

stimulation of vagal airway fibers (Taylor-Clark and Undem 2010). Styrene and

naphthalene elicit respiratory reflexes (reduce breathing) mediated by nasal tri-

geminal nerves in wild-type mice but not in Trpa1 knockout mice (Lanosa

et al. 2010).

5.2.4 Conclusions Regarding TRPA1 in Chemesthesis
In summary, TRPA1 channels in somatosensory nerve fibers (and possibly in

mucosal epithelial cells, too) are major targets for diverse chemesthetic stimuli.

The co-expression of TRPV1 with TRPA1 in many of these same fibers and cells

may modify responses to TRPA1 ligands and contribute to polymodal chemesthetic

responses.
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5.3 TRPM8 Channels Mediate a Cooling Sensation

After TRPV1 and TRPA1, TRPM8 is the next most commonly referenced TRP

channel in publications regarding chemesthesis. TRPM8 was initially discovered in

prostate epithelial cells and seems to play a poorly understood role in regulating cell

growth in that tissue (Tsavaler et al. 2001; Malkia et al. 2011). Shortly after its

discovery in the prostate, this channel was identified in cool-sensing thermo-

receptive sensory neurons. Pertinent to the present review, TRPM8 was also

found to respond to chemesthetic stimuli, specifically the cooling sensation of

menthol (e.g., peppermint oil) and the synthetic compound icilin (McKemy

et al. 2002; Peier et al. 2002a).

5.3.1 TRPM8 Expression in the Oronasal Cavities
TRPM8 is prominently expressed in trigeminal ganglion cells (Ta et al. 2010;

Vandewauw et al. 2013). When explored with single-cell RT-PCR or immuno-

staining, only a subset of trigeminal neurons express TRPM8 (Nealen et al. 2003;

Kobayashi et al. 2005; Kim et al. 2011) (see Fig. 6). TRPM8 immunostaining has

been reported in nerve fibers in the nasal cavity (specifically, the olfactory epithe-

lium, (Nakashimo et al. 2010), cornea (Bautista et al. 2007), and oral epithelium

(Abe et al. 2005; Sato et al. 2013). Takashima et al. (2007) and Dhaka et al. (2008)

genetically engineered mice to express EGFP in axons having TRPM8 channels and

demonstrated that fibers with this channel innervate a variety of tissues, including

dental pulp and lingual epithelium. Both Takashima et al. (2007) and Dhaka

et al. (2008) state that in the tongue, TRPM8-containing fibers surround but do

not penetrate into taste buds. This finding is consistent with the immunohistochemi-

cal findings of Abe et al. (2005). Contrasting this, Sato et al. (2013) reported

TRPM8-immunopositive cells in structures that appear to be taste buds in the soft

palate and pharynx from rats. Sato et al. (2013) concluded that taste buds in these

regions differ from lingual taste buds.

5.3.2 TRPM8 Function and Genetic Ablation of Trpm8
in Chemesthesis

Naturally-occurring chemesthetic ligands that activate TRPM8, in addition to

menthol from mint plants, include extracts from essential oils and aromatic spices

used in cooking, mouthwashes, and fragrances, such as geraniol (from rose oil or

citronella oil) and eucalyptol (from eucalyptus) (Vetter and Lewis 2011). Knocking

out TRPM8 expression in mice results in a marked decrease in menthol-evoked

responses recorded from sensory ganglion cells, including trigeminal neurons,

isolated from these mice. Moreover, the mice themselves are significantly less

sensitive to innocuous cool temperatures or topical application of the cool irritant

acetone (Bautista et al. 2007; Colburn et al. 2007; Dhaka et al. 2007). Lastly, mice

in which neurons that express TRPM8 were ablated did not respond to innocuous or

noxious cold temperatures (Knowlton et al. 2013). These results indicate that

although TRPM8 channels per se may not transduce temperatures <10 �C, they
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are co-expressed in sensory neurons with other cold receptors that do respond to

these low temperatures.

5.3.3 Conclusions Regarding TRPM8 in Chemesthesis
TRPM8 is expressed in polymodal sensory neurons that respond to cool

temperatures and noxious cold, though this channel itself is not responsible for

transducing temperatures below ~10 �C. Chemesthetic stimuli that elicit cooling

sensations, notably menthol, activate this channel in somatosensory neurons.

5.4 TRPM5 Channels also Play a Role in Chemesthesis

TRPM5 is only moderately expressed in trigeminal neurons and not nearly to the

same extent as TRPV1, TRPA1, or TRPM8 and other TRP channels (Vandewauw

et al. 2013). A prominent role for TRPM5 in chemesthesis is more likely due to the

presence of these TRP channels in cells other than somatosensory neurons. Specifi-

cally, respiratory and laryngeal epithelium has a population of isolated, chemical-

sensing receptor cells that respond to irritants. These cells exist as individual

sensors, not aggregated into clusters such as taste buds. This cell population has

been termed the diffuse chemosensory system (Sbarbati and Osculati 2005). Recep-

tor cells in the diffuse chemosensory system, termed solitary chemosensory cells,
express G protein-coupled taste receptors (specifically, T2R bitter receptors) and

downstream effectors, including TRPM5 (Kaske et al. 2007; Lin et al. 2008).

Solitary chemosensory cells respond to noxious chemicals and bacterial secretions,

release transmitters that excite trigeminal nerve fibers, and elicit protective respira-

tory reflexes (Finger et al. 2003; Kaske et al. 2007; Tizzano et al. 2010; Barham

et al. 2013), presumably by employing TRPM5 channels in a similar manner as

with chemotransduction in taste cells. In rodents, solitary chemosensory cells also

control access to the pheromone-sensing vomeronasal organ in the nasal cavity.13

TRPM5 is required for this function (Ogura et al. 2010). Stimulation of solitary

chemosensory cells can release transmitters such as acetylcholine onto sensory

afferents (Krasteva et al. 2011) and elicit respiratory responses (e.g., sneezing,

reduction of respiration) and epithelial inflammation. Conversely, as mentioned

above, axon reflex release of glutamate and peptides (substance P, CGRP) from

these same afferent terminals may modulate responses of solitary chemosensory

cells.

5.4.1 Conclusions Regarding TRPM5 in Chemesthesis
The best-documented role for TRPM5 in chemesthesis is as a downstream trans-

ducer channel for “taste” GPCRs expressed in solitary chemoreceptor cells of the

airway mucosa and involved in sensing chemicals released by bacteria. Other

13 Humans do not possess a comparable anatomical structure and the existence of human

pheromones is debatable.
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TRPM5 functions include control of access to pheromone-sensing cells, a function

also mediated by solitary chemoreceptor cells.

5.5 Less-studied TRP Channels in Chemesthesis: TRPV3, TRPV4,
and TRPV2

There is a scant literature on the presence and function of TRPV2, TRPV3, and

TRPV4 channels in the oronasal cavities. These TRP channels have been associated

with sensing temperatures >~25� (Watanabe et al. 2002; Chung et al. 2003; Vriens

et al. 2004; McKemy 2007). However, more recent experiments show that Trpv3/
Trpv4 double-knockout mice display no marked difference from wild-type mice

regarding a preference for thermal gradients or response to heat-evoked nociception

(Huang et al. 2011). Additionally, TRPV4 appears to play a role in osmosensing,

mechanoreception, and stimulating pain associated with ultraviolet radiation (sun-

burn) (Suzuki et al. 2003; Vriens et al. 2004; Becker et al. 2005; Moore et al. 2013).

5.5.1 TRPV3,V4 Expression in the Oronasal Cavities
TRPV3 is expressed only at very low levels in trigeminal neurons from mice

(Vandewauw et al. 2013), though this channel is present at significantly higher

levels in trigeminal neurons from monkey (Xu et al. 2002). TRPV4 is significantly

expressed in mouse trigeminal ganglion cells (Vandewauw et al. 2013). TRPV3 and

TRPV4 presumably are also present in the nerve terminals of somatosensory fibers

that innervate the oral and nasal epithelium. However, Nakashimo et al. (2010)

failed to detect TRPV4 immunostaining in nerve fibers of the olfactory epithelium

in mice.

Keratinocytes, including in the oral and nasal epithelium, express TRPV3 and

TRPV4 channels (Peier et al. 2002b; Xu et al. 2002, 2006; Chung et al. 2003;

Bandell et al. 2007; Nakatsuka and Iwai 2009; Kida et al. 2012). Most functional

studies (see next) indicate a function for TRPV3 and TRPV4 in keratinocytes.

5.5.2 TRPV3,V4 function in Chemesthesis
TRPV3 in keratinocytes is believed to contribute to the sensations of warmth when

consuming foods spiced with ingredients such as oregano, savory, clove, or thyme,

representing chemostimulation by carvacrol, eugenol, and thymol (Xu et al. 2006).

TRPV3 may also mediate irritation or thermosensations in the nose and throat

elicited by inhaling camphor (e.g., Vicks VapoRub); camphor is a TRPV3 agonist

(Moqrich et al. 2005) and icilin is an antagonist (Sherkheli et al. 2012). TRPV3 is

even believed to transduce the mystical exhilaration induced by certain incenses,

though this effect was attributed to TRPV3 channels in the CNS, not in oronasal

keratinocytes (Moussaieff et al. 2008). How stimulation of TRPV3 channels in

keratinocytes is transmitted to sensory afferent fibers is not well understood, but

may involve the release of neuroactive compounds such as nitric oxide and ATP, as

with TRPV4 (next) (Lumpkin and Caterina 2007; Mihara et al. 2011).
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Few ligands from natural products are known for TRPV4. One is bisandro-

grapholide A extracted from the Asian herb, “King of Bitter” (Andrographis
paniculata) (Smith et al. 2006). This plant is used in traditional medicine in India

and China. It is unlikely that its bitter taste is related to TRPV4 activity insofar as

this channel is not known to be expressed in taste bud cells. As with TRPV3, in

keratinocytes, TRPV4 channels may participate in thermal sensations (Watanabe

et al. 2002; Chung et al. 2003; McKemy 2007). However, TRPV4 also plays a

significant role in regulating cell–cell junctions and maintaining the transepidermal

barrier. Genetically engineered mice lacking TRPV4 have defective skin barrier

function (Sokabe et al. 2010), and activating TRPV4 (e.g., with warm temperatures,

33�) promotes this barrier and its recovery after damage (Kida et al. 2012). The

barrier function of TRPV4 in keratinocytes may be related to its ability to regulate

cell volume (Strotmann et al. 2000; Becker et al. 2005). By upholding the

keratinocyte barrier, TRPV4 may regulate access of topically applied chemical

stimuli to underlying somatosensory free nerve terminals. Yet, assigning any one

particular role for TRPV4 in chemesthesis is complicated by the polymodal nature

of the stimuli that activate this channel and the heterogeneity of cellular processes

in which it is involved (Vriens et al. 2004).

5.5.3 Conclusions Regarding TRPV3,V4 in Chemesthesis
TRPV3 and TRPV4 are abundantly expressed in trigeminal neurons, at least in

monkeys. However, there is more documentation for a function for these TRP

channels in keratinocytes, where they may participate in thermal sensations and, for

TRPV4, possibly controlling transepidermal barrier of the oronasal mucosa to

chemical compounds. There is little direct information concerning chemesthetic

responses transduced by TRPV3 or TRPV4.

5.5.4 TRPV2 and Chemesthesis: Expression, Function, and Genetic
Ablation

TRPV2 is a channel that is associated with sensing high temperatures (McKemy

2007). This TRP channel is abundantly expressed in the mouse trigeminal ganglion

(Vandewauw et al. 2013), and TRPV2-immunopositive fibers are present in oral

and nasal epithelium (Nakashimo et al. 2010; Sasaki et al. 2013). Dendritic and

Langerhans cells within the epithelium also are reported to be TRPV2

immunopositive (Shimohira et al. 2009; Sasaki et al. 2013). Yet even given this

pattern of expression in fibers and oronasal epithelium, a role for TRPV2 in

chemesthesis is not readily apparent. TRPV2 is insensitive to capsaicin and related

hot spicy compounds (Caterina et al. 1999). Few natural compounds are known that

activate TRPV2. Interestingly, TRPV2 agonists include the non-psychotropic

compounds found in Cannabis sativa—cannabidiol, Δ9-tetrahydrocannabinol,
and cannabinol (Qin et al. 2008).

Instead, TRPV2 channels have been associated with noxious stimulation, espe-

cially hot burning pain and mechanical nociception (McKemy 2007). Heterologous

expression of rodent TRPV2 showed channel activation at temperatures >52�

(Neeper et al. 2007). Yet, Trpv2 knockout mice have normal responses to heat or
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mechanical stimulation (Park et al. 2011) and heterologous expression of human

TRPV2 did not confer heat sensitivity to HEK cells (Neeper et al. 2007). These

findings challenge the notion that this channel senses heat and mechanical

nociception.

Concluding Remarks: TRP Channels and Implications for Consuming Food

and Beverages

The quantitative study by Vandewauw et al. (2013) indicates that a number of

TRP channels not mentioned above are expressed in relatively high levels in the

mouse trigeminal ganglion, specifically TRPM2, TRPM4, TRPM7, TRPML1,

and PKD2L1. Although there is little information about the function of these

channels in chemesthesis, their presence in this ganglion suggests that they may

play such a role. Additionally, as a generality, many TRP channels are

co-expressed in cells and interact to modify each other’s properties (Akopian

2011; Fernandes et al. 2012; see the TRIP Database: http://trpchannel.org/,

Shin et al. 2011). Thus, the presence of multiple TRP channels in somatosensory

ganglion cells with varying proportions of co-expression may confer a rich

variety of responses to a wide spectrum of chemical stimuli in the oronasal

cavities.

Additionally, many of the TRP channels discussed in this review on taste and

chemesthesis are regulated by pH. Classic examples include TRPV1 channels

that are directly activated by extracellular protons (Tominaga et al. 1998) and the

binary complex of PKD2L1/PKD1L3 which is stimulated by the withdrawal of

protons (Ishimaru et al. 2006; Inada et al. 2008; Ishii et al. 2009; Kawaguchi

et al. 2010). By contrast, extracellular acidification rapidly blocks TRPM5 and

slowly enhances inactivation (Liu et al. 2005). Protons in the extracellular

solution activate human TRPA1 but block rodent TRPA1 (de la Roche

et al. 2013). These are but a few examples of how protons act on the extracellular

domains of TRP channels to regulate their opening.

Conversely, intracellular protons can also profoundly modulate TRP

channels. For instance, cytosolic acidification opens rodent TRPA1 channels

(Wang et al. 2010) but inhibits TRPV1 channels (Chung et al. 2011).

Interestingly, soft drinks such as sodas are often quite acidic and they are

carbonated. Carbonated drinks release CO2 that readily passes across cell

membranes and acidifies the cytosol. This lowers the intracellular pH of the

superficial oral epithelium and possibly somatosensory fibers coursing through

this epithelium as well (Carstens et al. 2002). Intracellular acidification activates

TRPA1 channels, at least in the rodent (Wang et al. 2010), and would be

expected to enhance TRPA1 activity in response to agonists. Furthermore,

consuming foods acidified with organic (“weak”) acids such as acetic acid

(vinegar) would similarly be expected to acidify both the extra- and intracellular

milieu of cells (Richter et al. 2003; Roper 2007) and might be expected to

modulate TRP channel responses (Fig. 7).

The acidity of many popular soft drinks, especially colas, is achieved by a

mineral (“strong”) acid, phosphoric acid (pK1¼ 2.148). Phosphoric acid is
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largely dissociated at pH levels found in colas and thus will not readily pass

across cell membranes. Instead, protons largely remain in the extracellular

spaces. For example, Coca Cola and Pepsi Cola are acidified with phosphoric

acid to pH 2.5 (Jain et al. 2007). Thus, assuming no buffering, ~70 % of the

phosphoric acid is dissociated and [H+]o may reach ~3 mM in the oral cavity.14

These drinks will deposit extracellular protons in the epithelium and around

somatosensory fibers in the oral cavity, depending on how well the acid

penetrates into the oral epithelium and how much buffering takes place in the

mucosa. It is likely that the interstitial spaces may become quite acidic, at least in

the superficial epithelium. Such extracellular acidification of the tissue spaces

would be expected to modulate the activity of TRP channels on cells and fibers

there. As an example, one would anticipate that the low extracellular pH would

enhance TRPV1 activity, as it does in experiments on isolated sensory neurons

Fig. 7 Acidic food and drink are likely to influence TRP channel activity in the oronasal
epithelium. Mineral (strong) acids, for example, phosphoric acid in cola drinks, might be expected

to penetrate into and acidify the interstitial fluid spaces in the mucosal epithelium (increase [H+]o).

This would enhance TRPV1 channel activity in cells and nerve fibers there. Alternatively, weak

acids such as acetic acid or CO2 from carbonated drinks will diffuse across cell membranes,

dissociate inside the cells, and acidify the cytosol (increase [H+]i). This would be expected to occur

inside nerve terminals, keratinocytes, and taste bud cells, as shown here. Intracellular acidification

enhances TRPA1 channel activity and suppresses TRPV1 channels. Drawing of taste bud from

Parker (1912)

14 As an aside, this low pH contributes little sourness to colas because protons do not readily cross

the plasma membrane and stimulate sour taste. To put this pH into perspective, vinegar is

~700 mM acetic acid, pH 2.3 to 2.6 (see discussion in Roper 2007).
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(Petersen and LaMotte 1993; Martenson et al. 1994; Liu and Simon 2000)

(Fig. 7).

Consequently, by combining carbonation with acidic pH, soda drinks would

be expected to have a strong influence on foods containing TRP agonists. Indeed,

the oral tingling and irritation of carbonated drinks has been documented

(Carstens et al. 2002; Hewson et al. 2009). Further, interactions between

TRPV1 and the artificial sweeteners used in many sodas has also been investi-

gated (Riera et al. 2008). Yet, any specific interaction such as enhancement of

TRPV1- and TRPA1-mediated pungency by drinking colas has not been syste-

matically studied despite the abundance of anecdotes to this effect on the

Internet. This includes a Facebook page dedicated to the burn of sodas and

capsaicin (https://www.facebook.com/pages/Eating-spicy-food-then-accidentally-

reaching-for-some-soda-to-cool-down/115325535176212). Interactions between

carbonation, acidity, and pungency might be generalized beyond those elicited

by soft drinks. It is likely that the rich pallet of flavors and spices during a meal is

constantly in flux and amplified by interactions between food chemicals, food

temperature, and the TRP channels expressed in taste buds, somatosensory fibers,

and oral keratinocytes.
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Abstract

Pain usually occurs as a result of tissue damage and has a role in healing and

protection. However, in certain conditions it has no functional purpose and can

become chronic and debilitating. A demand for more effective treatments to deal

with this highly prevalent problem requires a better understanding of the under-

lying mechanisms. TRP channels are associated with numerous sensory

functions across a wide range of species. Investigation into the expression

patterns, electrophysiological properties and the effects of channel deletion in

transgenic animal models have produced a great deal of evidence linking these

channels to transduction of noxious stimuli as well as signalling within the pain

system.
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1 Pain and Nociception

Pain is a complex phenomenon which has been described by the International

Association for the Study of Pain as ‘an unpleasant sensory and emotional experi-

ence associated with actual or potential tissue damage, or described in terms of such

damage’ (http://www.iasp-pain.org). The perception of pain is usually the result of

tissue damage caused by a noxious stimulus and as such has a protective function as

well as being important for allowing healing of damaged tissue. Specialised

damage-sensing neurons that innervate the skin, muscle and viscera are activated

by noxious stimuli, and this initial transduction of pain‐producing stimuli is known

as nociception. Noxious stimuli can be mechanical, thermal or chemical, and they

activate nociceptors, a type of sensory afferent neuron whose cell bodies lie in the

dorsal and trigeminal root ganglia. The two main categories of nociceptor are Aδ
and C fibres which are myelinated and unmyelinated, respectively. As a result of

their myelination state and their larger diameter, Aδ fibres have a greater conduc-

tion velocity than C fibres and are responsible for the so-called first pain, a pinprick

sensation which precedes the burning sensation, and the ‘second pain’ mediated by

small-diameter unmyelinated C fibres. C fibres can be subdivided into peptidergic

and non-peptidergic sets according to their expression profiles; peptidergic C fibres

express the TrkA receptor and respond to nerve growth factor (NGF), while non‐
peptidergic nociceptors bind the lectin IB4 and are sensitive to glial-derived

neurotrophic factor (GDNF) acting through the c‐Ret receptor. Each subtype of

sensory neurons expresses a different subset of transient receptor potential (TRP)

channels which are linked to a variety of functions (Table 1).

Although pain usually arises from a stimulus, it can occur without noxious input

or outlast the initial insult and become chronic. A large-scale survey estimated that

approximately 19 % of people in Europe suffer from chronic pain (http://www.

britishpainsociety.org/Pain%20in%20Europ%20survey%20report.pdf, British Pain

Society 2003). The comorbidities associated with chronic pain are numerous and

debilitating, including depression, anxiety and insomnia. It was also reported that

1 in 5 sufferers in Europe have lost, or had to leave, their job as a result of their pain.

Chronic pain can occur as a result of either inflammatory or neuropathic processes.

Inflammation associated with sensitisation (reduced pain thresholds) is

characterised by redness, swelling and tenderness. Following tissue damage periph-

eral leucocytes, Schwann cells and endothelia release proinflammatory cytokines,

such as tumour necrosis factor-α (TNF-α) and interleukin-1 (IL‐1), which leads to

an increase in NGF production by macrophages. In turn, NGF forms part of a

positive feedback loop whereby it binds to receptors such as TrkA on the peripheral

terminals of nociceptors. As a consequence, tyrosine kinases phosphorylate TRPV1

which then is trafficked into the plasma membrane (Zhang et al. 2005a, b). NGF

also activates mast cells which release mediators such as prostaglandins, bradyki-

nin, ATP and serotonin (5‐HT), adding to the inflammatory milieu. This cycle of

events via its effect on TRPV1 function leads to nociceptor sensitisation as well as

increased excitability at central terminals resulting in symptoms such as thermal

and mechanical hyperalgesia. When these proinflammatory effects persist, chronic
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pain can occur and is seen, for example, in conditions such as osteoarthritis where

ongoing pain and increased sensitivity in the affected joints are highly detrimental

to normal life.

Neuropathic pain is the result of damage, disease or dysfunction within the

nervous system. When damage occurs, several key events follow which can lead

to spontaneous pain, hyperalgesia (enhanced sensitivity to a noxious stimulus) and

allodynia (pain from a normally non‐noxious stimulus). For example, there is a loss

of trophic support; usually, NGF and other growth factors such as GDNF are taken

up by peripheral neurons and retrogradely transported to the cell somata. When

peripheral neurons are damaged, the portion of the cell distal to the injury begins to

degenerate, and consequently, the peripheral receptors can no longer respond

appropriately to growth factor inputs. Further, the contents of the cell, including

growth factors and neurotransmitters, are released into the surrounding area. As a

result, not only is there aberrant activity and ectopic transduction in the damaged

neuron itself, but there is also an increase in excitability of surrounding neurons.

Peripheral nociceptors themselves also undergo an increase in excitability and

response to a wider range of stimulus intensities. The barrage of peripheral activity

which occurs following damage to the nervous system also leads to sensitisation

centrally. It is important to note, however, that while animal models of neuropathic

pain (Fig. 1) have elucidated many details of underlying mechanisms of pain

Table 1 Summary of TRP channel expression in sensory neurons and the potential roles in pain

TRP Peripheral sensory neuron expression Possible role in pain

TRPV1 Peptidergic small- and medium-diameter

sensory neurons (Caterina et al. 1997)

Inflammatory hyperalgesia

TRPV2 Peptidergic small-diameter and medium-

diameter fibres (Caterina et al. 1999)

Appears to be upregulated in DRG in

certain models of inflammatory pain,

though functional significance unclear

TRPV3 Peptidergic small- and medium-diameter

sensory neurons (in a subset of TRPV1+

neurons) (Smith et al. 2002); keratinocytes

(Peier et al. 2002a, b)

Acute noxious heat

TRPV4 Small- and medium-diameter sensory

neurons (Facer et al. 2007)

Inflammatory mechanical and thermal

hyperalgesia

TRPA1 Peptidergic small- and medium-diameter

sensory neurons (co-expressed with

TRPV1) (Story et al. 2003)

Acute noxious cold mechanosensation

TRPM8 Small-diameter, capsaicin-insensitive

neurons (higher expression in TG than

DRG) (McKemy et al. 2002)

Innocuous cold, noxious cold activated by

temperatures 8 �C–28 �C.

TRPC1 Peripheral sensory neurons (Elg et al. 2007).

Co-expressed with TRPV4 and TRPC6

(Alessandri-Haber et al. 2009)

Mechanical hyperalgesia

TRPC6 Most peripheral sensory neurons (Quick

et al. 2012) co-expressed with TRPV4 and

TRPC1 in peripheral sensory neurons

(Alessandri-Haber et al. 2009)

Mechanical hyperalgesia
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consequent to nerve damage, they have also highlighted that each model can

undergo different molecular and cellular changes, albeit with an apparently similar

nociceptive phenotype (Koltzenburg and Scadding 2001).

Existing analgesics, centred around opioids and nonsteroidal anti-inflammatory

drugs (NSAIDs), are limited in their efficacy and are frequently associated with

undesirable side effects and can induce dependence. The development of new, more

effective analgesics therefore requires new potential targets and a better under-

standing of the underlying mechanisms of pain.

2 Heat

A number of TRP channels have been linked to noxious heat and cold transduction.

When TRPV1 was first identified, it was named vanilloid receptor subtype 1 (VR1)

because of its response to capsaicin, a component of capsicum peppers which is the

active ingredient in spicy foods (Caterina et al. 1997). TRPV1 has repeatedly been

shown to be activated by noxious thermal stimuli (temperatures >43 �C) and low

pH (Caterina et al. 1997, 2000). Interestingly, however, while mice lacking the

TRPV1 receptor lose sensitivity to capsaicin as well as low pH, they exhibit almost

no loss of sensitivity to acute noxious heat (Davis et al. 2000; Caterina et al. 2000;

Woodbury et al. 2004). In contrast, in models of inflammatory pain induced by

Fig. 1 Models of

neuropathic pain. (1) SNL
spinal nerve ligation; tight

ligation of L5 and L6 spinal

nerves. (2) PSNL partial

sciatic nerve ligation; tight

ligation of between one third

and one half of the sciatic

nerve. (3) SNT sciatic nerve

transection; complete

transection of sciatic nerve.

(4) CCI chronic constriction
injury; 3–4 loose ligatures

around nerve. (5) SNI spared
nerve injury; tibial and

common peroneal branches of

the sciatic nerve are

transected distal to its

trifurcation
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carrageenan or complete Freund’s adjuvant (CFA), thermal hyperalgesia is lost

(Caterina et al. 2000; Davis et al. 2000). Consistent with a deficit in inflammation‐
induced thermal hyperalgesia in TRPV1 null mice, tissue damage leads to elevated

TRPV1 expression in sensory neurons of the dorsal root ganglia (DRG) and in

lamina I and II of the spinal cord (Amaya et al. 2003; Luo et al. 2004). Following

these findings, Mishra et al. (2011) developed a conditional mouse model and found

that selective ablation by diphtheria toxin of TRPV1‐expressing sensory neurons

results in loss of both sensitivity to acute noxious heat and thermal hyperalgesia.

Thus the population of TRPV1 expressing neurons is involved in heat sensing, and

TRPV1 is principally involved in inflammatory pain.

As TRPV1 has no role in sensing acute noxious heat (Davis et al. 2000), other

members of the TRPV family were considered potential candidates for this func-

tion. TRPV2, though insensitive to capsaicin, confers sensitivity to high

temperatures >52 �C in Xenopus oocytes (Caterina et al. 1999), although the

relevance of this finding to mammalian cells has not been demonstrated. TRPV3

and TRPV4 are activated at 33–39 �C and 25–34 �C, respectively, and are

expressed in sensory neurons (TRPV3 is co‐expressed with TRPV1) and

keratinocytes (Liedtke et al. 2000; Smith et al. 2002; Xu et al. 2002; Peier

et al. 2002b; Chung et al. 2004). TRPV4 is sensitive to capsaicin, but TRPV3 is

not (Smith et al. 2002), and instead it responds the phenylpropanoid eugenol (which

is also detected by TRPV1 and TRPV3).

TRPV2 has been studied less intensively than TRPV1, and TRPV2 knockout

mice have been available only since 2011 (Park et al. 2011). In these animals

(which have reduced viability and survival into adulthood) no hyperalgesia

develops after inflammation or spinal nerve ligation. Further evidence against an

acute heat-sensing role for TRPV2 is provided by the fact that 82 % of heat-

sensitive neurons in TRPV1 null mice do not express TRPV2 (Woodbury

et al. 2004). Moreover, in TRPV1 neuron-depleted mice, TRPV2 expression was

still found in spite of the complete loss of heat sensitivity (Mishra et al. 2011).

TRPV3 shows the unusual property of hysteresis. Current is progressively

activated at temperatures above 28 �C, but if the preparation is cooled even slightly
during the experiment, the current deactivates sharply. Moreover, the channel itself

undergoes sensitisation after a train of stimuli, whereby the current is evoked more

reliably after the temperature is stepped repeatedly from 21 �C to 45 �C (Liu

et al. 2011; Peier et al. 2002b). TRPV3 also supports a secondary current, which

develops after channel sensitisation, with increased amplitude, loss of rectification

and altered permeability to cations (Chung et al. 2005). These observations plausi-

bly account for some features of peripheral sensitisation; however since the expres-

sion of TRPV3 is higher in keratinocytes than in nervous tissue, some of the

behavioural effects might be only indirectly neuronal. TRPV3 null mice show

deficits in detection of noxious heat but not a complete loss of sensitivity, and

mice develop thermal hyperalgesia induced by bradykinin and CFA in the same

way as wild‐type controls (Moqrich et al. 2005).

TRPV4 is the mammalian homologue of the C. elegans osmosensor osm‐9.
Osmolar and pH changes occur as a result of inflammation, motivating a study
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(Alessandri‐Haber et al. 2003) on single fibres of rat sensory nerve in hypotonic

solution. This treatment activated a proportion of the fibres, an effect that was

enhanced by application of the inflammatory mediator prostaglandin but was

reduced by antisense to TRPV4. Knockout mice showed a reduced sensitivity to

protons and altered thermal preference, whereas response to noxious heat was

unimpaired, and thresholds of mechanical sensation were increased (Liedtke and

Friedman 2003). The channel is sensitised by an agonist of protease-activated

receptor 2/PAR2, which elicits mechanical hyperalgesia in mice but not in

TRPV4 knockout animals. In rat spinal cord, PAR2 agonist stimulated release

from the dorsal horn of the nociceptive neuropeptide, substance P, an effect

presumed to depend on the expression of TRPV4, though this was not shown

directly (Grant et al. 2007). In expression systems, TRPV4 is activated by heat,

and the extent of activation is increased in hypotonic conditions (Güler et al. 2002)

of the kind that might prevail during inflammation.

Since TRPV3 and TRPV4 have overlapping temperature response profiles,

Huang et al. (2011) developed TRPV3/TRPV4 double knockout mice. They

found no significant differences in the acute thermal responses or in various thermal

preference paradigms between wild-type (WT) and TRPV3/4 null mice. Similarly,

minimal differences were seen in null mice treated with a TRPV1 antagonist in both

acute and inflammatory models of thermal pain suggesting this channel does not

mask a role of TRPV3 and TRPV4 (Huang et al. 2011).

Inflammatory mediators (including bradykinin, ATP, cytokines) are released

from endothelium and cells of the immune system in the neighbourhood of the

nociceptor, and via receptors on the neuron surface, these factors can engage second

messengers that act on TRP channels (Amadesi et al. 2006). Since TRPV1 null

mice have deficits in thermal hyperalgesia, the role of TRPV1 in inflammatory pain

states has been widely investigated. Pro‐inflammatory mediators sensitise TRPV1,

leading to induction and maintenance of thermal hyperalgesia, via protein kinase A

(PKA) and PKA-mediated phosphorylation of the C‐terminal. PKA accomplishes

this in a process mediated by PKA-anchoring proteins (AKAP) leading to enhanced

gating and increased TRPV1 translocation to the membrane; for example, inhibi-

tion of the AKAP79/150 protein prevents sensitisation of TRPV1 by bradykinin and

PGE2 (Zhang et al. 2008). Protein kinase C (PKC) is able to reduce the activation

threshold via phosphorylation of TRPV1 leading to enhanced gating and potentia-

tion of channel activity (Premkumar and Ahern 2000; Vellani et al. 2001) and is

upregulated in DRG during inflammation (Zhou et al. 2003).

PGE2 and PGI2, released following tissue damage, sensitise TRPV1 via PKC-

and PKA-dependent mechanisms and are able to reduce the thermal threshold of

TRPV1 to ~35 �C (Moriyama et al. 2005). By a similar mechanism of sensitisation,

injection of the chemokine CCL3 in mice-induced thermal hyperalgesia (Zhang

et al. 2005a, b), while treating cultured trigeminal ganglia (TG) neurons with 5‐HT,
also potentiates TRPV1 activity (Loyd et al. 2011). Bradykinin-mediated thermal

hyperalgesia can be inhibited by administration of the TRPV1 antagonist,

capsazepine, as well as by blocking activity of phospholipase C (PLC), PKC and

PKA (Ferreira et al. 2004). Interestingly, TRPA1 null mice, and neurons in culture,
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also show attenuated sensitivity to bradykinin in a similar way to TRPV1 null TG

cultures and animal models (Bautista et al. 2006). TRPV1 and TRPV4 are both

sensitised by ATP, a known mediator of inflammation. ATP reduces the sensitivity

of TRPV3 whereas it has no effects on TRPV2 (Phelps et al. 2010). TRPV3

activation in keratinocytes, by agonists or heat, leads to release of PGE2 and

appears to cause increased sensitivity to acute noxious heat and thermal

hyperalgesia in a TRPV1‐independent manner (Huang et al. 2008). Recruitment

of ‘silent’ afferents which previously did not respond is a feature of sensitisation

evoked by inflammation; there appears to be a single report on the role of TRP

channels in this process, which concluded, on the basis of work in null mutant mice,

that TRPV1 is not involved (Koerber et al. 2010). NGF can increase TRPV1

expression by upregulating its transcription and also via PKC-mediated phosphor-

ylation of the channel (Ji et al. 2002); PI3K can also potentiate its activity and

induce thermal hyperalgesia (Zhuang et al. 2004), and this requires tyrosine phos-

phorylation by Src family kinases (Zhang et al. 2005a, b). When retrogradely

transported to the DRG, NGF activates the MAP kinase p38 which increases

translation and transport of TRPV1 to the periphery where it contributes to mainte-

nance of thermal hyperalgesia in inflammatory and neuropathic pain states

(Ji et al. 2002).

TRPV1 expression is downregulated in damaged neurons following partial or

total spinal nerve ligation (SNL) and in sciatic nerve transection (SNT), models of

neuropathic pain (Hudson et al. 2001; Fukuoka et al. 2002). It is also upregulated in

surrounding, undamaged neurons, for example, in L4 neurons following SNL of L5

(Fukuoka et al. 2002). This upregulation correlates with the thermal hypersensitiv-

ity profile observed after SNL (Fukuoka et al. 2002). Thermal nocifensive

behaviour is reduced by block of NGF following chronic constriction injury

(CCI) (Wilson‐Gerwing et al. 2005), an effect which might depend on reduced

levels of TRPV1. TRPV1 expression is also altered in human painful neuropathies;

a loss of TRPV1-positive neurons in peripheral and sural nerves and in the skin was

observed in diabetic and motor neuropathies (Lauria et al. 2006; Facer et al. 2007).

An increase in TRPV1 and TRPV3 expression is seen in intact nerves after injury

while TRPV4 appears to be unaltered (Facer et al. 2007).

3 Cold

Recently cell ablation studies have highlighted TRPM8-positive neurons as the key

cell types involved in noxious cold perception in mice (Pogorzala et al. 2013). The

threshold for noxious cold, as distinct from innocuous cool, is considered to occur at

temperatures <15 �C. TRPM8 is sensitive to menthol (a cooling compound) and

cold, with a threshold of ~25 �C, and is activated by temperatures encompassing the

innocuous cool and noxious cold range (McKemy et al. 2002; Peier et al. 2002a).

TRPM8 is expressed in a subset of capsaicin-insensitive, small-diameter neurons in

both dorsal root and trigeminal ganglia, though at higher levels in the latter (7.4 %

vs. 14.8 %), consistent with greater cold sensitivity in structures of the face and
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head (McKemy et al. 2002). Since TRPV1 expression is often considered a marker

for nociceptors, this would suggest that TRPM8 is not involved in detection of

noxious stimuli. Indeed, the use of TRPM8 null mice has firmly established a role

for the channel in detection of innocuous cold though its role in detection of noxious

stimuli is less conclusive. Knowlton et al. (2013) suggested that the cold-plate

technique of measuring cold hypersensitivity, used in many of these investigations,

was highly variable across earlier studies. Two groups found there was no differ-

ence in the nocifensive responses of TRPM8 null mice when compared to WT in a

noxious cold-plate test (Bautista et al. 2007; Dhaka et al. 2007). However these

same two groups showed a significant decrease in the response of these mice to

application of the noxious cooling chemical acetone on the hind paw. Colburn

et al. (2007) found a deficit in cold sensitivity in both of these assays, but this deficit

was not reversed upon administration of TRPM8 antisense oligonucleotides.

It has emerged more recently that TRPM8 is upregulated in experimental bowel

inflammation and that the TRPM8 agonist icilin, which attenuates chemically

induced colitis in normal mice, presumably because the channel mediates a local

cooling, brings no relief in the knockout animals (Ramachandran et al. 2013). In

other circumstances, however, TRPM8 agonists lead to increases of core tempera-

ture, an effect that suggests coupling of central channels to the homeostatic

mechanisms, whereas a TRPM8 blocker induces hypothermia (Ma et al. 2012;

Knowlton et al. 2011). Once again, this example illustrates the apparently paradox-

ical effect of channels on somatosensation, when they are activated in different

tissues by different experimental paradigms. Because TRPV1 is expressed in

TRPM8-positive neurons during development but subsequently downregulated,

conditional knockout of TRPV1 in sensory neurons also caused ablation of

TRPM8. These animals showed significant deficits in responses to acute noxious

cold (Mishra et al. 2011).

TRPA1 was the first candidate cold-sensing TRP channel. This channel is

expressed in a subset of capsaicin-sensitive, calcitonin gene-related peptide

(CGRP) positive neurons and has an activation threshold of 17 �C (Story

et al. 2003) which is close to the cold temperature considered to be painful.

Interestingly these neurons do not appear to co‐express TRPM8 (Story et al. 2003).

TRPA1 is also activated by chemicals such as mustard oil (allyl isothiocyanate)

which, when applied to the skin, elicits a burning or pricking sensation and causes

aversive behaviour which is lost in TRPA1 null mice (Jordt et al. 2004; Bandell

et al. 2004; Bautista et al. 2006; Kwan et al. 2006). Jordt et al. (2004) found that the

majority (96 %) of cultured trigeminal neurons from rat which were sensitive to the

mustard oil component allyl isothiocyanate (AITC) were insensitive to cold and

that the remaining 4 % were sensitive to menthol, suggesting a role for TRPM8 in

their cold sensitivity (Jordt et al. 2004). Also, when human embryonic kidney

(HEK293) cells were transfected with TRPA1, although a response to mustard oil

(AITC) was clearly observed, no responses to cold temperature of 5 �C were seen.

Furthermore, it was shown that 5 % of the cold-sensitive neurons in culture were

insensitive to both menthol and AITC, something corroborated by Babes
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et al. (2004), indicating another mechanism for noxious cold sensitivity, indepen-

dent of TRPA1 and TRPM8.

Kwan et al. (2006) reported that mice lacking the TRPA1 channel showed

decreased responsiveness to noxious cold temperatures on a cold plate and reduced

sensitivity to acetone application when compared with WT mice. Using the same

behavioural assays, Bautista et al. (2006) observed no such difference. Further-

more, Bautista et al. (2006) cultured WT and TRPA1 null trigeminal neurons and

found there was no difference in the magnitude of current in response to application

of a noxious cold stimulus. It has been proposed that this discrepancy may be the

result of different techniques and experimental setup (Kwan et al. found a greater

deficit in the response of female mice while Bautista et al. only used males). Also,

when considering the conflicting evidence provided by these models, the design of

the knockout model must be considered. For example, some knockout constructs

involve deletion of an entire gene while others may merely result in insertion of a

cassette or premature stop codon. The latter may lead to generation of a truncated

form of the protein. As a result, two knockout models of the same gene may vary

substantially in their expression of that gene which may potentially impact upon the

phenotype exhibited by each model. Indeed, TRP channels are known to heteromul-

timerise, and since the TRPA1 ‘null’ mice used by both aforementioned groups are

believed to express a truncated form of the channel, it has been suggested that this

truncated form may exert an effect on other implicated channels, thus affecting the

phenotype of the null mice (Foulkes and Wood 2007).

The difficulty in clarifying the role of TRPA1 in noxious cold detection led to

investigations of its underlying properties. The release of Ca2+ from intracellular

stores activates TRPA1 by a PLC-dependent mechanism, while the presence of

extracellular Ca2+ is able to augment the response of TRPA1 to agonists such as

AITC (Jordt et al. 2004). Zurborg et al. (2007) investigated this further and found

that an EF‐hand domain within the channel subunit is required for intracellular Ca2+-

mediated activation of TRPA1. They demonstrated that cells expressing TRPA1

showed responses to cold; however, in EF‐hand domain mutants, responses to cold

were not abolished but rather were reduced to levels of control cells which did not

express TRPA1. They reasoned, therefore, that TRPA1 is activated by an increase in

intracellular Ca2+ seen upon cooling rather than being directly activated by cold thus

providing a potential explanation for the inconsistencies seen in vitro and in vivo.

Subsequently, however, Karashima et al. (2009) used heterologous expression studies

to argue that TRPA1 could be activated by cold in the absence of both intra‐ and
extracellular Ca2+.

Cold hyperalgesia is a symptom of diseases such as rheumatoid arthritis

(Jahanshaki et al. 1989), and cold allodynia is a common feature of many neuro-

pathic pain states including those caused by traumatic nerve injury and post-

herpetic neuralgia (Jørum et al. 2003). Since TRPM8 and TRPA1 have both been

implicated in sensitivity to innocuous and noxious cold, their roles in these phe-

nomena have been investigated. Caspani et al. (2009) reported nociceptive

behaviour in response to menthol, a TRPM8 agonist, in mice following CCI

surgery, suggesting a normally cool stimulus mediating a noxious effect via

TRPs and Pain 881



TRPM8 in a neuropathic pain model. Similarly, Colburn et al. (2007) found that

acetone application resulted in a reduced response in TRPM8 null mice after CCI

surgery and CFA injection when compared to WT; an even greater allodynic

phenotype was seen after CCI in mice with ablation of TRPM8 expressing sensory

neurons (Knowlton et al. 2013). In spite of this, reports of changes in TRPM8

expression after CCI surgery remain contentious (Proudfoot et al. 2006; Caspani

et al. 2009), and no changes in expression following CFA-induced inflammation

were seen in one report (Obata et al. 2005). No upregulation of TRPM8 mRNA or

protein was seen following SNL, and administration of antisense oligonucleotides

to TRPM8 had no effect on SNL-induced cold hyperalgesia, although antisense

oligonucleotide block of TRPA1 was able to attenuate this behaviour (Obata

et al. 2005; Katsura et al. 2006; Stucky et al. 2009). Indeed, though TRPA1

expression is decreased in rats and mice after CCI (Caspani et al. 2009) and in

injured L5 nerves in SNL, it is upregulated in intact L4 nerves and DRG in this

model (Obata et al. 2005; Katsura et al. 2006). Cold allodynia resulting from spared

nerve injury (SNI) surgery and CFA injection in rats was diminished by adminis-

tration of TRPA1 antagonists (Stucky et al. 2009; del Camino et al. 2010). TRPA1

null mice exhibited reduced nocifensive responses to formalin, a chemical inducer

of inflammation (Macpherson et al. 2007; McNamara et al. 2007; Stucky

et al. 2009) and TG cultures from null mice show attenuated responses to bradyki-

nin (Bautista et al. 2006).

Using HEK293 and cultured neurons as well as behavioural models, del Camino

et al. (2010) found that even noxious cold temperatures were, alone, unable to

evoke significant channel activity but that in the presence of an agonist, such as

AITC, even low levels of innocuous cool evoked large currents and nocifensive

responses. Moreover, the responses to noxious cold plate were comparable in WT

and TRPA1 null mice (del Camino et al. 2010) suggesting that TRPA1 may play a

role in mediating cold sensitivity only in pathological conditions, such as those

mimicked in animal models of inflammatory and neuropathic pain.

4 Mechanical

The role of TRP channels in mechanosensation has been summarised in a recent

review (Eijkelkamp et al. 2013). Very interestingly, TRPV1 global and conditional

knockout mice show normal responses to mechanical stimulation even in models of

inflammatory pain. A CCI model of neuropathic pain in rats, however, showed

ipsilateral upregulation of TRPV1 protein in lamina I and II of the spinal cord and

mechanical allodynia behaviour which was attenuated by a specific TRPV1 antag-

onist, BCTC (Kanai et al. 2005). TRPV3 null mice show no deficits in mechanical

responses nor any differences in mechanical hyperalgesia induced by CFA or

bradykinin compared to WTs (Moqrich et al. 2005). Though it does not respond

to stretching of the membrane in vitro, and thus may not be gated by mechanical

stimulation (Strotmann et al. 2000), TRPV4 does appear to play a role in mechani-

cal hyperalgesia in inflammatory and neuropathic pain. In a variety of rat models of
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neuropathic pain, including diabetic and peripheral neuropathies, the reduction in

mechanical threshold was reversed by intrathecal administration of TRPV4 anti-

sense oligonucleotides while TRPV4 null mice did not exhibit mechanical hyper-

sensitivity to the same extent as WTs (Alessandri‐Haber et al. 2008). Interestingly,
however, the expression of TRPV4 does not appear to be upregulated in these rat

models of neuropathic pain. TRPV4 is frequently co-expressed with TRPC1 and

TRPC6 in DRG, and it has been proposed that the channels may act in concert to

mediate mechanical hyperalgesia in sensitised nociceptive neurons. Induction of

mechanical hyperalgesia in inflammatory and neuropathic pain models was

reversed by administration of antisense oligonucleotides to TRPC6 and, in certain

models, TRPC1 (Alessandri‐Haber et al. 2009). In contrast with this it has recently

been shown that TRPC3 and TRPC6 double knockout mice do not have deficits in

sensitivity to noxious mechanical pressure (Quick et al. 2012).

Drosophila larvae lacking expression of the TRPA1 homologue, painless, are
insensitive to noxious mechanical stimuli (Tracey et al. 2003); similar to its role in

noxious cold, however, the role of TRPA1 in transduction of noxious mechanical

stimuli is in debate. Kwan et al. (2006) found a deficit in response to repeated

application of ‘high force’ innocuous and noxious mechanical stimulation in

TRPA1 null mice though Bautista et al. (2006) focus on their finding that there is

no variation in the mechanical thresholds of these mice. A loss of slowly and

intermediate adapting currents in small-diameter, non-peptidergic fibres was seen

in DRG neurons taken from TRPA1 null mice (Vilceanu and Stucky 2010; Brierley

et al. 2011); it had previously been suggested that slowly adapting currents from

such neurons are associated with noxious mechanosensation (Drew et al. 2007).

Mustard oil-induced mechanical hyperalgesia was inhibited by TRPA1 antisense

oligonucleotides and TRPA1 antagonists (Perin‐Martins et al. 2013), while CFA-

and SNL-induced mechanical hyperalgesia is attenuated by TRPA1 antagonists

(Petrus et al. 2007; Eid et al. 2008) but not by antisense oligonucleotides (Obata

et al. 2005). On the basis of transfection of HEK293 cells with TRPA1, however, it

seemed that the channel alone is not sufficient to confer mechanical sensitivity

(Vilceanu and Stucky 2010); hence, it is possible that TRPA1 does not contribute to

acute noxious mechanosensitivity but rather to the maintenance of mechanical

hyperalgesia (Petrus et al. 2007). Alternatively, Brierley et al. (2011) suggest that

TRPA1 confers mechanical sensitivity to a specific set of small-diameter fibres and

that there are other DRG neurons which do not require the channel to confer

mechanosensitivity.

A point mutation (N855S) in the S4 transmembrane segment of TRPA1 causes

an autosomal dominant heritable pain condition known as familial episodic pain

syndrome (FEPS) (Kremeyer et al. 2010). This mutation leads to greater inward

currents following channel activation at resting neuronal membrane potentials and

manifests as crippling upper body pain which begins in infancy and consists of

attacks with a duration of ~1.5 h. Interestingly, the attacks are described as

involving a sensation of mechanical pain which is initiated by a number of factors

including cold.
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5 Central Pain Pathways

The architecture of the central pain-processing pathway is generally agreed

(Ossipov et al. 2010; Perl 2011), although refinements of the wiring have been

proposed to account for the range of pain sensations evoked by different stimuli

(Craig 2003). The primary afferent nociceptor terminates centrally on relay neurons

and interneurons of the dorsal horn in the spinal cord, mostly in laminae I and

II. Most of these terminals are glutamatergic, but some are peptidergic. Relay

neurons within the cord project to spinothalamic neurons, which course through

the brainstem and midbrain, and synapse onto different nuclei of the thalamus

(Fig. 2). Lateral branches of the ascending pathway also terminate within brainstem

structures, the periaqueductal grey (PAG) and the rostroventral medulla (RVM).

Thalamic neurons are wired to cortical regions mediating sensory and emotive

aspects of pain, respectively, the somatosensory cortex and anterior cingulate

cortex. A spinoparabrachial pathway travels from the spinal cord to limbic

structures. Descending pathways (Fig. 2) originating in the cortex and amygdala,

and modulated by outputs of the PAG, medial RVM and locus ceruleus, affect the

activity of the dorsal horn neurons via neurotransmitters including GABA and

serotonin, which can antagonise or facilitate the sensation of pain, in some cases

leading to the generation of efferent signals along the nociceptor into the periphery.

TRP channels of the A, C, V and M subfamilies are detectable in the spinal cord

and brain. Topical and systemic application of capsaicin dominates the study of

central TRP channels. TRPV1 may occur postsynaptically in lamina II of the dorsal

horn, especially in lumbar segments, in glia as well as in neurons, and co‐localises
with substance P (Spicarová and Palecek 2008). TRPV1 activity in the cord causes

release of substance P, ultimately antagonising peripheral inputs by activating

interneurons (Ferrini et al. 2007). The inflammatory mediator bradykinin is released

from endothelia and glia following injury (Hausmann 2003) and mediates pain via

sensitisation of TRPA1 co-localised with B2R receptors on DRG neurons (Wang

et al. 2008), but there is no report of a similar co‐expression in central neurons.

TRPV1 shows robust in vitro response to inflammatory mediators, but the

special characteristics of the central nervous system (CNS) immune response—

generally weaker, involving a different repertoire of cell types and excluding many

serum proteins by reason of the blood–spinal cord and blood–brain barriers—imply

that the signalling pathways will differ from those in the periphery (Hausmann

2003). Nonetheless, microglial activation has been correlated with peripheral pain

states including those caused by peripheral nerve trauma and bone cancer pain

(Watkins et al. 2001a, b; Xu et al. 2006), and TRPV1 activity leads to microglial

cell death (Kim et al. 2006), suggesting a coupling of central pain and inflammatory

pathways. In the same way, spinal cord trauma leads to release of factors, some of

which are not found after peripheral nerve damage, to mediate oxidative stress,

inflammatory, energetic, apoptotic and lipid metabolic change (Kuner 2010; Yip

and Malaspina 2012). It is not clear which if any of these factors subserve nocicep-

tive functions by acting on TRP channels or in which direction the effect occurs.

TRPV1 may stand upstream of some inflammatory responses, as suggested by the
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finding that systemic capsaicin upregulated B1R expression on spinal cord

microglia (Talbot et al. 2012). The secondary injury to the blood capillaries that

follows spinal cord trauma is preceded by upregulation of the TRPM4 channel on

the vessels (Gerzanich et al. 2009). Capillary fragmentation does not necessarily

contribute to pain sensation, though it impairs neurological function. This channel

overexpressed in HEK293 cells shows a graduated response to temperatures

between 15 �C and 35 �C (Talavera et al. 2005) but must respond to other,

unidentified outputs from injury in vivo to mediate the reported effects on

Fig. 2 Central pain

processing. Ascending tracts

(blue) and their peripheral

inputs. Descending tracts

(red) and modulatory

pathways. (1) PAG; (2) Locus

ceruleus; (3) RVM
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haemorrhage. TRPV1 is implicated in the central response to a plantar injection of

Freund’s adjuvant; within substantia gelatinosa of spinal cord isolated after CFA

treatment, synaptic transmission is inhibited by a TRPV1-selective antagonist, as

though the channel had become activated by the inflammatory stimulus (Lappin

et al. 2006). Intrathecal application of TRV1 antagonists alleviates the response to

paw injection of formalin (Kanai et al. 2006), supporting the same conclusion. Oral

administration of TRPV1 antagonists with different degrees of CNS permeance

shows that central TRP channels contribute to pain responses (Cui et al. 2006).

Intrathecal application of the TRPV1 agonist RTX produces analgesia, attributable

to selective ablation of TRPV1‐expressing central nerve terminals (Jeffry

et al. 2009).

TRPV1 channels at the central terminals of nociceptors are exposed to CNS

modulators of activity. The endogenous ligands of TRPV1 include 12‐HPETE
(an arachidonic acid derivative), AEA (anandamide) and NADA (N‐arachidonoyl
dopamine) (O’Neill et al. 2012). The endocannabinoid anandamide promotes

calcium entry through TRPV1, via a mechanism that differs from that of capsaicin

(Fischbach et al. 2007). The affinity of anandamide for the CB1 receptor is higher,

and it is unclear what sequence of events would lead to effects on TRPV1 function

in situ.

Neurotransmitters and peptides (e.g. substance P) with modulatory effect on the

circuitry of relay neurons and interneurons are released by the central terminals of

nociceptors. A family of lipid mediators, the resolvins, lowers transmission proba-

bility across spinal synapses via effects on TRPV1 and TRPA1 (Park et al. 2011).

Activation of central TRPV1 channels by capsaicin is correlated with altered spinal

plasticity as well as hyperalgesic behaviour. This altered plasticity is a likely

component of central sensitisation, whereby innocuous inputs are interpreted as

noxious (Willis 2009). Sensitisation of spinal—and perhaps supraspinal—

responses is proposed to account for a sensation of pain that persists beyond the

initial stimulus (Park et al. 1995: Sang et al. 1996). This pain might be ectopic

(secondary hyperalgesia) or evoked in response to innocuous stimuli (allodynia).

The injured afferent may additionally re‐route, projecting to a synapse on a differ-

ent lumbar segment, to facilitate input from undamaged afferents (Campbell and

Meyer 2006). The relevant biological mechanism leading to facilitation is likely to

be nociceptor burst activity, repeatedly stimulating the central synapse, following

peripheral injury (Campbell and Meyer 2006); this proposed peripheral origin does

not exclude the action of mediators within the cord sensitising TRP channels.

Following synaptic plasticity, upregulation of cyclooxygenase (COX)‐2 and other

neuronal signalling pathways leads to ongoing pain beyond the initial stimulus

(Rivat et al. 2010). Distinct features of central sensitisation include secondary

hyperalgesia and mechanical allodynia, whereby the abnormally enhanced

response occurs in undamaged tissue. The TRPV1 agonist gingerol can relieve

secondary hyperalgesia after central application in rat model of spinal nerve injury

(Gauthier et al. 2012).

The reactive metabolite methylglyoxal (MG) occurs in all cell types as a

by-product of glycolysis and lipid peroxidation and might be an endogenous ligand
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of the TRPA1 channel. MG is normally detoxified by a glyoxalase pathway, but

deficiency of this route is suggested by the high MG plasma levels in diabetes

mellitus patients. The effect of MG on depressing the compound action potential of

the sciatic nerve preparation is abolished in TRPA1 null mice (Eberhardt

et al. 2012). While diabetes patients show reduced conduction velocity in the

peroneal nerve (Hyllienmark et al. 2013), and patients with diabetic neuropathy

can experience an increase in sensitivity to mechanical and thermal stimuli, the

relevance of the MG observations to pathology is currently unclear.

Pain‐associated plastic changes are best documented in spinothalamic tract

neurons of the spinal cord (Willis 2002), but thalamic and cortical plasticity also

is believed to contribute to sensitisation (Fu et al. 2008). Although potentiation of

spinal transmission can be demonstrated, this is not conclusively a cellular analogue

of pain sensation. Nonetheless, the data of Hjornevik et al. (2010) suggest that high-

frequency stimulation of the spine produces both LTP and alterations in opioid

receptor activity in higher brain areas.

Supraspinal involvement of TRP channels in pain are harder to demonstrate.

Nonetheless, a coherent body of work with channel agonists and antagonists,

applied centrally or peripherally, suggests a role for TRPV1 in descending modula-

tion. TRPV1 mRNA occurs on cell bodies and synapses in brainstem structures

involved in pain, namely the PAG and the RVM. Binding sites for the TRPV1

radioligand [3H]RTX occur in these locations as well as in the cortex, thalamus,

hypothalamus, cerebellar cortex, locus ceruleus and spinal cord (Roberts

et al. 2004) and the somatosensory cortex, anterior cingulate and amygdala

(Steenland et al. 2006). Radioligand affinity for its target varies between structures

(Szabo et al. 2002), which implies that accessory factors may be required for

receptor availability. LTP in the amygdala is reported to be TRPV1 dependent

(Zschenderlein et al. 2011). On the other hand, a recent publication on a TRPV1

reporter mouse claims expression restricted to the hippocampus, PAG, hypothala-

mus and midbrain only (Cavanaugh et al. 2011).

Accumulating data also indicate a role for TRPC channels in synaptic plasticity.

LTP elicited at hippocampal interneuron synapses can be blocked by a nonspecific

TRP channel inhibitor, and accompanying evidence on the calcium dependence of

these channels implicates the TRPC family (Topolnik et al. 2006). RNAi

experiments in hippocampal slice culture have shown that TRPC3 is required for

dendritic spine formation in the presence of brain-derived neurotrophic factor

(BDNF) (Amaral and Pozzo-Miller 2007). The influx of sodium and calcium ions

through TRPC3 is proposed to stand upstream of NMDA receptor activation,

leading to enhanced synaptic transmission in the form of LTP (Minichiello 2009).

In hippocampal neuron culture, TRPC5 and TRPC6 activity mediates the phos-

phorylation of Akt by BDNF; this may have consequences for synaptic plasticity,

since both Akt phosphorylation and LTP induction protocols can lead to the

transient insertion of calcium‐permeable AMPA receptors in the neuronal mem-

brane (Fortin et al. 2012). Finally, the TRPC5 knockout mouse, which resists

pilocarpine induction of seizures, is defective in LTP induction (Phelan
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et al. 2013), suggesting that plasticity and regulated excitability might be coupled

outputs of TRP‐mediated calcium homeostasis.

TRPM, the melastatin family of TRP channels, currently includes eight

members. TRPM3 is highly expressed in the kidney, brain, spinal cord and testis

and in some experimental preparations works as an osmosensor (Grimm

et al. 2003). This function would be consistent with a role in kidney physiology.

TPRM3 in beta cells is moreover activated by pregnenolone sulphate (Wagner

et al. 2008), a cholesterol derivative synthesised in the adrenal and the brain, and

standing upstream of the glucocorticoids, mineralocorticoids and sex steroids.

Pregnenolone sulphate (PS) was proposed as a pain mediator in the same year

that TRPM3 was cloned, on quite independent grounds related to expression of

enzymes in the spinal cord (Patte-Mensah et al. 2003). The association of the

channel and the steroid motivated a study that showed heat activation of TRPM3

expressed in HEK cells and the potentiation of this effect by low doses of PS. In the

tail immersion test, TRPM3 -/- mice tolerated temperatures up to 57 �C to a greater

extent than wild-type mice. A different behavioural response to PS was not reported

by this study (Vriens et al. 2011), and so the relevance of the steroid as an

endogenous ligand for TRPM3-mediated nociception remains to be demonstrated.

The PAG is connected monosynaptically to the RVM, in which the activity of a

population of pain modulatory OFF cells is correlated with analgesia. Injection of

TRPV1 agonists into the PAG enhances the excitability of the OFF cells and

suppresses thermoception in the plantar test (Maione et al. 2006). This is discrepant

with the effects of capsaicin in the periphery. Consistent with this report, infusions

of a TRPV1 antagonist into the PAG enhance the response of rats to thermal

stimulation of the paw (Starowicz et al. 2007). The activation of TRP channels in

the PAG plausibly modulates pain responses, since RVM neurons project to the

dorsal horn, synapsing with the primary nociceptive afferents as well as with the

relay and interneurons. The antinociceptive projections are GABAergic and

glycinergic, but it is unclear that they originate from the OFF cells (Ossipov

et al. 2010). The effect of capsaicin on excitation in the ventrolateral PAG depends

on glutamate receptors (Palazzo et al. 2002). McGaraughty et al. (2003) recorded

neuronal responses to infused capsaicin simultaneously with tail‐flick latencies at

52 �C. They reported that the OFF neurons in dorsal PAG are active during

analgesia only after some two hours of ON neuronal activity and pain‐avoiding
behaviour and suggested that pain reduction occurred only after desensitisation of

TRPV1 by capsaicin.

Capsaicin microinjected into the ACC increases the activity of selected neurons,

while repressing others (Steenland et al. 2006). The correlation of this TRPV1‐
mediated neuronal activity with behaviourally relevant stimuli is unknown, but

since ACC is connected to the PAG, a descending effect on nociception is

presumed.

Systemic injection of capsaicin increases excitability within the locus ceruleus, a

structure that responds to noxious stimuli (Hajós et al. 1987), is reciprocally

connected with the RVM and sends a noradrenergic descending projection to the

dorsal horn (Ossipov et al. 2010). The noradrenergic output can be suspended after

888 J.E. Sexton et al.



peripheral nerve injury (Rahman et al. 2008), and this presumably facilitates pain

sensation, but the involvement of TRP channels in this process is not known.

6 Analgesics

The roles of TRP channels in mediating sensitivity to noxious stimuli make them

attractive targets for analgesics. Most drug development studies have focussed on

TRPV1 and TRPA1, which are clearly linked to aspects of peripheral nociceptor

function. For example, Honore et al. (2000) found repeated dosing of two distinct

TRPV1 antagonists was able to abolish spontaneous pain and thermal and mechan-

ical behaviour responses in animal models of inflammatory and neuropathic pain.

Capsaicin causes sensitisation of TRPV1; however, application of high-dose

patches of ~8 % to the skin can be used to cause desensitisation and is used as a

treatment for patients suffering with neuropathic pain. A review of six studies

involving 2,073 participants with post-herpetic neuralgia or HIV neuropathy

found these high-concentration capsaicin patches were effective at inducing pain

relief (Derry et al. 2013). Pain ratings of sufferers of chronic lower back pain, a

common and notoriously difficult to treat condition, are reduced by application of a

capsicum plaster (Frerick et al. 2003). The minimal side effects resulting from this

topically applied TRPV1-mediated analgesic provide further support for the poten-

tial role of TRP channels in the development of improved analgesics. Low doses of

icilin and menthol, both TRPM8 agonists, are able to reduce mechanical and

thermal hypersensitivity caused by peripheral nerve injury (Proudfoot

et al. 2006). Antagonism of TRPV1 and TRPA1 during the acute phase of pancrea-

titis reduced pain behaviour and inflammation as well as preventing progression of

the pathological changes seen in chronic pancreatitis though these treatments were

unable to reverse pain behaviours in models of established chronic pancreatitis

(Schwartz et al. 2013). TRPA1 has been shown to play a role in hyperalgesia, and

the antagonist HC‐030031 attenuates inflammatory‐ and neuropathy‐induced
mechanical hypersensitivity (Eid et al. 2008).

In spite of the evidence that TRP channels are involved in sensing noxious

stimuli, their potential as analgesic drug targets has not been fulfilled in a substan-

tial way. The widespread expression of TRP channels, together with their ability to

heteromultimerise increases the likelihood that such drugs may also induce a

number of off‐target effects.
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Abstract

Hearing is a particularly sensitive form of mechanosensation that relies on

dedicated ion channels transducing sound-induced vibrations that hardly exceed

Brownian motion. Attempts to molecularly identify these auditory transduction

channels have put the focus on TRPs in ears. In Drosophila, hearing has been

shown to involve TRPA, TRPC, TRPN, and TRPV subfamily members, with

candidate auditory transduction channels including NOMPC (¼TRPN1) and the

TRPVs Nan and Iav. In vertebrates, TRPs are unlikely to form auditory trans-

duction channels, yet most TRPs are expressed in inner ear tissues, and

mutations in TRPN1, TRPVA1, TRPML3, TRPV4, and TRPC3/TRPC6 have
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been implicated in inner ear function. Starting with a brief introduction of fly and

vertebrate auditory anatomies and transduction mechanisms, this review

summarizes our current understanding of the auditory roles of TRPs.

Keywords

Drosophila • Hair cell • Cochlea • Mechanotransduction • Vestibular • Force-

gating • Osmosensing • Varitint-Waddler mouse

1 Introduction

Hearing impairment is the most prevalent sensorineural disorder, afflicting two out

of 1,000 newborns (Hilgert et al. 2009). This ratio increases progressively with age,

reaching 3.5 per 1,000 during adolescence (Morton and Nance 2006). Worldwide,

275 million people are estimated to suffer from hearing disorders (Cuajungco

et al. 2007), and 35 % of the adult Americans display balance impairments

(Agrawal et al. 2009) that also signal deficits in inner ear function. Apart from

environmental factors, various genetic factors can cause hearing and balance

disorders: about half of the cases of profound early-onset deafness in children

seem to arise from genetic defects (Marazita et al. 1993), and up to 1 % of the

genes comprised by the human genome are thought to be required for hearing

(Friedman and Griffith 2003).

Over the past decade, the genetic dissection of hearing and balance has

progressed rapidly, and molecular key constituents of inner ear sensory cells and

their transduction machineries have been defined (e.g., Petit and Richardson 2009;

Gillespie and Müller 2009; Kazmierczak and Müller 2012). Ion channels that are

involved in, e.g., ion homeostasis (Zdebik et al. 2009) and synaptic transmission

(Moser et al. 2013) in the inner ear, have been identified, and roles of TRPs in

hearing and balance have been described (e.g., Cuajungco et al. 2007). The study of

auditory channelopathies has gained particular momentum by the fact that the

mysterious ion channels that mediate auditory transduction still remain unidentified

(Kazmierczak and Müller 2012). Evidence that TRPs may form auditory transduc-

tion channels has come from Drosophila, yet whether, and if so, which TRPs

mediate transduction in the fly’s hearing organ is still a matter of debate (Effertz

et al. 2012; Lehnert et al. 2013). In vertebrates, TRPs are unlikely to serve as the

auditory transduction channels (Kazmierczak and Müller 2012), and although

nearly all TRPs have been shown to be expressed in inner ear tissues, their

requirements for hearing are largely undefined (e.g., Cuajungco et al. 2007). Before

discussing what is known about TRPs in hearing, we will briefly introduce the ears

of Drosophila and mammals and summarize how they transduce mechanical

stimuli.
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2 Auditory Anatomies and Sound Transduction

Hearing is a multistep process that commences with the conversion of sound into

structural vibrations (“sound reception”) that are coupled to—and elicit ionic

currents (“auditory transduction”) in—auditory sensory cells and finally trigger

action potentials (“auditory encoding”). InDrosophila, sound reception is mediated

by the antenna’s distal part (Fig. 1), which analogous to our eardrum vibrates in

response to sound (Göpfert and Robert 2003), and is also deflected by gravity and

wind (Kamikouchi et al. 2009; Yorozu et al. 2009) (Fig. 1a). Inside the ear,

vibrations of the sound receiver are coupled to sensory cells, i.e., hair cells in

vertebrates and Johnston’s organ (JO) neurons in the fly (Fig. 1a, b).

Unlike JO neurons, hair cells use actin-based stereocilia instead of true,

microtubule-based (kino)cilia for mechanotransduction, yet both cell types seem

to be evolutionarily related (Fritzsch et al. 2007) and serve dual, transducing and

actuating roles: transduction in hair cells and JO neurons seems to be mediated by

nonselective cation channels that are directly activated mechanically by the pull of

elastic elements that are known as gating springs (Corey and Hudspeth 1979;

Ohmori 1985; Howard and Hudspeth 1988; Albert et al. 2007; Kernan 2007; Lu

et al. 2009). Single-channel gating energies hardly exceed thermal noise

Fig. 1 Auditory anatomies. (a) Sketch of the antennal ear of Drosophila, depicting the sound

receiver and Johnston’s organ neurons. In the presence of sound, the receiver twists back and forth

(arrows) about its longitudinal axis, thereby mechanically activating the neurons. About half of the

ca. 500 neurons comprised by Johnston’s organ preferentially respond to antennal vibrations and

serve hearing. The other half of the neurons preferentially responds to sustained antennal

deflections and serves the detection of gravity and wind. (b) Sketch of the organ of Corti, the

sensory organ in the mammalian cochlea, depicting spiral ganglion neurons, hair cells, and

supporting Hensen’s cells, and the stria vascularis that generates the endolymph in the scala

media and the endocochlear potential. Two hair cell types can be distinguished: outer hair cells

whose electromotility mainly drives mechanical amplification and inner hair cells that primarily

serve sensory roles and are densely innervated by afferent spiral ganglion neurons
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(Nadrowski et al. 2008), and the sensory organelles that bear the channels, i.e., JO

neuron cilia and hair cell stereocilia, are bathed in an endolymph that is potassium

rich (Kernan 2007). In the cochlea, this high potassium concentration, along with a

strongly positive endocochlear potential, is generated by the epithelium of the stria

vascularis in the lateral wall of the scala media (Zdebik et al. 2009) (Fig. 1b). In JO

neurons, the high potassium concentration seems generated by supporting cells that

enwrap the cilia of the sensory cells (Roy et al. 2013) (Fig. 1a). Vertebrate auditory

transduction channels are highly permeable to K+, Ca2+, and fluorescent dyes like

FM1-43, and they are blocked by, e.g., amiloride and aminoglycosides (Corey

2006). The pore is estimated to vary between 1.3 and 1.5 nm (Farris et al. 2004),

and the conductance is large, ranging between 100 and some 300 pS (Crawford

et al. 1991; Geleoc et al. 1997; Ricci et al. 2003) and varying considerably from cell

to cell (Ricci et al. 2003).

In addition to transducing mechanical vibrations, hair cells and JO neurons are

motile and actively assist the vibrations on a cycle-by-cycle basis, thereby boosting

the mechanical input of the ear (Robles and Ruggero 2001; Göpfert and Robert

2003; Hudspeth 2008; Nadrowski et al. 2008). This positive feedback amplification

actively modulates the ear’s mechanics in an intensity- and frequency-dependent

manner, introducing a compressive nonlinearity that enhances the mechanical

sensitivity and frequency-selectivity of the ear (Hudspeth 2008; Nadrowski

et al. 2011). By-products of this nonlinear amplification are distortion product

otoacoustic emissions (DPOAEs), which are widely used for hearing screens

(Janssen et al. 2006). Excessive amplification, in turn, can give rise to spontaneous

otoacoustic emissions that arise from self-sustained feedback oscillations in the ear

(Hudspeth 2008). For hair cells, two forms of motility have been described: a

prestin-based electromotility, which is known from mammalian outer hair cells

(Zheng et al. 2000) and seems also present in birds (Beurg et al. 2013), and an active

motility of the stereociliar hair bundle that arises from the interplay between the

transduction channels and associated adaptation motors (Hudspeth 2008). The latter

transducer-based mechanism also explains the motility of JO neurons in the fly

(Nadrowski et al. 2008).

Whereas JO neurons bear axons and generate action potentials, sound encoding

in vertebrates takes place downstream of hair cells in spiral ganglion neurons that

transmit auditory information to the auditory brainstem (Fig. 1b). Apart from

DPOAEs, auditory brainstem responses (ABRs) that can be recorded noninvasively

via external electrodes are widely used to assess mammalian hearing (Sininger

1993).

3 TRPs in Drosophila Hearing

The antennal ear of Drosophila has proved a valuable system for studying auditory

TRP channel functions. Nine of the fly’s 16 TRP channels are reportedly expressed

in JO (Fig. 2), including the TRPC subfamily members TRP and TRPL (Senthilan

et al. 2012); the TRPV subfamily members Nanchung (Nan) (Kim et al. 2003a, b)
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and inactive (Iav) (Gong et al. 2004); the TRPN1 channel No Mechanoreceptor

Potential C (NOMPC) (Eberl et al. 2000; Kamikouchi et al. 2009); the TRPP

subfamily member Brivido1 (Brv1) (Gallio et al. 2011); and the TRPA subfamily

members Water Witch (Wtrw) (Senthilan et al. 2012), Pyrexia (Pyx), and Painless

(Pain) (Sun et al. 2009). At least six of these TRPs—Nan, Iav, NOMPC, Pain, and

Brivido1—are expressed in JO neurons (Kim et al. 2003a, b; Gong et al. 2004;

Kamikouchi et al. 2009; Gallio et al. 2011; Sun et al. 2009), and disruption of at

least eight TRPs (Trp, Trpl, Nan, Iav, NOMPC, Wtrw, Pyx, and Pain) reportedly

affects JO function (Eberl et al. 2001; Kim et al. 2003a, b; Gong et al. 2004; Sun

et al. 2009; Senthilan et al. 2012). Particular attention has been paid to the NOMPC

TRPN1 channel and the TRPVs Nan and Iav, which are considered candidates for

the fly’s auditory transduction channels. In the following, we will focus on these

latter TRPs and discuss their roles in hearing.

3.1 NOMPC

NOMPC localizes to the tips of the mechanosensory cilia of virtually all the

ca. 500 sensory neurons of the fly’s JO (Lee et al. 2010; Cheng et al. 2010; Liang

et al. 2011). NOMPC is a bona fide mechanotransduction channel that can be

directly activated mechanically and can confer mechanosensitivity to cells (Yan

et al. 2013; Gong et al. 2013). The 29N-terminal ankyrin residues of NOMPC form

a one coiled spring, raising the possibility that NOMPC forms both a

mechanotransduction channel and a gating spring (Howard and Bechstedt 2004;

Sotomayor et al. 2005; Lee et al. 2006; Liang et al. 2013; Zanini and Göpfert 2013).

Fig. 2 TRPs in hearing. Phylogenetic trees of fly and human TRP channels indicating members

that are reportedly expressed in ears (blue) and members that have been implicated auditory

function (red). The tree of human TRPs includes mouse TRPC2 and TRPN to depict their

phylogenetic relation. The fly tree was adopted from Gallio et al. (2011) and the human tree

from Nilius and Owsianik (2011)
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Loss of NOMPC affects JO neuron function, as witnessed by a loss of mechani-

cal amplification (Göpfert et al. 2006) and a reduced amplitude and sensitivity of

sound-evoked afferent nerve potentials (Eberl et al. 2000; Effertz et al. 2011).

Because amplification seems linked to transduction (Nadrowski et al. 2008), the

loss of mechanical amplification in nompCmutants suggests that NOMPC might be

required for transduction. Judging from the residual nerve potentials, however,

NOMPC cannot be the only transduction channel in JO or it modulates rather

than mediates transduction (Göpfert et al. 2006; Kamikouchi et al. 2009).

The 500 neurons comprised by JO can be subdivided into five different classes

(labeled A to E) based on their positions inside the organ and their axonal target

regions in the brain (Kamikouchi et al. 2006). Measurements of intracellular

calcium signals and targeted cell ablations revealed that whereas the neurons of

classes A and B preferentially respond to sound-induced antennal vibrations and

mediate hearing, those of classes C and E preferentially respond to maintained

antennal deflections as imposed by gravity and wind (Kamikouchi et al. 2009;

Yorozu et al. 2009) (Fig. 1a). Ablating only the former auditory JO neurons was

shown to copy the auditory phenotypes of nompC mutants, including the loss of

mechanical amplification and the reduced amplitude and sensitivity of the nerve

response (Effertz et al. 2011). When only the gravity-/wind-sensitive neurons were

ablated, however, amplification and auditory sensitivity remained unchanged.

Measurements of compound calcium responses confirmed that NOMPC is dispens-

able for the mechanosensory function of the gravity-/wind-sensitive—but not the

sound-sensitive—JO neurons (Effertz et al. 2012). Judging from promoter-fusion

constructs (Liu et al. 2007; Kamikouchi et al. 2009), it seems that auditory and

gravity-/wind-sensitive JO neurons may express different NOMPC isoforms, pos-

sibly explaining the coexistence of NOMPC-dependent and NOMPC-independent

mechanosensory neurons in JO.

Measurements of mechanical correlates of channel gating revealed that JO

neurons harbor at least two different types of mechanically gated ion channels

(Effertz et al. 2012): the less sensitive channel type is NOMPC-independent and

mainly affiliated with the gravity-/wind-sensitive JO neurons, whereas the more

sensitive channel type primarily resides in auditory JO neurons and requires

NOMPC for its mechanical gating and integrity. To further test the requirement

of NOMPC for auditory transduction, Lehnert et al. (2013) recorded from the giant

fiber neuron—a second-order interneuron that is electrically coupled to an unknown

number of auditory JO neurons that belong to classes A and B (Kamikouchi

et al. 2009; Lehnert et al. 2013). Consistent with previous findings, loss of

NOMPC was found to abolish sensitive sound responses, yet notwithstanding the

reported requirement of NOMPC for the function of auditory JO neurons, some

insensitive sound responses remained (Lehnert et al. 2013). One possible explana-

tion is that NOMPC mediates transduction in some but not all of the fly’s

ca. 250 auditory JO neurons: class B neurons, for example, seem dispensable for

sensitive hearing (Kamikouchi et al. 2009), indicating that their function might be

independent of NOMPC. An alternative explanation is that the mechanical gating of

the sensitive NOMPC-dependent channel type observed by Effertz et al. (2011)
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primarily promotes mechanical amplification in auditory JO neurons (Lehnert

et al. 2013): Ca2+ entering trough NOMPC, for example, might modulate motor

proteins. Such NOMPC-dependent mechanical preamplification could facilitate the

mechanical gating of downstream ion channels that mediate transduction by

contributing most of the transduction currents in JO (Lehnert et al. 2013). Clearly,

more work is needed to distinguish between these alternatives (Zanini and Göpfert

2013), including fine-scale analyses of the NOMPC-dependence of single JO

neuron subpopulations down to single cells. Also the TRP dependence of transduc-

tion in the gravity-/wind-sensitive class C and D neurons remains to be tested:

judging from mutant defects in gravitaxis, but not auditory behaviors, it seems that

these neurons specifically require the TRPA subfamily member Pain (Sun

et al. 2009).

3.2 Nan and Iav

Like NOMPC, the fly’s two TRPV subfamily members Nan and Iav are also

expressed in virtually all 500 JO neurons, yet they localize to the proximal region

of the cilium (Kim et al. 2003a, b; Gong et al. 2004), downstream of NOMPC.

Disrupting the iav gene abolishes Nan protein and vice versa, indicating that these

two TRPVs form a heteromeric Nan-Iav channel in the neurons of JO (Gong

et al. 2004). When expressed heterologously, each Nan and Iav can be activated

by hypotonicity, indicating that they are mechanosensitive (Kim et al. 2003a, b;

Gong et al. 2004). Whether mechanical stimuli activate Nan and Iav directly or via

second messengers has not been determined yet.

Null mutations in either nan or iav completely eliminate sound-evoked nerve

responses, raising the possibility that Drosophila auditory transduction is mediated

by TRPVs (Kim et al. 2003a, b; Gong et al. 2004). In the absence of Nan-Iav,

however, mechanical feedback amplification by JO neurons is not lost but

increases, as witnessed by self-sustained feedback oscillations and an excessive

amplification gain (Göpfert et al. 2006). The mere persistence of mechanical

amplification points to an intact sound transduction, simply because this nonlinear

and frequency-specific cycle-by-cycle amplification requires information about

sound intensity, frequency, and phase. Residual sound-evoked calcium signals in

JO neurons indeed persist if Nan-Iav is lost (Kamikouchi et al. 2009), but

recordings from a downstream neuron suggest that transduction currents might be

lost (Lehnert et al. 2013).

3.3 Models of TRP Channel Function in Fly Auditory
Transduction

To explain the auditory phenotypes observed in nompC, nan, and iav mutants, two

different models have been proposed (Fig. 3):
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The “NOMPC transducer model” (Göpfert et al. 2006; Effertz et al. 2011, 2012)

posits that NOMPC mediates sensitive sound transduction and mechanical amplifi-

cation in certain auditory neurons of JO. The second, less sensitive transduction

channel type occurs primarily in the gravity-/wind-sensitive neurons, which con-

tribute the residual nerve responses that persist in nompC nulls. Nan-Iav is required

for downstream electrical signal amplification/propagation, explaining the loss of

sound-evoked nerve potentials in nan and iav nulls. In addition, Nan-Iav is assumed

to negatively regulate mechanical amplification in auditory JO neurons via

NOMPC, explaining why amplification becomes excessive when Nan-Iav is

disrupted but is abolished when Nan-Iav and NOMPC are both lost (Göpfert

et al. 2006).

The “Nan-Iav transducer model” (Lehnert et al. 2013), by contrast, posits that

mechanical stimuli acting on JO neurons directly activate—and are transduced

by—Nan-Iav. NOMPC primarily serves mechanical amplification in auditory JO

neurons, thereby facilitating transduction by enhancing the mechanical stimuli that

are acting on Nan-Iav.

Fig. 3 Models of TRP function in Drosophila auditory transduction. (a) Sketch of a JO neuron

that is mechanically coupled to the antennal receiver. The respective subcellular localizations of

NOMPC and Nan-Iav are depicted. (b) “NOMPC transducer model”: in sound-sensitive JO

neurons, antennal vibrations are coupled to the NOMPC channel, which transduces the vibrations

into cellular signals and, by interacting with adaptation motors, provides mechanical signal

amplification (+). Nan-Iav serves signal propagation/amplification downstream of transduction

and negatively regulates mechanical amplification via NOMPC. Gravity-/wind-sensitive JO

neurons, which do not provide amplification, are endowed with a second type of transduction

channel (X) and also use Nan-Iav for downstream signal propagation/amplification. (c) “Nan-Iav

transduction model”: antennal vibrations are coupled to NOMPC, which contributes to mechanical

amplification. The amplified vibrations are then mechanically coupled to Nan-Iav, which

transduces them into cellular signals in both the sound- and the gravity-/wind-sensitive neurons

of JO
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In line with the latter “Nan-Iav transduction” model, one would expect that

Nan-Iav is directly activated by mechanical stimuli. And in line with the “NOMPC

transducer model,” one would predict that Nan-Iav is activated by voltage; judging

from response latencies, ions flowing through NOMPC must activate Nan-Iav

within microseconds, which seems too fast for diffusible messengers (Lehnert

et al. 2013). Defining the activation mechanisms of the Nan-Iav channel thus will

be crucial for testing the models, which both provide useful concepts to further

dissect the auditory roles of NOMPC and Nan-Iav, not to mention all the other

TRPs that occur in the fly’s ear.

4 TRPs in Vertebrate Hearing

In vertebrates, nearly all TRPs seem to be expressed inside the ear (Fig. 2): using

qPCR analysis, Gabashvili et al. (2007) found 21 TRPs in the inner ears of diverse

vertebrates, ranging from zebrafish to humans. Asai et al. (2010) analyzed the

expression of 33 TRPs including splice variants in the developing mouse cochlea

and found all except TRPC7 and TRPM8. So far, only six of these TRPs have been

implicated in hearing, i.e., TRPN1 (Sidi et al. 2003), TRPA1 (Corey et al. 2004),

TRPV4 (Liedtke et al. 2000), TRPML3 (Di Palma et al. 2002), TRPC3 (Wong

et al. 2013), and TRPC6 (Quick et al. 2012). An indirect link seems to exist between

TRPV5 and TRPV6 and deafness and vestibular dysfunction in Pendred syndrome

caused by mutations in the Cl�/HCO3� exchanger pendrin (¼ SLC26A4) (Everett

et al. 1997): in pendrin knockout mice, acidification of the endolymph due to

impaired HCO3� secretion reportedly leads to a pathological elevation of the

endolymphatic Ca2+ concentration by inhibiting Ca2+ reabsorption via TRPV5

and TRPV6 (Nakaya et al. 2007; Wangemann et al. 2007). As far as the mysterious

hair cell transduction channels are concerned, it now seems unlikely that they are

TRPs: a tetraspan superfamily member, ThMS (tetraspan membrane protein of hair

cell stereocilia) was recently identified as a regulatory subunit of mouse auditory

transduction channels (Xiong et al. 2012). The pore-forming subunit of these

channels still need to be identified, with strong candidates including transmembrane

channel-like proteins (Kawashima et al. 2011; Kim and Fettiplace 2013) and ion

channels of the piezo family (Coste et al. 2010, 2012).

4.1 TRPN1

TRPN1 is expressed in hair cells of certain fish and frogs but absent from reptilian,

avian, and mammalian genomes (Cuajungco et al. 2007). In the zebrafish ear,

Morpholino-mediated knockdown of TRPN1 reportedly abolishes sound-evoked

electrical potentials (Sidi et al. 2003), yet further confirmation of this observation

seems needed. In frog hair cells, TRPN1 localizes to the kinocilium but not to the

stereociliar hair bundle that harbors the transduction channels (Shin et al. 2005).

Recent evidence suggests that the kinocilia of zebrafish hair cells serve
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mechanosensory roles during development (Kindt et al. 2012), raising the possibil-

ity that TRPN1 mediates some form of kinociliar mechanosensitivity. Such func-

tion of TRPN1 would seem consistent with those in Caenorhabditis elegans and
Drosophila, where TRPN1 acts as a mechanotransduction channel, localizes to

cilia, and seems to interact with microtubules (Kang et al. 2010; Cheng et al. 2010;

Yan et al. 2013; Liang et al. 2013). The imaging approach Beurg et al. (2009) used

to narrow down the transduction sites in hair cell stereocilia might help to test the

roles of TRPN1 in kinociliar mechanosensitivity.

4.2 TRPA1

TRPA1 is broadly expressed in inner ear, including hair cells as well as Hensen’s

cells and other supporting cells (Corey et al. 2004; Kwan et al. 2006). Judging from

qPCR, TRPA1 transcripts are particularly abundant at the cochlear apex, where

expression levels seem higher than those of all the other TRPs (Asai et al. 2010).

Notwithstanding this strong and broad expression, the auditory relevance of TRPA1

remains unclear: using short interfering RNA (siRNA) in mammals and

Morpholino antisense oligonucleotides in zebrafish, Corey et al. (2004) provided

in vitro evidence that TRPA1 might be a subunit of the hair cell transduction

channels. TRPA1 knockout mice (Bautista et al. 2006; Kwan et al. 2006) and

zebrafish TRPA1 mutants (Prober et al. 2008), however, turned out to have normal

hair cell function and to be neither hearing nor balance impaired. Recent evidence

suggests that TRPA1 forms functional channels in outer hair cells and that these

channels retain their function when mechanotransduction is disturbed (Stepanyan

et al. 2011). This apparent functionality of TRPA1, along with the lack of mutant

auditory phenotypes, suggests that functionally redundant proteins might compen-

sate for the loss of TRPA1 inside the ear: because TRPA1 and TRPV1 reportedly

can interact and regulate each other (Akoipan et al. 2007; Salas et al. 2009), this

compensation was speculated to involve an upregulation of TRPV1 (Asai

et al. 2010).

4.3 TRPV4

In the mouse inner ear, TRPV4 is expressed in cochlear and vestibular hair cells, the

utricular macula, spiral ganglion neurons, and in the cochlear stria vascularis that

generates the ionic milieu of the scala media and the endocochlear potential

(Liedtke et al. 2000; Takumida et al. 2005). Also, hair cells of zebrafish were

recently reported to express TRPV4 (Amato et al. 2012). Like the Drosophila
TRPV channels, TRPV4 is activated by hypotonicity, implicating it in cellular

osmoregulation (Liedtke et al. 2000; Strotmann et al. 2000). Osmotic stimuli

reportedly activate TRPV4 indirectly via a second-messenger cascade (Watanabe

et al. 2003; Vriens et al. 2004), which contrasts with the direct mechanical activa-

tion of the hair cell transduction channels.
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Judging from ABRs and DPOAEs, homozygous TRPV4 knockout mice hear

normally when two (Tabuchi et al. 2005) to three (Cuajungco et al. 2007) months

old. At the age of 6 months, however, hearing is impaired (Tabuchi et al. 2005): this

late-onset hearing loss, which seems unlikely to reflect deficits in transduction,

reportedly manifests itself as a drop in auditory sensitivity and an increased

susceptibility to acoustic trauma (Tabuchi et al. 2005). Intriguingly, TRPV3 maps

into the locus DFNA25 (Greene et al. 2001), one of the autosomal dominant

deafness (DFNA) loci that typically associates with delayed-onset and progressive

hearing loss (Van Camp et al. 1997). DFNA25 has been linked to mutations in the

vesicular glutamate transporter VGLUT3 (Ruel et al. 2008), yet it seems that

hearing impairments can also associate with mutations in TRPV4: by screening

patients with various neuropathies, Zimoń et al. (2010) identified a family with

sensorineural hearing loss that carries an autosomal dominant missense mutations

in TRPV4 (Zimoń et al. 2010).

4.4 TRPML3

In the mouse inner ear, TRPML3 is expressed in hair cells, the stria vascularis, and

the epithelial lining of the vestibular endolymph spaces (Di Palma et al. 2002;

Nagata et al. 2008; van Aken et al. 2008; Castiglioni et al. 2011). Within hair cells,

TRPML localizes to the basal regions of the mechanosensory stereocilia (van Aken

et al. 2008).

Mutations in TRPML cause hearing loss and vestibular dysfunction in varitint-

waddler (Va) mice (Deol 1954; Di Palma et al. 2002; Kim et al. 2003a, b). Two

independent missense mutations in TRPML have been identified in VAmice: Va, in
which an alanine residue at amino acid position 419 in the predicted pore region in

the fifth transmembrane domain is substituted with proline (A419P); and VaJ, in
which a isoleucine at amino acid position 362 in the second extracellular loop

region is substituted with threonine (I362T) (Di Palma et al. 2002). The Va
mutation is a gain-of-function mutation (Grimm et al. 2007; Kim et al. 2007; Xu

et al. 2007), and the VaJ mutation, which arose in the Va background, seems to

weaken the phenotypes caused by Va (Di Palma et al. 2002; van Aken et al. 2008).

Deafness in the Va and VaJmutants associates with disorganized stereociliar hair

bundles of inner and outer cochlear hair cells and a strong reduction of the

endocochlear potential (Cable and Steel 1998; Di Palma et al. 2002). Heterologous

expression revealed that the mutations A419P and I362T +A419P cause cell death

by constituently activating TRPML3 (Grimm et al. 2007; Kim et al. 2007, 2008; Xu

et al. 2007; Nagata et al. 2008; van Aken et al. 2008). This constituent TRPML

activation presumably explains the ultimate degeneration of hair cells, the organ of

Corti, and the stria vascularis observed in Va and VaJ mice (Deol 1954; Cable and

Steel 1998): similar leak currents have been documented for hair cells of homozy-

gous Va/VaJ mutants, and in both the homozygous and heterozygous VaJ/+mutants,

hair cell transduction currents are reduced (van Aken et al. 2008).
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Unlike VA mice, TRPML knockout mice display normal inner ear anatomies

and auditory and vestibular functions, indicating that TRPML3 itself is dispensable

for the function of the ear (Jörs et al. 2010; Castiglioni et al. 2011); whereas hearing

and balance defects in Va mice seem to result from a constitutive and cytotoxic

activation of TRPML3 (Jörs et al. 2010), the auditory relevance of native TRPML3

is thus unclear: one possibility is that TRPML3 is a nonessential subunit of a

heteromeric channel, with putative partners including, e.g., TRPML2 (Jörs

et al. 2010) and TRPV5 (Guo et al. 2013).

4.5 TRPC3 and TRPC6

TRPC3 and TRPC6 are both expressed in cochlear hair cells and spiral ganglion

neurons (Raybould et al. 2007; Phan et al. 2010; Quick et al. 2012). TRPC3

transcripts are enriched in the cochlea’s high-frequency region, whereas TRPC6

transcripts seem equally distributed along the cochlear length (Asai et al. 2010).

TRPC3 can form homomeric channels, but also assembles into heteromeric

channels with other TRPCs including TRPC6 (Goel et al. 2002; Gudermann

et al. 2004).

No auditory phenotypes have hitherto been reported for single TRPC6

knockouts, whereas TRPC3 knockout mice hear better than normal, being about

twice as sensitive to sounds at intermediate frequencies between ca. 8 and 16 kHz

(Wong et al. 2013). Measurements of DPOAEs revealed that this auditory hyper-

sensitivity—or hyperacusis—associates with excess mechanical amplification,

indicating that TRPC3 might negatively regulate outer hair cell electromotility.

This regulation may involve Ca2+ entering through TRPC3: upon the depletion of

cytosolic Ca2+ in isolated hair cells, Ca2+ reentry is significantly diminished in the

absence of TRPC3 (Wong et al. 2013).

Whereas the loss of TRPC3 facilitates hearing, hearing worsens if TRPC3 and

TRPC6 are both lost (Quick et al. 2012): in TRPC3/TRPC6 double knockout mice,

the sensitivity to high-frequency sounds is strongly diminished, dropping by as

much as ca. 30 dB. This high-frequency hearing loss is not accompanied by

apparent alterations in hair cell numbers and morphologies, but hair cell transduc-

tion currents are impaired: outer hair cells from the cochlear high-frequency region

display current amplitudes that are about 75 % smaller than normal, indicating that

transduction in the respective hair cells is facilitated by the concerted function of

TRPC3/TRPC6. Intriguingly, a mechanical activation of TRPC3 that is augmented

by TRPC6 has been observed in a certain cell line that is derived from dorsal root

ganglion neurons (Quick et al. 2012). Whether such mechanical activation also

occurs in hair cells—and whether TRPC3 and TRPC6 localize to hair cell

stereocilia—remains to be seen.

Conclusion

Despite considerable progress over the past years, much remains to be learned

about the roles of TRPs in ears. Work on Drosophila has shown that auditory
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transduction and amplification can depend on TRPs, yet whether, and if so,

which TRPs mediate transduction in the fly’s hearing organ remains to be seen.

Work on vertebrates, in turn, revealed that nearly all TRPs are expressed in ears,

yet the auditory relevance of most of them is still unclear: linking auditory

phenotypes to TRPs is often difficult, presumably because of functional redun-

dancy. The use of double knockouts thus seems promising, as was exemplified

by work on TRPC3/TRPC6. Another problem in assigning auditory phenotypes

to TRPs might be the genetic and functional diversity of the mechanosensory

cells within the ears: the fly’s JO neurons harbor at least two mechanically gated

channel types, and it seems conceivable that also several such channel types

occur in vertebrate inner ears. Even though TRPs seem rather unlikely to form

transduction channels in vertebrate hair cells, the abundance of TRPs in ears will

continue to make their study an enticing endeavor, with much room for

discovery.
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Germanà A, Vega JA (2012) TRPV4 in the sensory organs of adult zebrafish. Microsc Res

Tech 75:89–96
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Liang X, Madrid J, Gärtner R, Verbavatz JM, Schiklenk C, Wilsch-Bräuninger M, Bogdanova A,
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Nadrowski B, Effertz T, Senthilan PR, Göpfert MC (2011) Antennal hearing in insects – new

findings, new questions. Hear Res 273:7–13

Nagata K, Zheng L, Madathany T, Castiglioni AJ, Bartles JR, Garcia-Anoveros J (2008) The

varitint-waddler (Va) deafness mutation in TRPML3 generates constitutive, inward rectifying

currents and causes cell degeneration. Proc Natl Acad Sci U S A 105:353–358

Nakaya K, Harbidge DG, Wangemann P, Schultz BD, Green ED, Wall SM, Marcus DC (2007)

Lack of pendrin HCO3- transport elevates vestibular endolymphatic [Ca2+] by inhibition of

acid-sensitive TRPV5 and TRPV6 channels. Am J Physiol Renal Physiol 292:F1314–F1321

Nilius B, Owsianik G (2011) The transient receptor potential family of ion channels. Genome Biol

12:218

Ohmori H (1985) Mechanoelectrical transduction currents in isolated vestibular hair cells of the

chick. J Physiol 359:189–217

Petit C, Richardson GP (2009) Linking genes underlying deafness to hair-bundle development and

function. Nat Neurosci 12:703–710

Phan PA, Tadros SF, Kim Y, Birnbaumer L, Housley GD (2010) Developmental regulation of

TRPC3 ion channel expression in the mouse cochlea. Histochem Cell Biol 133:437–448

Prober DA, Zimmerman S, Myers BR, McDermott BM Jr, Kim SH, Caron S, Rihel J, Solnica-

Krezel L, Julius D, Hudspeth AJ, Schier AF (2008) Zebrafish TRPA1 channels are required for

chemosensation but not for thermosensation or mechanosensory hair cell function. J Neurosci

28:10102–10110

914 D. Zanini and M.C. Göpfert
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Abstract

The mammalian olfactory system has become an excellent model system to

understand the function of transient receptor potential (TRP) channels within

their native cellular and circuit environment. The discovery that the canonical

TRP channel TRPC2 is highly expressed in sensory neurons of the vomeronasal

organ (VNO) has led to major advances in our understanding of the cellular and

molecular processes underlying signal transduction of pheromones and other

molecular cues that play an essential role in the control of instinctive decisions

and innate social behaviors. TRPC2 knockout mice provide a striking example

that the loss of function of a single gene can cause severe alterations in a variety

of social interactions including the display of aggression, social dominance, and

sexual behaviors. There is mounting evidence that TRPC2 is not the only TRP
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channel expressed in cells of the olfactory system but that other TRP channel

subtypes such as TRPC1, TRPC4, TRPC6, TRPM4, and TRPM5 could also play

important functional roles in mammalian olfaction. Here, I review such findings

and discuss future areas for investigation.

Keywords

Olfactory • Sensory • Pheromone • Long-lasting neuronal activation • Ican • Ca
2+-

activated cation channel • Rostral migratory stream • Olfactory ensheathing

cell • TRPM8 • TRPA1 • Modulation

1 Introduction

The mammalian olfactory system has become an excellent model system to under-

stand the function of TRP channels within their native cellular and circuit environ-

ment. The discovery that a canonical TRP channel, TRPC2, is highly expressed in

sensory neurons of the vomeronasal organ (VNO) has led to major advances in our

understanding of the cellular and molecular processes underlying signal transduc-

tion of pheromones and other molecular cues that play an essential role in the

control of instinctive decisions and innate social behaviors. TRPC2 knockout mice

provided a striking example that the loss of function of a single gene can cause

severe alterations in a variety of social interactions in mice including the display of

aggression, social dominance, and sexual behaviors. Vomeronasal sensory neurons

(VSNs) also serve as a valuable model to understand activation and Ca2+-regulation

mechanisms of TRP channels within small neuronal compartments such as

dendrites and microvilli. More recently, there has been mounting evidence that

TRPC2 is not the only TRP channel expressed in cells of the olfactory system and

that TRP channel function could be widespread for mammalian olfaction. In this

chapter, I review the available evidence for the expression of TRP channels in

mammalian olfaction and the current understanding of the functional significance

of these findings. As such, these studies are part of a larger set of investigations

aimed at understanding general TRP channel function in sensory systems (for

reviews see Damann et al. 2008; Montell 2011; Eijkelkamp et al. 2013). In order

to appreciate recent developments in this field, it is necessary to gain some

understanding on the cellular and molecular organization of the mammalian sense

of smell.

2 Peripheral Olfactory System

The peripheral olfactory system in most mammals comprises millions of

chemosensory neurons that, in rodents, are organized into four distinct sensory

structures. These include (1) a sensory epithelium in the main olfactory system and
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its first processing station in the main olfactory bulb (MOB); (2) a sensory epithe-

lium in the VNO and a first processing station in the accessory olfactory bulb

(AOB); (3) a sensory epithelium in the Grueneberg ganglion and its first processing

station in the necklace region of the olfactory bulb, located at the border between

MOB and AOB; and (4) a sensory epithelium in the septal organ (of Masera) with a

first processing station in specific regions of the MOB. Several comprehensive

reviews have covered this basic organization of the mammalian olfactory system

(Mombaerts 2004; Munger et al. 2009; Tirindelli et al. 2009). Sensory neuron

populations located in each of these four structures are further subdivided into a

variety of independent subsystems, each one characterized by distinct families of

chemoreceptors, signal transduction pathways, axonal projection patterns in the

olfactory bulb, and roles in odor-guided behaviors. With respect to TRP channel

function, the vomeronasal or accessory olfactory system of mice has received

specific attention because of the finding that TRPC2 plays a critical role in phero-

monal signaling of VSNs and the regulation of social and sexual behaviors (for

reviews see Dulac and Torello 2003; Liman and Zufall 2004; Zufall et al. 2005;

Brennan and Zufall 2006; Liman and Dulac 2007; Yildirim and Birnbaumer 2007;

Kiselyov et al. 2010; Chamero et al. 2012). I will therefore begin by discussing the

function of TRPC2 in the VNO. Outside the olfactory system, TRPC2 has been

investigated in rodent sperm function (Jungnickel et al. 2001; Sutton et al. 2004;

Stamboulian et al. 2005), erythroblasts (Chu et al. 2002, 2004), red blood cells

(Hirschler-Laszkiewicz et al. 2012), and rat thyroid cells (Lof et al. 2012;

Sukumaran et al. 2012, 2013; Viitanen et al. 2013).

2.1 Vomeronasal Organ

Mouse VSNs express members of two large families of G protein-coupled receptor

genes. VSNs with cell bodies in the apical layer of the vomeronasal epithelium

(VNE) express receptor genes of the Vmn1r repertoire, coexpress the G protein

Gαi2, and project their axons to the anterior AOB; VSNs with cell bodies in the

basal layer of the VNE express receptor genes of the unrelated Vmn2r repertoire,
coexpress Gαo, and project their axons to the posterior AOB (for a review see

Chamero et al. 2012). The basal VNE layer is further subdivided in apical and basal

parts, based on expression of a family of nine nonclassical class I major histocom-

patibility complex (MHC) genes termed H2-Mv genes (Ishii et al. 2003; Loconto

et al. 2003). All of these VSNs, as far as we know, express TRPC2 (Liman

et al. 1999). Aside from these neurons, additional subsets of VSNs have been

identified that express members of the formyl peptide receptor (FPR) family of G

protein-coupled receptors (Riviere et al. 2009; Liberles et al. 2009). It is currently

unknown whether FPR-positive VSNs also express TRPC2 or whether they employ

other types of cation channels.
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2.1.1 TRPC2
2.1.1.1 Gene
For the initial identification and genomic organization of Trpc2, the reader is

referred to two previous reviews (Liman and Dulac 2007; Yildirim and Birnbaumer

2007). Trpc2 is unique among other TRPCs in that functional open reading frames

are no longer present in the genomes of Old World monkeys and humans (Liman

and Innan 2003; Yildirim et al. 2003). Trpc2 was first identified as a pseudogene by
searching an expressed sequence tag database (Wes et al. 1995), and its presence in

other genomes was later confirmed through sequencing of partial clones from mice

and cows (Zhu et al. 1996; Wissenbach et al. 1998). Full-length sequences of rat

(Liman et al. 1999) and mouse (Vannier et al. 1999) Trpc2 were subsequently

reported. Of the mouse primary transcript, four variants that apparently result from

alternative splicing have been described: Trpc2a and Trpc2b (Vannier et al. 1999)

and Trpc2α and Trpc2β (Hofmann et al. 2000). With few exceptions (Chu

et al. 2005), little progress has been made during the past decade in understanding

the functional significance of Trpc2 splice variants (Liman and Dulac 2007;

Yildirim and Birnbaumer 2007). Recent work reported the identification of two

distinct genes at the vertebrate Trpc2 locus, bona fide Trpc2, and a gene that has

been named XNDR (Frankenberg et al. 2011).

2.1.1.2 Expression
A breakthrough came with the demonstration that Trpc2 is highly expressed in

VNE of rats, where it represents as much as 1/10,000 of the mRNA (Liman

et al. 1999; Liman and Dulac 2007). Furthermore, immunolabeling demonstrated

intense staining in VSNmicrovilli (Liman et al. 1999), specialized structures for the

detection of chemosignals. The localization of TRPC2 to VSN microvilli was later

confirmed at the ultrastructural level (Menco et al. 2001). This localization

suggested a role for TRPC2 in pheromone-induced signaling in VSNs (Liman

et al. 1999), which was tested and indeed demonstrated when Trpc2–/– mice were

generated (Leypold et al. 2002; Stowers et al. 2002; Lucas et al. 2003). Low levels

of TRPC2 have been detected in the main olfactory epithelium (Liman et al. 1999,

and see below), testes, heart, brain, liver, spleen, and erythrocytes (Wissenbach

et al. 1998; Hofmann et al. 2000; Liman and Dulac 2007).

2.1.1.3 The Channel Protein and Structural Aspects
Kyte–Doolittle analysis of the amino acid sequence of TRPC2 identifies seven

hydrophobic regions with the potential to form six transmembrane segments

(Yildirim and Birnbaumer 2007). However, because of difficulties in expressing

TRPC2 in heterologous cells, very little is still known about TRPC2 protein and

structural aspects of the channel. One study indicated that TRPC2 is largely trapped

in the endoplasmic reticulum when expressed in HEK 293 cells and does not seem

to interact with other members of the TRPC family (Hofmann et al. 2002; but see

Chu et al. 2004). As a result, it is not yet clear whether native TRPC2 channels form

homomeric or heteromeric complexes, and no structure–activity studies of TRPC2

have been performed.
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2.1.1.4 Interacting Proteins
TRPC2 is coexpressed with type III inositol 1,4,5-trisphosphate receptor (IP3R) in

the microvillous layer of the VNE and both molecules associate in a protein–protein

interaction process (Brann et al. 2002). Type II IP3R immunoreactivity is present in

the supporting cell zone but not in the sensory cells (Brann et al. 2002). TRPC2 also

forms protein–protein interactions with Homer family scaffolding proteins, partic-

ularly Homer 1b/c, and with the chaperone receptor transporting protein RTP1

(Mast et al. 2010). It has been proposed that TRPC2 activation is physically linked

to type III IP3R via Homer (Mast et al. 2010), but no functional measurements in

native VSNs have tested this model thus far. Similarly, in CHO-S cells there is

evidence that TRPC2, IP3R, phospholipase C gamma, and erythropoietin interact to

form a signaling complex (Tong et al. 2004). More recently TRPC2 has also been

shown to bind the stromal interaction molecule STIM1, indicating that TRPC2

could be linked to store-operated Ca2+ release (Worley et al. 2007). In native VSNs,

however, it must be kept in mind that TRPC2 is mostly expressed in the sensory

microvilli of VSNs, a neuronal compartment that lacks Ca2+ store organelles such

as endoplasmic reticulum and mitochondria.

The long cytoplasmic N-terminus of TRPC2 contains ankyrin (Liman

et al. 1999; Vannier et al. 1999), calmodulin (CaM) (Yildirim et al. 2003), and

enkurin binding domains (Sutton et al. 2004). TRPC2 also has a CaM-binding site

on its C-terminus (Yildirim et al. 2003). Strong inhibition by Ca2+-calmodulin of

native TRPC2 channels and of pheromone-evoked currents in VSNs has been

demonstrated (see below, Spehr et al. 2009).

2.1.1.5 Biophysical Description of Channel Function, Permeation,
and Gating

Because most investigators have failed to express TRPC2 in heterologous cells (see

Liman and Dulac 2007), the biophysical properties of TRPC2 still remain unclear.

Early results using COS-M6 cells concluded that TRPC2 is a store depletion-

activated capacitative Ca2+ entry channel that can be readily activated not only

after stimulation with an agonist but also by store depletion in the absence of an

agonist using thapsigargin (Vannier et al. 1999). However, studies from our group

searching for pheromone-sensitive ion channels at dendritic tips of native VSNs

came to a very different conclusion (Lucas et al. 2003; Zufall et al. 2005; Spehr

et al. 2009). This work identified a 42 pS cation channel that is permeable for Na+,

Cs+, and Ca2+ but not for N-methyl-D-glucamine (Lucas et al. 2003). In excised

inside-out membrane patches, this channel can be activated by application of

several analogs of diacylglycerol but not by IP3 or Ca
2+ (Lucas et al. 2003) and,

once activated by diacylglycerol, application of Ca2+/CaM causes channel closure

(Spehr et al. 2009). This conductance requires TRPC2 as it is nearly absent from

TRPC2-deficient VSNs (Lucas et al. 2003). Furthermore, the biophysical and

pharmacological properties of the diacylglycerol-activated currents are closely

similar to the currents stimulated by pheromonal ligands, leading us to conclude

that TRPC2 is required in VSNs for a pheromone-sensitive cation channel that is

activated via receptor-operated G protein coupling of phospholipase C and
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subsequent formation of diacylglycerol (Lucas et al. 2003; Zufall et al. 2005). An

essential role of the G protein Gαo in this cascade was recently demonstrated for

VSNs of the basal layer (Chamero et al. 2011).

2.1.1.6 Physiological Function in Native VSNs and Lessons from Knockouts
In the absence of a reliable expression system for TRPC2, the generation of

TRPC2-deficient mice paved the way for subsequent investigations in native

VSNs and whole animals and became crucial for gaining insight into the role of

TRPC2 in mouse vomeronasal function. Two independently generated mouse lines

with a global Trpc2 deficiency provided evidence that TRPC2 plays a central role in
mediating pheromone-evoked excitation of VSNs (Leypold et al. 2002; Stowers

et al. 2002) and enabled initial investigations into the nature of the signal transduc-

tion mechanisms of VSNs (see above, Lucas et al. 2003; Zufall et al. 2005). The

mutant mice are both viable and fertile, thus ruling out an essential role of TRPC2

in sperm function (Leypold et al. 2002; Stowers et al. 2002). These mice afforded

the opportunity to examine the role of the VNO in the generation of innate sexual

and social behaviors. TRPC2 mutant males and nursing females are docile and fail

to initiate aggressive attacks on intruder males (Leypold et al. 2002; Stowers

et al. 2002). Male–female sexual behavior appears normal, but TRPC2 mutants

males also vigorously mount other males (Leypold et al. 2002; Stowers et al. 2002).

Since these original descriptions, numerous additional behavioral studies have been

performed with these mice, thus gaining further insight into the behavioral

consequences of the Trpc2 deletion (Chamero et al. 2007; Kimchi et al. 2007;

Hasen and Gammie 2009, 2011; Haga et al. 2010; Papes et al. 2010; Ferrero

et al. 2013). Together, these results clearly demonstrate that loss-of-function muta-

tion of a single gene, Trpc2, has severe and complex consequences for social

behavior in mice. An important next step will be to generate conditional Trpc2
mutations that will allow for cell-specific or time-dependent deletion of this

channel.

Concerning the interpretation of behavioral data in Trpc2–/– mice, it is still

unclear whether all TRPC2-deficient VSNs are completely silent when stimulated

by chemical ligands or whether other mechanisms can contribute to electrical

signaling under these circumstances (Kelliher et al. 2006; Zhang et al. 2010).

Further evidence that global Trpc2–/– mice may retain partial VNO function has

come from a study indicating a requirement for Ca2+-activated chloride channels in

the activation of mouse VSNs (Kim et al. 2011). In the absence of TRPC2, the

activation of the chloride conductance, perhaps via Ca2+ release from intracellular

stores, is sufficient to trigger action potential activity in VSNs (Kim et al. 2011).

Furthermore, the Ca2+-activated potassium channel SK3 and the G protein-

activated potassium channel GIRK seem to be part of an independent pathway for

VNO activation (Kim et al. 2012). It will be necessary to gain a more detailed

understanding of the role of Ca2+ signaling, Ca2+ stores, and IP3R function in VSNs

in order to resolve these remaining questions.
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2.1.1.7 Role in Hereditary and Acquired Disease
The finding that the Trpc2 gene is a pseudogene in humans (Wes et al. 1995; Liman

and Innan 2003; Yildirim et al. 2003) excludes a potential role in hereditary and

acquired human disease, making TRPC2 a unique case among all other TRPCs.

2.2 Main Olfactory Epithelium

The rodent MOE comprises four major cell types: sensory neurons, supporting

cells, microvillous cells, and basal progenitor cells. Among the sensory neurons,

classical or canonical olfactory sensory neurons (OSNs) represent the vast majority

of sensory neurons in the MOE. Each canonical OSN expresses a member of the

odor receptor (OR) gene family and a cAMP signaling cascade that consists of the

G protein subunit Gαolf, type III adenylyl cyclase (ACIII), and the cyclic

nucleotide-gated channel subunits CNGA2, CNGA4, and CNGB1b, which form a

cAMP-gated cation channel (Munger et al. 2009). Besides canonical OSNs, several

other sensory neuron populations exist in MOE. These differ from canonical OSNs

with respect to the receptors and signal transduction elements they express, the

chemosignals they detect, and the axonal projections and target regions in the

olfactory bulb. Therefore, these additional subsets of sensory neurons represent

distinct subsystems of the MOE (Munger et al. 2009). They include GC-D OSNs

that express the particulate guanylyl cyclase type D and the cGMP-specific CNG

channel subunit CNGA3 (Zufall and Munger 2010) and TAAR OSNs that express a

member of the trace amine-associated receptor family (Liberles and Buck 2006;

Pacifico et al. 2012). In addition to these recently characterized subpopulations, the

MOE comprises cell types that are characterized by the expression of specific TRP

channel isoforms, indicating further functional diversity in the main olfactory

system. These cell types will be discussed in the following chapters.

2.2.1 TRPM5
With respect to TRP channels in the MOE, current interest has focused on a large

group of ciliated OSNs that express the Ca2+-activated, monovalent-selective

cation channel TRPM5 (Lin et al. 2007; Oshimoto et al. 2013). Using a transgenic

mouse line in which a TRPM5-GFP construct is expressed under the control of

Trpm5 promoter sequences (Clapp et al. 2006), it was shown that GFP-positive

neurons are enriched in the ventrolateral MOE and project axons to the ventral,

lateral, and medial MOB (Lin et al. 2007). Surprisingly, such TRPM5+ OSNs

express components of both phosphatidylinositide- and cAMP-mediated signaling

cascades, including PLCβ2, the G protein subunit Gγ13, and the CNGA2 channel

subunit (Lin et al. 2007). They also express olfactory marker protein (Lin

et al. 2007).

The role that each cascade plays in cellular responses to chemostimulation

remains unclear. TRPM5+ OSNs may respond to pheromones or other

semiochemicals. Mouse urine, the putative pheromone 2,5-dimethylpyrazine, and

the social cue (methylthio)methanethiol (MTMT) each elicit increased c-fos
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expression in periglomerular cells associated with MOB glomeruli receiving

TRPM5+ neuron innervation (Lin et al. 2007). Population responses (measured as

an electroolfactogram) to the semiochemical 2,5-dimethylpyrazine, but not the

environmental odor lilial, are reduced in Trpm5 null mice in the presence, but not

absence, of an adenylyl cyclase inhibitor (Lin et al. 2007). Thus, both pathways

may be required for the transduction of certain stimuli by TRPM5+ OSNs, but the

precise role of TRPM5 and the TRPM5+ OSNs in olfaction or pheromone detection

eagerly awaits functional characterization of individual TRPM5+ neurons.

Besides TRPM5+ OSNs, there is now evidence for the existence of several types

of TRPM5-expressing microvillous cells in MOE (Lin et al. 2007, 2008; Hansen

and Finger 2008). None of these cells have an axon that projects to the olfactory

bulb. The function of these cells is not yet understood. Thus, TRPM5+ microvillous

cells are clearly distinct from ciliated TRPM5+ OSNs.

2.2.2 TRPC6
As indicated in the previous paragraph, several populations of microvillous cells,

with properties and functions that are not yet clear, have been described in the

rodent olfactory epithelium. On the basis of immunohistochemical staining, one of

these populations comprising about 5 % of all olfactory cells seems to express

TRPC6 in their microvilli (Elsaesser et al. 2005). These cells also express phospho-

lipase C β2, type III IP3R, and ecto-50-nucleotidase CD73 (Pfister et al. 2012), and

they are negative for the expression of TRPM5 (Hansen and Finger 2008). How-

ever, TRPC6-deficient mice have not been used thus far to evaluate the specificity

of TRPC6 antibody labeling nor have they been examined to investigate the

biophysical properties and function of the TRPC6 channel in these cells. A potential

involvement of these cells in olfactory neurogenesis and homeostasis, possibly

driven by extracellular ATP and adenosine (Pfister et al. 2012), would make such

experiments timely.

2.2.3 TRPC2
Besides TRPM5- and TRPC6-expressing cells in MOE, there is now also at least

some preliminary evidence for the presence of a small subpopulation of MOE cells

that are characterized by the expression of TRPC2 (Mombaerts 2008). Generation

of a mouse strain with a targeted mutation in the Trpc2 locus resulting in expression
of axonal markers revealed these cells and showed projections of axons of TRPC2-

expressing neurons from the MOE to specific glomeruli of the olfactory bulb

(Mombaerts 2008). It is not yet clear whether these cells represent displaced

microvillous VSNs or whether they are ciliated OSNs. The chemosensory role of

these neurons, if any, remains to be investigated. Thus, it appears that TRPC2-

expressing cells have some function outside the VNO and comprise yet another

independent subsystem in the MOE (Firestein 2009).
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2.3 Grueneberg Ganglion

The Grueneberg ganglion, located at the rostral tip of the nasal cavity close to the

opening of the naris, consists of a cluster of sensory cells that express olfactory

marker protein and project their axons to regions of the necklace system of

glomeruli in the olfactory bulb (Munger et al. 2009). At least some Grueneberg

ganglion neurons (GGNs) are chemodetectors and seem to sense alarm pheromones

(Brechbuhl et al. 2013), but GGNs also function as finely tuned cold sensors

(Mamasuew et al. 2008; Schmid et al. 2010). Although it is now well established

that GGNs express several elements of a cGMP second messenger pathway,

including the membrane-bound guanylyl cyclase GC-G, the cGMP-specific CNG

channel CNGA3, and the cGMP-stimulated phosphodiesterase PDE2 (see

references in Schmid et al. 2010), the fact that these cells produce graded intracel-

lular Ca2+ increases evoked by cooling has raised interest in a potential role of TRP

channels in this function. However, in TRPA1-deficient mice, there was no differ-

ence in cold-evoked Ca2+ signal compared to controls, and chemicals that normally

activate another temperature-sensitive TRP channel, TRPM8, were unable to evoke

a Ca2+ transient in these cells (Schmid et al. 2010). TRPC5-deficient mice also

showed normal cold-evoked Ca2+ responses in GGNs (Schmidt et al. unpublished

observation). Thus, the ion channels underlying cold detection in these neurons are

still to be defined.

3 Olfactory Ensheathing Cells

The axons of OSNs form the olfactory nerve (also known as cranial nerve I) which

transmits neural activity from the periphery of the olfactory system to the first

processing center in the brain, the MOB. OSN axons are unusual in that they can

regenerate and reinnervate the MOB following injury, a process that occurs

throughout life. These axons are ensheathed by a type of glial cell, the olfactory

ensheathing cells (OECs), that are thought to provide an environment permissive

for axon growth. There is evidence that Ca2+ signaling in OECs may play an

important role in the ability of these cells to promote neurite regrowth (Hayat

et al. 2003). Therefore, the mechanisms underlying Ca2+ entry into OECs are of

considerable interest. Few studies have examined whether TRP channel function

underlies Ca2+ signaling in OECS. Davies et al. (2004) used high extracellular Ca2+

(20 mM) to stimulate enhanced Ca2+ entry into OECs and characterized the

pharmacological properties of this normally constitutively active Ca2+ entry path-

way. On the basis of its pharmacological profile, with an order of inhibitor potency

of Lu3+>La3+¼ econazole¼Gd3+> SKF96365>Cd2+, the authors conclude that

an as yet unidentified member of the TRPC family underlies this Ca2+ entry (Davies

et al. 2004). OECs also exhibit cooling-evoked Ca2+ signals and these signals

persist in TRPM8- and TRPA1-deficient mice (Stavermann et al. 2012). No sys-

tematic studies on TRP channel expression in OECs have been reported thus far.
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4 Olfactory Bulb

4.1 Main Olfactory Bulb

The MOB receives sensory input from all canonical OSNs as well as from those

OSNs that express TRPM5 channels or trace amine-associated receptors (Munger

et al. 2009). Within a spherical structure of neuropil called a glomerulus, OSN

axons converge onto several classes of mitral/tufted cells, the principal output

neurons of MOB (Shepherd et al. 2004). The MOB network also includes several

classes of GABAergic interneurons (such as periglomerular cells, short axon cells,

and granule cells) and at least one class of glutamatergic local interneuron, the

external tufted cells (Wachowiak and Shipley 2006).

Few systematic studies on TRP channel expression in MOB neurons are avail-

able. It is generally thought that TRPC4 is the most abundant TRPC channel

expressed in MOB (Lein et al. 2007; Zechel et al. 2007; Stroh et al. 2012). Recent

work analyzed TRP channel mRNA expression in identified external tufted, mitral,

and granule cells (Dong et al. 2012). Consistent with some of the physiological

studies discussed below, these authors identified 12 TRP channel mRNAs in mitral

cells, 9 TRP channel mRNAs in external tufted cells, and 7 TRPC channel mRNAs

in granule cells (Dong et al. 2012). This work provides a rich source of potential

candidate channels for understanding TRP channel function in MOB neurons.

Perhaps the best evidence for a physiological role of TRP channels in MOB

neurons comes from a recent study investigating the function of the most abundant

type of synaptic connection in vertebrate MOB, the reciprocal dendrodendritic

synapse between mitral/tufted and granule cells (Stroh et al. 2012). These synapses

produce a long-lasting depolarization upon suprathreshold activation that is absent

from granule cells deficient for the NMDA receptor subunit NR1. Both the long-

lasting depolarization and the accompanying intracellular Ca2+ increase are also

absent in granule cells from double knockout mice deficient for the TRPC channel

subtypes 1 and 4 (Stroh et al. 2012). Taken together, these results provide clear

evidence that both TRPC1 and TRPC4 contribute to slow, NR1-dependent synaptic

transmission in MOB, including the Ca2+ dynamics required for asynchronous

transmitter release from these interneurons (Stroh et al. 2012).

Several other studies suggest that TRP channels may mediate G protein-coupled

receptor responses in multiple classes of MOB neurons and play important roles in

the processing of olfactory signals, yet in none of these cases, TRP channel gene

deletion has been employed to determine which TRP channels underlie such

responses. First, group I metabotropic glutamate receptor (mGluR1) activation

enhances Ca2+-dependent nonselective cation currents (ICAN) and rhythmic burst-

ing in external tufted cells (Dong et al. 2009). Such slow rhythmic oscillations may

play a key role in respiratory-driven activity in the MOB (Dong et al. 2009).

Second, serotonin (5-HT) has been shown to modulate external tufted cells, and

this modulation is also thought to be due to a nonselective inward current mediated

by an as yet unknown TRP channel (Liu et al. 2012). Third, there is evidence for a

role of ICAN in two other types of MOB interneurons. For example, Blanes cells,
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GABAergic interneurons located in the granule cell layer, generate afterdepolar-

izations and persistent firing following brief depolarization. The pharmacological

properties of these effects are consistent with a role for ICAN (Pressler and

Strowbridge 2006). Furthermore, in granules cells, muscarinic receptor activation

produces an afterdepolarization with properties also consistent with ICAN (Pressler

et al. 2007).

Hence, centrifugal modulation has multiple effects on the MOB network, and

there is good evidence that TRP channels could play important roles in these

functions. Systematic gene deletion studies will be required to determine precisely

which TRP channels underlie these effects.

4.2 Accessory Olfactory Bulb

The AOB, located caudally to the MOB, receives sensory input from all VSNs. As

in the MOB, sensory neuron axons converge onto mitral cells, the principal output

neurons of AOB, within glomerular neuropil structures and the AOB network

involves multiple types of interneurons (Zufall et al. 2008).

Much less is known about TRP channel expression and function in AOB neurons

compared to those of MOB. Based on the Allen Brain Atlas (http://mouse.brain-

map.org), nine TRPC and TRPM candidates are expressed in the AOB mitral cells

alone (TRPC1, TRPC3, TRPC5, TRPC6, TRPC7, TRPM2, TRPM4, TRPM5, and

TRPM7) (Shpak et al. 2012). A single study has addressed the physiological role of

TRP channels in AOB (Shpak et al. 2012). This work described sustained firing

lasting up to several minutes in responses to brief electrical stimulation in AOB

mitral cells recorded in mouse brain slices. This sustained excitation was found to

be mediated by a nonselective cationic current. Combination of single-cell gene

expression analysis, pharmacology, and immunocytochemistry led the authors to

conclude that this current was at least partially mediated by TRPM4 channels

activated by Ca2+ influx (Shpak et al. 2012). The authors speculate that this current

could serve to modulate AOB neural activity in a context-dependent manner.

5 Rostral Migratory Stream

MOB and AOB neurons are continuously replenished during adulthood through

lifelong neurogenesis. An important site of such neurogenesis is the subventricular

zone where neuronal precursor cells (neuroblasts) are generated and then migrate

over long distances through the rostral migratory stream to become interneurons in

MOB and AOB (Whitman and Greer 2009). Ca2+ signaling in neuroblasts is likely

to regulate cell migration. While Ca2+ signaling mechanisms in neuroblasts are still

incompletely understood, a recent study concluded that a TRP channel, possibly

TRPC1, provides an important Ca2+ source for modulating neuroblast migration

(Turner and Sontheimer 2013). The Ca2+-activated K+ channel KCa3.1 serves as a

downstream target for TRP-mediated Ca2+ entry in these cells. Both the use of TRP
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channel blockers and blockade of KCa3.1 caused a strong decrease in cell migration

in these neuroblasts (Turner and Sontheimer 2013).

6 Higher Olfactory Centers

MOB mitral/tufted cells project to numerous downstream structures in the central

nervous system, including the anterior olfactory nucleus, olfactory tubercle,

piriform cortex, amygdala, and entorhinal cortex. With the exception of a few

studies (von Bohlen Und Halbach et al. 2005; Meis et al. 2007), there are no

systematic investigations examining TRP channel expression and function in

these brain structures.

AOB output is transmitted to the bed nucleus of the stria terminalis, the bed

nucleus of the accessory olfactory tract, the posteroventral medial amygdala and the

more rostral and posterior-dorsal subdivisions of the medial amygdaloid nucleus,

and the posteromedial cortical amygdala (Brennan and Zufall 2006). Connections

exist from the amygdala to hypothalamic nuclei for the regulation of endocrine

status. The evidence for TRP channel expression and function in neuroendocrine

centers of the brain will be summarized in chapter XX (Leinders-Zufall and Boehm,

TRPs in endocrinology).

Concluding Remarks

In conclusion, the mammalian olfactory system has been a rewarding neural

system to investigate TRP channel function in native neurons and at the whole

animal level. Although these investigations were initially largely focused on the

role of TRPC2 in the accessory olfactory system, this review has summarized a

number of recent developments indicating that TRP channels other than TRPC2

are likely to play important roles at multiple places in the olfactory system.

These include primary sensory neurons, neurons of the olfactory bulb and higher

olfactory centers, glial cells that contribute to axonal regeneration, and even

some stem cell populations that are required for adult neurogenesis and network

homeostasis. A major future challenge is to develop conditional gene targeting

approaches in which subsets of cell populations expressing specific TRP channel

subtypes can be visualized and specific channel subunits be deleted in a cell-

specific or time-dependent manner in order to determine the precise functions of

these channels within their native cellular environment.
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Abstract

The Transient Receptor Potential (TRP) channel family is comprised of a large

group of cation-permeable channels, which display an extraordinary diversity of

roles in sensory signaling. TRPs allow animals to detect chemicals, mechanical

force, light, and changes in temperature. Consequently, these channels control a
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plethora of animal behaviors. Moreover, their functions are not limited to the

classical senses, as they are cellular sensors, which are critical for ionic homeo-

stasis and metabolism. Two genetically tractable invertebrate model organisms,

Caenorhabditis elegans and Drosophila melanogaster, have led the way in

revealing a wide array of sensory roles and behaviors that depend on TRP

channels. Two overriding themes have emerged from these studies. First,

TRPs are multitasking proteins, and second, many functions and modes of

activation of these channels are evolutionarily conserved, including some that

were formerly thought to be unique to invertebrates, such as phototransduction.

Thus, worms and flies offer the potential to decipher roles for mammalian TRPs,

which would otherwise not be suspected.

Keywords

Drosophila TRP channels • Sensory transduction • Invertebrate TRP channels •

Vision • Chemosensation • Thermosensation • Nociception •Mechanosensation •

Courtship • Disease models

1 Introduction

TRP channels include six transmembrane segments and are subdivided into seven

subfamilies on the basis of amino acid homology (Fig. 1) (Venkatachalam and

Montell 2007). The channels that are the most homologous to the original TRP

protein (Montell and Rubin 1989), which functions in Drosophila

phototransduction, belong to the TRPC subfamily. The TRPCs as well as four

other subfamilies (TRPV, TRPM, TRPA, and TRPN) constitute the “group

1 TRPs” (Fig. 1) (Montell 2005). Two other subfamilies (TRPP and TRPML)

that are relatively similar to each other in sequence, but are more distantly related

group 1 TRPs, are referred to as “group 2 TRPs.”

Due to the broad roles of TRPs in sensory signaling, they are critically important

in allowing animals to sense a changing environment. As such, it is not surprising

that these channels are ancient, evolutionarily conserved proteins that function in a

wide range of metazoan organisms. These include invertebrates, such as worms

(Kahn-Kirby and Bargmann 2006; Xiao and Xu 2009), arachnids (e.g., ticks),

insects (e.g., flies, mosquitoes and bees) (Matsuura et al. 2009; Wolstenholme

et al. 2011), and vertebrates such as zebrafish, mice, and humans (Venkatachalam

and Montell 2007; Wu et al. 2010). However, the range of TRP channels in some

ancient organisms, such as protozoa, is limited to group 2 TRPs (Dong et al. 2010;

Wolstenholme et al. 2011).

In invertebrates, the functions of TRP channels have been studied most exten-

sively in two genetically tractable model organisms—the fruit fly, Drosophila
melanogaster (Fowler and Montell 2013), and the roundworm, C. elegans (Xiao
and Xu 2011). All seven subfamilies are represented in flies and worms, although
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these organisms have fewer TRP channels than humans. Nevertheless, the TRPA

subfamily is the largest in insects, even though only one representative exists in

mice and humans. This notable difference might reflect a particularly important role

for TRPA channels in sensing environmental chemicals and changes in
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Fig. 1 Phylogenetic tree and cartoons of TRP channels from C. elegans (c; green), Drosophila
melanogaster (d; red), and Homo sapiens (h; black). The TRPN channel from Danio rerio (dr;

zebrafish; blue) is also included. To generate the tree, we used the predicted transmembrane

segments of each TRP channel (http://www.cbs.dtu.dk/services/TMHMM/) in combination with

the following online program: http://www.genome.jp/tools/clustalw/. Indicated on the TRP

cartoons are ankyrin repeats (A.R.), coiled coil domains (cc), and the TRP domains, which include

TRP boxes 1 and 2 (Montell 2001, 2005). TRPV proteins include only TRP box 1, rather than the

full TRP domain. The N- and C-termini are the left and right ends of the TRP structures. The TRP

termini are situated on the cytoplasmic side of the lipid bilayer
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temperature, since poikilothermic animals such as insects are particularly sensitive

to heat and cold and are subjected to a very complex repertoire of compounds in

their surroundings.

Characterization of TRPs in worms and flies underscore the theme that individ-

ual TRP channels do not respond to one type of sensory stimuli. Rather, a single

TRP channel is capable of sensing a surprisingly broad range of sensory input. In

this regard, Drosophila TRPA1 is a particularly notable polymodal sensor, as it

functions in the avoidance of noxious volatile and nonvolatile chemicals, intense

light, excessively warm temperatures, and small temperature differences in the

comfortable range.

2 Sensory Transduction

The peripheral nervous system in Drosophila is composed of four general types of

sensory elements. These include (1) external sense organs, such as chemosensory

and mechanosensory bristles (sensilla); (2) chordotonal organs, which serve in part

as stretch receptors; (3) multidendritic neurons; and (4) photoreceptor cells.

C. elegans senses the external world through sensillar organs and a variety of

isolated sensory neurons.

2.1 Light Sensation

2.1.1 Role of TRPs in Image Formation in Drosophila
In 1969, Cosens and Manning described a Drosophila mutant characterized by a

loss of a sustained light response (Cosens and Manning 1969). Using a simple field

recording, the electroretinogram (ERG), the flies displayed only a transient

response to light. The basis for the transient receptor potential (trp) phenotype
was enigmatic, despite a series of studies over the next two decades (Montell 2011).

The first indication as to the function of TRP emerged from the cloning of the trp
gene, and the observation that the TRP protein had a predicted transmembrane

topology similar to the limited number of ion channels and transporters known at

the time (Montell and Rubin 1989). A subsequent report demonstrated that loss of

trp resulted in the rapid decrease the light-activated Ca2+ conductance (Hardie and

Minke 1992). Together, these findings supported the model that trp encodes a Ca2+

permeable channel.

In vitro biophysical analyses of TRP, and a related channel identified in 1992

(TRP-Like; TRPL) (Harteneck et al. 1995; Hu et al. 1994; Phillips et al. 1992; Vaca

et al. 1994; Xu et al. 1997), indicated that both TRP and TRPL were cation

channels. Direct in vivo evidence demonstrating that TRP is a Ca2+ permeable

channel was obtained by manipulation of the selectivity filter, resulting in a

dramatic decrease in the light-induced Ca2+ conductance (Liu et al. 2007a).

TRP and TRPL are activated via a signaling pathway that couples light stimula-

tion of rhodopsin with a heterotrimeric G protein (Gq) that engages a phospholipase
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Cβ (PLCβ) encoded by the norpA locus (Bloomquist et al. 1988; Inoue et al. 1985)

(Fig. 2). PLCβ catalyzes the hydrolysis of phosphoinositide-4,5-bisphosphate

(PIP2) into inositol-1,4,5-trisphosphate (IP3), diacylglycerol (DAG), and a proton

(H+) (Huang et al. 2010). The enzymatic activity of NORPA is required for gating

of TRP and TRPL since replacement of a single residue that is critical for phospho-

lipase C activity eliminates the light response (Wang et al. 2008).

The activation mechanism of TRP and TRPL has been scrutinized extensively

and is still not fully resolved. Nevertheless, it is clear that neither IP3 nor the IP3-
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Fig. 2 Model for activation of Drosophila TRP and TRPL. (a) The fly phototransduction cascade

is not active, and the TRP and TRPL channels are closed in photoreceptor cells maintained in the

dark. (b) The light-activated phototransduction cascade. (1) Light activation of rhodopsin. (2) GTP
is exchanged for GDP on the Gα subunit (Gqα; also known as Gα49B) and the βγ subunit

dissociates from the α subunit. (3) Activation of PLC (phospholipase Cβ) catalyzes the hydrolysis
of PIP2 (phosphoinositide-4,5-bisphosphate (PIP2) into DAG (diacylglycerol), IP3 (inositol-1,4,5-

trisphosphate), and H+ (proton). (4) The major products of the DAG lipase (encoded by the inaE
locus) are 2-MAG (2-monoacylglycerol) and a saturated FA (fatty acid). Not shown are the minor

products: 1-MAG and a polyunsaturated FA (PUFA). (5) Activity of an unknown MAG lipase

catalyzes the production of a PUFA and glycerol. (6) TRP and TRPL are activated, leading to

influx of Ca2+ and Na+. The cleavage of PIP2 (step 3) is proposed to contribute to activation of TRP

and TRPL through a change in curvature of the plasma membrane, thereby creating mechanical

force
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receptor is important for channel activation (Acharya et al. 1997; Raghu

et al. 2000). According to one model, TRP and TRPL are activated by polyunsatu-

rated fatty acids (PUFAs) such as arachidonic acid and linoleic acid, which are

derived from metabolism of DAG (Chyb et al. 1999). Another proposal is that a

decline in PIP2, which is inhibitory, and a decrease in pH, due to the production of

H+, are the two signals necessary for channel activation (Huang et al. 2010).

The question then arises as to why PIP2 depletion leads to channel activation. A

provocative concept is that light stimulation activates TRP and TRPL through

mechanical gating (Hardie and Franze 2012) (Fig. 2b). PIP2 hydrolysis appears to

cause minute mechanical contractions of the photoreceptor cell membrane due to

removal of the bulky head group of the PIP2, and these membrane contractions may

activate the TRP/TRPL channels (Hardie and Franze 2012). In further support of

the concept that TRP and TRPL are mechanically gated, incorporation of a

mechanically activated monovalent cation channel (gramicidin) into the

membranes of photoreceptor cells dissociated from the trpl;trp double mutant is

sufficient to induce a light conductance (Hardie and Franze 2012).

The mechanisms of phototransduction in the Drosophila photoreceptors are

in stark contrast to those occurring in vertebrate rods and cones. Whereas

Drosophila phototransduction involves depolarization of the photoreceptors, light

hyperpolarizes vertebrate rods and cones (Fu and Yau 2007). On the other hand, the

intrinsically photosensitive retinal ganglion cells (ipRGCs) in the mammalian

retina, which participate in circadian entrainment and the pupillary light response

(Berson et al. 2002; Provencio et al. 2000; Schmidt et al. 2011), use a

phototransduction cascade that employs TRPC6 and TRPC7 and bears a striking

resemblance to the Drosophila phototransduction cascade (Xue et al. 2011).

2.1.2 Non-image Light Sensing in Worms and Flies
Drosophila larvae also sense light and do so through two types of phototransduction

cascades, both of which depend on TRP channels. However, in contrast to the adult

visual system, which functions in image detection, larval phototransduction

participates in phototaxis only. The two discrete larval phototransduction cascades

take place in separate body parts and are activated by different light intensities. Low

to moderate light is received by the Bolwig’s organ, which appears to use a cascade

that is initiated by rhodopsin and culminates with activation of the TRP and TRPL

channels, since these signaling proteins are expressed in this tissue (Petersen and

Stowers 2011; Sprecher and Desplan 2008).

Intense bright light is detected by class IV multidendritic sensory neurons that

tile the Drosophila larval body wall (Xiang et al. 2010). This light avoidance

requires TRPA1, but remarkably, it appears to be independent of rhodopsin, PLC,

and the flavin-based light sensor, cryptochrome (Xiang et al. 2010). Rather, the

photoresponse of the class IV neurons requires a member of the gustatory receptor

family (GR28b) (Xiang et al. 2010), which is the Drosophila homolog of LITE-1—

a protein that functions in light detection in C. elegans (Liu et al. 2010; Ward

et al. 2008). Whether Gr28b homozygous mutant flies have a defect in light

avoidance behavior has not been reported. Other open questions are whether
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GR28b binds a chromophore, the spectral sensitivity of this light receptor, and how

activity of GR28b is coupled to TRPA1. One possibility is that GR28b engages a

heterotrimeric G protein. However, at least some members of the insect GR family

have a topology opposite to classical G protein-coupled receptors (Zhang

et al. 2011).

2.2 Chemical Senses

Volatile chemicals are detected through the sense of smell, while nonvolatile

chemicals are sensed through contact chemosensation, which includes the sense

of taste.

2.2.1 Odor and CO2 Detection (Non-contact Chemosensation)
The first TRP channel shown to have a role in invertebrate chemosensation is

OSM-9. This TRPV protein couples to an odorant receptor, ODR-10, and plays a

regulatory role in C. elegans olfaction (Colbert et al. 1997). The osm-9 mutants are

defective in chemotaxis towards a subset of olfactory cues that are mediated by the

AWA neurons. These mutants also exhibit reduced avoidance to benzaldehyde,

which depends on ASH neurons, and display diminished olfactory adaptation to

some odorants detected by AWC neurons (Colbert et al. 1997).

Drosophila use two primary organs to sense volatile chemical, the third antennal

segment and the maxillary palp (Vosshall and Stocker 2007). The olfactory receptor

neurons (ORNs) that extend from these organs terminate in the antennal lobe,

which send projection neurons into higher brain centers (Vosshall and Stocker

2007). The two main classes of channels that are critical for Drosophila olfaction

are seven-transmembrane ionotropic receptors, referred to “olfactory receptors”

(ORs) (Clyne et al. 1999; Gao and Chess 1999; Robertson et al. 2003; Vosshall

et al. 1999), and ionotropic receptors (IRs) (Benton et al. 2009), which are distantly

related to glutamate receptors. Several Drosophila TRP channels also participate in

olfaction, although they are not the primary olfactory detectors. For instance, the

classical TRP plays a role in olfactory adaptation (Störtkuhl et al. 1999). In

addition, TRPA1 is expressed in ORNs and is required for avoiding the naturally

occurring insect repellent, citronellal (Kwon et al. 2010a). Fly TRPA1 is not

effectively activated by citronellal directly. Rather, it is activated through a Gq

and PLC (NORPA)-dependent signaling cascade. However, the TRPA1 expressed

by the mosquito, Anopheles gambiae, which is an insect vector that spreads malaria,

is directly and potently activated by citronellal (Kwon et al. 2010a). Both TRP and

TRPL are co-expressed in CO2-sensitive olfactory receptor neurons (ORNs) in the

antennae and contribute to CO2 avoidance, possibly through a Gq/PLC signaling

cascade (Badsha et al. 2012). Another TRPA channel, Painless (Tracey et al. 2003),

functions in projection neurons emanating from the olfactory glomeruli, where it

participates in an olfactory circuit that inhibits male-male courtship (Wang

et al. 2011).
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2.2.2 Taste (Contact Chemosensation)
The sense of taste in flies is mediated through gustatory receptor neurons (GRNs)

housed in hairlike projections referred to as sensilla. Gustatory sensilla are

distributed on multiple body parts, including the main gustatory organ (labellum),

the legs, wing margins, and ovipositor. Taste in flies depends predominately on a

large family of gustatory receptors (GRs), which are related to ORs, and at least one

IR (Montell 2009; Zhang et al. 2013b). This is in contrast to mammalian taste,

which is mediated largely through a TRP channel (Pérez et al. 2002; Zhang

et al. 2003). Nevertheless, at least three TRP channels participate in Drosophila

taste sensation (TRPA1, Painless, and TRPL) as described below.

TRPA1 is expressed in the main taste organ, the labellum, and is critical for

sensing the naturally occurring plant compound, aristolochic acid (Kim et al. 2010).

Activation of TRPA1 through this chemical depends on the same Gq and PLC that

is required for phototransduction in the compound eye and for activating TRPA1 in

ORNs. TRPA1 is also expressed in internal mouthparts where it is employed to

detect a subset of aversive chemicals prior to ingestion (Kang et al. 2010a). As with

mammalian TRPA1, Drosophila TRPA1 is a receptor for electrophilic chemicals,

such as allyl isothiocyanate (AITC) (Bandell et al. 2004; Hinman et al. 2006; Jordt

et al. 2004; Kang et al. 2010a; Macpherson et al. 2007). Avoidance of AITC—the

pungent ingredient of wasabi—also appears to depend on Painless (Al-Anzi

et al. 2009). However, whether Painless is required in GRNs or postsynaptic to

these afferent neurons is unclear. In C. elegans, the TRPV channel, OSM-9,

mediates avoidance behavior towards the bitter chemical quinine (Hilliard

et al. 2004).

The TRPL channel functions in diet-induced changes in taste preference through

a mechanism that employs reversible changes in GRNs (Zhang et al. 2013c).

Animals including flies tend to avoid some unpalatable compounds, if more appeal-

ing options are available in the diet. Indeed, flies will reject the bitter tasting

compound, camphor. However, after long-term exposure to camphor, the animals

reduce their distaste to this food ingredient. TRPL is expressed in GRNs that

mediate an avoidance response and is directly activated by camphor. Persistent

exposure to TRPL causes ubiquitination and downregulation of TRPL, thereby

diminishing camphor rejection (Zhang et al. 2013c). If camphor is removed from

the diet for a long time, the concentration of TRPL gradually increases, thereby

restoring the original aversion to this food additive. Thus, the reversible changes in

TRPL levels provide a mechanism whereby an animal can change their food

preferences as a result of long-term alterations in the diet.

2.3 Thermal Sensation

Animals avoid noxious heat and cold for survival and seek out the ideal temperature

zone to maximize comfort. Responding to small differences in temperature is

especially important for poikilothermic organisms, since their body temperature

equilibrates with the environment. Consequently, in invertebrate animals, changes
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in temperature affect the rate of growth and development, and aging. In addition,

since it is warmer during the day than at night, daily temperature fluctuations can set

circadian rhythms. Seminal work on mammalian somatosensation established that

channels such as TRPV1 are thermal sensors and can be directly activated by

changes in temperature (Caterina et al. 1999; Dhaka et al. 2006). We now know

that roles for TRPs as thermosensors are evolutionarily conserved, and invertebrate

thermoTRPs sense changes in temperature for multiple purposes, beyond the

avoidance of noxious heat and cold.

2.3.1 Nociception
2.3.1.1 Responding to Warm and Hot Temperatures
Three channels, all within the TRPA subfamily, contribute to nociceptive responses

of Drosophila larvae to excessive heat. Normally, wild-type larvae move along a

surface parallel to their body axis. However, if they are exposed to a heat probe with

a threshold around 40 �C, they quickly roll in a corkscrew fashion around their body

axis. This writhing response depends on Painless expression in multidendritic

neurons in the body wall (Tracey et al. 2003). There are three Painless isoforms,

one of which includes a long N-terminus with eight ankyrin repeats (PainlessP103)

and another with a very short N-terminus (PainlessP60) (Fig. 3a). Expression of

PainlessP103 rescues the pain mutant phenotype, but not PainlessP60 (Hwang

et al. 2012). PainlessP103 appears to be a direct thermosensor, as it is activated

with a threshold (�42 �C) (Sokabe et al. 2008) similar to that needed to initiate the

rolling response (Tracey et al. 2003).

Another TRPA channel, Pyrexia, is activated directly by warm temperatures

(�40 �C) and enable larvae to manage the thermal stress of relatively high

temperatures (Lee et al. 2005). In the absence of Pyrexia, the larvae are paralyzed

by exposure to 40 �C for several minutes (Lee et al. 2005).

TRPA1 participates in the response to high temperatures in both larvae and adult

flies (Neely et al. 2011). The channel is activated with a threshold of ~25–29 �C
(Viswanath et al. 2003) and is used as a sensor in larvae and adults to avoid

temperature above this threshold, which are uncomfortable but not acutely danger-

ous (Hamada et al. 2008; Kwon et al. 2008; Rosenzweig et al. 2005). In adults,

TRPA1-mediated temperature sensation in this range (�25 �C) is detected by

sensory neurons in the brain (anterior cell neurons) (Hamada et al. 2008). There

are four TRPA1 isoforms (Kwon et al. 2010a; Zhong et al. 2012), two of which

include a 37 amino acid domain between the N-terminal 13 ankyrin repeat and the

transmembrane segments (Fig. 3b). These two isoforms, TRPA1-A and TRPA1-D,

are directly activated by increases in temperature, and the 37 amino acid “TRP

ankyrin cap” (TAC) domain appears to be essential for thermal activation (Kang

et al. 2012; Zhong et al. 2012) (note that the TRPA1-A and TRPA1-D isoforms are

referred to as TRPA1-B and TRPA1-A, respectively, in one study)(Kang

et al. 2012). The TRPA1-A isoform is remarkably sensitive to temperature activa-

tion, as it has a Q10 of ~130 (Kang et al. 2012). TRPA1-C does not appear to be a

direct thermosensor. Yet, expression of this isoform also rescues the trpA1
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nociceptive phenotype (Zhong et al. 2012). These findings indicate that there are

both direct and indirect mechanisms for thermal activation of TRPA1 (see below).

The mosquito vector for malaria, Anopheles gambiae, expresses a TRPA1

homolog in small coeloconic sensilla in the antenna, which is heat activated

(�25 �C) (Wang et al. 2009). These sensilla house thermosensitive neurons that

TAC

62 aa
NT

A.R.

Thermally activated
(~28˚C  threshold; Q10=130)

Thermally activated
(~30-34˚C  threshold; Q10=7.5)

TRPA1-C

TRPA1-A TRPA1-B

TRPA1-D

ATG2 (upstream ATG)

ATG1 (downstream ATG)

Thermally activated
(~43˚C  threshold; Q10=28.5)

A.R. A.R. A.R.

PainlessP103 PainlessP78 PainlessP60

62 aa
NT

A.R.

97 aa
NT

A.R.

TAC

97 aa
NT

A.R.

a

b

Fig. 3 Protein isoforms of Painless and Drosophila TRPA1. (a) Painless. (b) TRPA1. A.R.

ankyrin repeats, NT N-terminal domain, TAC TRP ankyrin cap domain
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are activated as the temperature rises above ~25–40 �C. Thus, A. gambiae appear to
use peripheral neurons in the antenna to detect warm temperatures (Wang

et al. 2009).

C. elegans employ two parallel pathways for noxious heat avoidance (�25 �C).
The first uses the neuropeptide receptor, NPR-1, and the second depends on the

two TRPV proteins, OSM-9 and OCR-2 (Glauser et al. 2011). Whether OSM-9 and

OCR-2 are heat activated is not known.

2.3.1.2 Responding to Excessively Cool Temperatures
Temperatures slightly below 18 �C are avoided by Drosophila larvae and adults.

When given a choice between 18 �C and lower temperatures, the animals will

migrate towards 18 �C. In larvae, this behavior depends in part on the TRPL

channel (Rosenzweig et al. 2008) in chordotonal neurons (Kwon et al. 2010b),

but not the TRP channel (Kwon et al. 2010b). The fly genome encodes two TRPV

channels, Inactive and Nanchung, and at least one of these channels, Inactive,

contributes to the avoidance of cool temperatures (Kwon et al. 2010b). Whether

Nanchung also functions in this behavior is unclear due to the severe defect in

locomotion, which is also associated with this mutation.

In adult flies, cool sensation is mediated via thermosensory neurons in the

antenna (arista and the sacculus) and requires three proteins, referred to as

Brivido1–3 (Gallio et al. 2011). These proteins contain either eight (Brv1) or ten

predicted transmembrane domains (Brv2 and Brv3) (Gallio et al. 2011) and are

most akin to mammalian polycystin1 proteins, which are part of the TRPP channel

complex and thought to regulate the activity of the channels. The last six trans-

membrane segments are related to TRPP channels. Since it is not known whether

the individual Brv proteins are cation channels or whether all three proteins are

subunits of a cool-sensing channel, these proteins are not currently listed as TRPP

proteins.

2.3.2 Temperature Control in the Comfortable Range
Animals including Drosophila are capable of discriminating small temperature

differences in the comfortable range (�1 �C). Although temperatures from 18 to

24 �C are comfortable for Drosophila larvae, 18 �C is preferred, and they will select

18 �C over 19–24 �C. TRPA1 is required for fine temperature discrimination in this

range (Kwon et al. 2008). However, activation of TRPA1 is indirect since the

comfortable temperatures (18–24 �C) are below the threshold for direct thermal

activation of the channel (24–29 �C) (Viswanath et al. 2003). Rather, TRPA1 is

activated downstream of phototransduction-like signaling cascade that depends on

a rhodopsin (Rh1) (Shen et al. 2011) and the same heterotrimeric G protein and

PLC that function in phototransduction (Kwon et al. 2008). Although thermal

discrimination in the comfortable range depends on a rhodopsin, the concentration

of rhodopsin in the thermosensory neurons is extremely low, precluding efficient

photon capture. Consequently, light exposure does not impact on selection of 18�

over 19–24 �C. This thermosensory signaling cascade may facilitate amplification

of small temperature differences in the comfortable range and allow for thermal
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adaptation to 19–24 �C, if the larvae are unable to identify an area that is 18 �C
within their thermal landscape.

2.3.3 Temperature Control of Circadian Rhythm
Circadian rhythms in most animals are entrained principally by day/night cycles

(Allada and Chung 2010; Hardin 2011; Kwon et al. 2011; Peschel and Helfrich-

Forster 2011; Reppert and Weaver 2002). In some poikilothermic organisms, such

as Drosophila, circadian rhythms can also be set by higher and lower relative

temperatures that simulate day/night periods (Glaser and Stanewsky 2007).

TRPA1 is one molecular sensor that contributes to the temperature control of

circadian rhythms in flies (Lee and Montell 2013). TRPA1 is expressed and

functions in a subset of pacemaker neurons in the adult brain, and loss of this

channel alters, but does not eliminate entrainment.

Recently, Pyrexia has also been reported to contribute to temperature synchro-

nization of circadian rhythm through expression in peripheral sensory neurons in

chordotonal organs (Wolfgang et al. 2013). Pyrexia affected temperature synchro-

nization to relatively low temperatures (16–20 �C) but not at higher temperatures

(21–29 �C). Since Pyrexia is activated by temperatures with a threshold near 40 �C
(Lee et al. 2005), it may function in temperature control of clock synchronization

via a thermosensory signaling cascade.

2.3.4 Temperature Control of Aging
Lower body temperature can increase animal lifespan (Conti 2008), and it was

formerly assumed that this was due to a general reduction in metabolism. However,

this is not the case, at least in C. elegans. Worm TRPA-1 is a cold-activated

channel, as is mammalian TRPA1, and functions in the intestine to sense a decrease

in temperature (Xiao et al. 2013). Cold activation of TRPA-1 leads to stimulation of

a Ca2+-sensitive protein kinase C (PKC-2) and nuclear entry of the transcription

factor DAF-16/FOXO, which promotes an increase in longevity. Given that expres-

sion of TRPA-1 in the intestine is sufficient for cold-induced longevity, this finding

demonstrates that a non-excitable tissue functions in thermosensation and lifespan

extension (Xiao et al. 2013).

2.4 Mechanosensation

Mechanosensation contributes to gentle and noxious touch, proprioception, sensing

gravity, and hearing, and invertebrate TRP channels are important for each of these

functions.

2.4.1 Touch, Proprioception, and Gravity Sensation
In C. elegans several TRP channels contribute to the response induced by nose

touch. These include TRPA-1, which is activated in vitro by applying negative

pressure to cells (Kindt et al. 2007), and both TRPV proteins, OSM-9 and OCR-2

(Colbert et al. 1997; Tobin et al. 2002). Since OSM-9 and OCR-2 are required for
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sensing volatile and nonvolatile compounds, mechanosensation, as well as

osmosensation, they are polymodal sensors (Colbert et al. 1997; Tobin

et al. 2002). The diversity of roles for these two proteins may reflect their expres-

sion in several types of sensory neurons. The two proteins may be subunits of a

single channel since they form a complex and mutually affect the spatial distribu-

tion of the other protein (Tobin et al. 2002). However, it is not known if TRPA-1,

OSM-9, or OCR-2 is responding directly or indirectly to mechanical stimulation.

Drosophila larvae depend on the TRPA channel, Painless, for responding to

noxious touch, and this function is mediated through the same nociceptors that

sense noxious heat (Tracey et al. 2003). A role for Painless in mechanosensation

extends to the Drosophila heart (Senatore et al. 2010). Painless is expressed in the

heart where it senses mechanical stress, which in turn regulates heart activity

(Senatore et al. 2010). Painless, as well as a second TRPA channel, Pyrexia, and

two TRPV channels, Inactive and Nanchung, are also expressed in the Johnston’s

organ of the second antennal segment, where they participate in gravity sensing

(Sun et al. 2009).

An important advance in dissecting the roles of TRP channels in

mechanosensation is the demonstration that the C. elegans TRPN protein, TRP-4,

is a direct mechanosensor (Kang et al. 2010b). Unlike the other six TRP

subfamilies, TRPN proteins are not expressed in mammals. However, TRPN

proteins are conserved from worms to zebrafish (Sidi et al. 2003; Walker

et al. 2000). One of the intriguing features of TRPN channels is the large number

of N-terminal ankyrin repeats (29) in flies and worms (Walker et al. 2000), which

are proposed to comprise a gating spring (Howard and Bechstedt 2004). The

Drosophila TRPN protein, NOMPC, is necessary for touch transduction in adult

flies (Walker et al. 2000) and in two of the four classes of multidendritic neurons

(II and III) for light touch transduction in larvae (Tsubouchi et al. 2012; Yan

et al. 2013). Fly TRPN is also required for larval locomotion and normal proprio-

ception (Cheng et al. 2010). The C. elegans TRP-4 protein plays a role in proprio-

ception (Li et al. 2006) and harsh touch (Kang et al. 2010b).

The quintessential hallmark of a mechanotransducer is very rapid activation

kinetics (Christensen and Corey 2007; Sharif-Naeini et al. 2008), and the TRP-4-

dependent conductance is activated in vivo in less than 1 ms (Kang et al. 2010b).

Thus, worm TRP-4 is the first TRP shown to be a direct mechanosensor in vivo. Fly

NOMPC also appears to be a mechanosensor, since ectopic expression of this

protein in non-mechanosensitive neurons confers touch sensitivity, and this channel

is activated rapidly in vitro by applying negative pressure (latency <2 mS) (Yan

et al. 2013). Currently, it is not known if any mammalian TRP channel is a direct

mechanosensor.

2.4.2 Hearing
In flies hearing plays critical roles in courtship and mating, in addition to the

avoidance of predators (Kamikouchi 2013). The mechanotransduction that is

essential for audition occurs in the Johnston’s organ, which contains chordotonal

sensilla (Kernan 2007). Hearing requires both the detection and amplification of
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sound-evoked signaling, and at least three TRP channels (NOMPC, Iav and Nan)

contribute to hearing in adult (Eberl et al. 2000; Effertz et al. 2011, 2012; Gong

et al. 2004; Göpfert et al. 2006; Kamikouchi et al. 2009; Kim et al. 2003; Lehnert

et al. 2013) and in larval chordotonal organs (Zhang et al. 2013a). Primary sound

sensation and sound amplification appear to be distinct processes. Nan and Iav

mediate the initial detection of mechanical vibrations, while NOMPC plays a role in

sound amplification (Lehnert et al. 2013).

2.4.3 Sensing Moist and Dry Environments
Hygrosensation refers to the ability of an organism to sense moisture or humidity in

the environment. In flies, hygrosensation requires a region of the antenna known as

the arista (Sayeed and Benzer 1996). The mechanisms for detecting moist and dry

air are distinct because the TRPA channel, Waterwitch (Wtrw), is involved in

sensing the transition to moist air, whereas Nan mediates the response to dry air

(Liu et al. 2007b). However, neurons expressing both channels project to the region

of the fly CNS associated with mechanotransduction (Liu et al. 2007b). Thus,

hygrosensation may involve humidity-dependent alterations in mechanical stretch

in the hygrosensitive neurons.

Drosophila larvae avoid dry surfaces through nocifensive behavior that depends

on class IV multidendritic neurons in the body wall, and the TRPA channel,

Painless (Johnson and Carder 2012). The larval cuticle is rich in charged

glycoproteins (Silvert et al. 1984) that are likely to have an incredibly high affinity

towards dry surfaces, thereby causing the cuticle to adhere to such surfaces. Thus,

larval propensity to avoid dry surfaces may arise from noxious mechanical stretch

as the larval cuticle adheres to a dry substrate during peristalsis.

2.5 Complex Behaviors

2.5.1 Feeding Behavior and Social Influences
Feeding behavior is a product of specialized interactions between chemosensory

and somatosensory modalities and involves sensing of the internal metabolic state

followed by state-dependent regulation of food seeking and feeding. In vertebrates,

neuropeptide Y (NPY) signaling in the arcuate nucleus of the hypothalamus is

intimately linked to feeding and energy expenditure (Gruninger et al. 2007; Stanley

et al. 1985; Tomaszuk et al. 1996). The NPY receptors in both C. elegans and

Drosophila larvae play critical roles in determining the selection of social or

solitary feeding (de Bono and Bargmann 1998; Wu et al. 2003). Some worm strains

exhibit social feeding, which involves avoidance of noxious chemical stimuli in a

process requiring the TRP channels, OCR-2 and OSM-9 (de Bono et al. 2002).

Additionally, OCR-2 impacts on the biosynthesis of serotonin (Sokolchik

et al. 2005; Zhang et al. 2004)—a neurotransmitter with conserved roles in

regulating feeding behavior (Magalhaes et al. 2010; Neckameyer 2010; Sze

et al. 2000). OCR-2 also functions in a small subset of peripheral sensory neurons
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in C. elegans larvae that mediate the detection of nutrient availability and neuro-

peptide release (Lee and Ashrafi 2008).

Social feeding in worms involves aggregation, and this causes a drop in O2

levels. Worms have developed a mechanism for detecting changes in O2 levels as a

part of their strategy to promote aggregation, and both OSM-9 and OCR-2 are

required for sensing O2 (Rogers et al. 2006). Mammals also use O2-sensing TRP

channels, as mouse TRPA1 can be directly activated by O2 under hyperoxic

conditions, through a mechanism involving cysteine modification (Takahashi

et al. 2011). It is proposed that TRPA1 may contribute to detecting O2 toxicity in

the mouse (Takahashi et al. 2011).

In Drosophila larvae, an NPY family member (known as NPF in flies) mediates

the developmental switch from food-seeking behavior in younger larvae to

food-avoiding behavior in late third instar larvae (Xu et al. 2008). In response to

food, late-stage larvae also display social behavior as they aggregate in order

to dig cooperatively through hard food (Wu et al. 2003). Both the food avoidance

and aggregation behavior are impaired in painless mutant late-stage larvae

(Xu et al. 2008). NPF exerts its effects by inhibiting the Painless conductance in

larval sensory neurons (Xu et al. 2008). The normal role for Painless in food aversion

is consistent with the general function of invertebrate TRPA channels and mamma-

lian TRPA1 in mediating avoidance behavior in response to noxious stimuli.

2.5.2 Nicotine-Dependent Behavior
Exposure of worms to nicotine, which is the addictive ingredient in tobacco, causes

a variety of behaviors that are reminiscent of those induced in mammals (Dwoskin

et al. 1999). These include increased activity to acute exposure, sensitization to

intermittent administration of nicotine, and withdrawal upon removal of chronic

nicotine (Feng et al. 2006). These behaviors are greatly diminished in worms

missing either of two TRPC channels, TRP-1 or TRP-2. Expression of these

channels is required in command neurons, which is consistent with their role in

locomotion (Feng et al. 2006). Roles for TRP channels in nicotine sensitivity may

be conserved throughout animal phylogeny since mouse TRPA1 is activated by

nicotine and contributes in vivo to the irritant effects of nicotine (Talavera

et al. 2009).

2.5.3 Courtship and Mating
Courtship and mating involves a complex interplay between multiple senses,

including hearing, touch, chemosensation, and vision. Drosophila Painless

contributes to mating, as the mutant females display enhanced sexual receptivity

(Sakai et al. 2009). The mutant females copulate with a shorter latency than do

wild-type females, once the males initiate courtship behavior. A role for Painless in

sexual receptivity requires expression of the channel in GABAergic and/or cholin-

ergic neurons (Sakai et al. 2009). Thus, it is unclear if Painless modulates female

receptivity by acting in inhibitory or excitatory neurons. Painless also functions in

courtship in males, as expression of the channel in olfactory projection neurons in

the brain suppresses male-male courtship (Wang et al. 2011).
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C. elegans display mating behavior, which involves males seeking out the vulva

of the hermaphrodite, followed by spicule insertion and sperm transfer (Liu and

Sternberg 1995). Male C. elegans lacking the TRPP2 homolog, pkd2, or its

interacting protein, PKD1 (TRPP1), are defective in vulva location (Barr

et al. 2001; Barr and Sternberg 1999).

2.6 Sperm and Fertilization

A C. elegans TRPC homolog, trp-3, functions in sperm and is critical for fertility.

Upon sperm activation, TRP-3 translocates from an intracellular compartment to

the plasma membrane. TRP-3-dependent Ca2+ influx is proposed to promote gam-

ete fusion (Xu and Sternberg 2003). Roles for mammalian TRPs in sperm function,

including TRPC2, have been suggested (Darszon et al. 2012; Jungnickel

et al. 2001). However, because human TRPC2 is a pseudogene (Wes et al. 1995),

it does not have a role in human sperm.

Loss of the Drosophila TRPP2 homolog, Amo, affects sperm function (Gao

et al. 2003; Watnick et al. 2003). Normally, the beat frequency of sperm increases

after they exit the uterus (Köttgen et al. 2011). The sperm then enters the storage

organs, which serves to supply sperm for fertilization over an extended time. Amo

is localized to the posterior end of mature sperm and is required for beating

hyperactivity and for the backward entry of the sperm into the storage organs

(Köttgen et al. 2011).

While the roles of the fly and worm TRPPs are distinct, they both function in

ciliated cells. Human TRPP1 and TRPP2, which are disrupted in autosomal poly-

cystic kidney disease (ADPKD), are expressed in monocilia (Gallagher et al. 2010).

Thus, TRPPs have evolutionarily conserved roles in ciliated cells.

2.7 Metabolism

2.7.1 Ionic Homeostasis
Mg2+ homeostasis is essential for animal survival, as low or high intracellular Mg2+

impairs a wide range of essential cellular events. Mg2+ is absorbed by the intestines

and secreted by the kidneys. In humans, mutations in the Mg2+ and Ca2+ permeable

channel, TRPM6, cause familial hypomagnesemia with secondary hypocalcemia

(HSH), which leads to seizures and muscle spasms (Schlingmann et al. 2002;

Walder et al. 2002).

Roles for TRPM channels for Mg2+ homeostasis are conserved in worms and

flies. Two C. elegans TRPMs (GON-2 and GTL-1) are required for Mg2+ uptake by

intestinal cells (Teramoto et al. 2005). Worms missing GON-2 and GTL-1 grow

poorly under low Mg2+ conditions. GON-2 and GTL-1 may form distinct channels,

since mutation of just gon-2 or gtl-1 result in different phenotypes, and the two

TRPMs have different Mg2+ sensitivities. GON-2 is inactive when the Mg2+

concentration is <1 mM, while GTL-1 is not inhibited by Mg2+ to a significant
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extent and may be constitutively active. Thus, GON-2 only comes into play when

the Mg2+ concentration is high, thereby maintaining Mg2+ homeostasis. A third

worm TRPM (GTL-2) is expressed in the excretory cell and is required for Mg2+

excretion (Teramoto et al. 2010).

The sole Drosophila TRPM functions in the fly kidney equivalent, the

Malpighian tubules, where it serves to remove Mg2+ from the hemolymph

(Hofmann et al. 2010). The trpm-deficient animals are characterized by

hypermagnesemia in the hemolymph. Loss of trpm also affects intracellular Zn2+

homeostasis (Georgiev et al. 2010). Unlike all other fly TRPs, the TRPM channel is

absolutely required for viability. The mutant animals die as prepupae or pupae

(Georgiev et al. 2010; Hofmann et al. 2010). Supplementation of the food with high

Mg2+ exacerbated the phenotype, resulting in larval lethality (Hofmann et al. 2010).

2.7.2 Lysosomal Function and a Model for MLIV
Mutations in the human TRPML1 cause a lysosomal storage disorder,

mucolipidosis type IV (MLIV), which is characterized by motor impairments,

severe cognitive deficits, and blindness (Bargal et al. 2000; Bassi et al. 2000; Sun

et al. 2000). The C. elegans TRPML homolog, CUP-5, is localized to lysosomes,

and elimination of this protein results in defective lysosomal biogenesis and

maternal-effect embryonic lethality (Fares and Greenwald 2001; Hersh

et al. 2002; Treusch et al. 2004). Due to nutrient deprivation, there appears to be

an upregulation of autophagy in cup-5 mutant cells (Schaheen et al. 2006). How-

ever, the autophagy is ineffective since there is a decrease in lysosomal biogenesis

(Schaheen et al. 2006).

In Drosophila, mutation of trpml results in severe neurodegeneration

(Venkatachalam et al. 2008). The neurons die due to a requirement for TRPML

for autophagic removal of damaged mitochondria. TRPML is localized to late

endosomes and lysosomes and is essential in a variety of cell types for releasing

luminal Ca2+ and promoting Ca2+-dependent fusion of late endosomes and

lysosomes (Venkatachalam et al. 2008, 2013; Wong et al. 2012). The widespread

neuronal cell death is a consequence of a role for TRPML in two cell types. First,

trpml functions in neurons to promote cell survival. Second, trpml acts in phago-

cytic cells such as glia and macrophages to remove early apoptotic neurons

(Venkatachalam et al. 2008). In the absence of TRPML activity, the early apoptotic

neurons are not removed effectively. This results in accumulation of late apoptotic

neurons, release of cytotoxic agents, and magnification of cell death due to a

bystander effect (Venkatachalam et al. 2008).

Concluding Remarks

There are two recurring themes that apply to the worm and fly TRP channels.

First, these channels are multitaskers. There are many examples that illustrate

this concept. The fly TRPL channel contributes to light detection, cool sensation,

taste adaptation, and sensitivity to CO2 (Badsha et al. 2012; Kwon et al. 2010b;

Niemeyer et al. 1996; Phillips et al. 1992; Rosenzweig et al. 2008; Zhang

et al. 2013c). Painless serves in the detection of noxious heat, noxioius
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mechanical stimuli, gravity, wasabi, food avoidance stimuli in late-stage larvae,

dry surfaces, and in signals that control female receptivity and male-male

courtship (Al-Anzi et al. 2006; Johnson and Carder 2012; Sakai et al. 2009;

Sun et al. 2009; Tracey et al. 2003; Wang et al. 2011; Xu et al. 2008). The worm

TRPV channel OSM-9 functions in olfaction, contact chemosensation,

mechanosensation, thermosensation, O2 sensation, and social feeding (Colbert

et al. 1997; de Bono et al. 2002; Rogers et al. 2006). Drosophila TRPA1 is a

particularly notable example of a polymodal sensor as it either directly or

indirectly senses suboptimal or excessively warm temperature, noxious olfac-

tory and gustatory cues, and light (Kang et al. 2010a, 2012; Kim et al. 2010;

Kwon et al. 2008, 2010a; Lee and Montell 2013; Rosenzweig et al. 2005;

Viswanath et al. 2003).

Second, the repertoire of functions of worm, fly, and vertebrate TRP channels

is far more similar than initially envisioned. Roles for PLC signaling and TRP

channels in phototransduction are not peculiar to flies but are conserved in

mammalian ipRGCs (Berson et al. 2002; Provencio et al. 2000; Schmidt

et al. 2011). Thermally activated TRPs are also employed in vertebrates and

invertebrates. However, some TRP channels in flies and mammals exhibit

opposite thermal activities. TRPA1 is heat activated in flies (Viswanath

et al. 2003), but cold activated in mice (Bandell et al. 2004; Karashima

et al. 2009; Kwan et al. 2006; Story et al. 2003). Nevertheless, in some snakes

(Gracheva et al. 2010), lizards, and frogs (Saito et al. 2012), TRPA1 is heat

activated. The threshold for heat activation for rattlesnake TRPA1 (~28 �C) is
similar to fly TRPA1 (~24–29 �C) (Gracheva et al. 2010; Viswanath et al. 2003),
rather than mammalian TRPA1. A similar scenario emerges with thermally

activated TRPV channels, which are heat activated in mammals (Caterina

2007). A Drosophila TRPV channel, Inactive, functions in the discrimination

of 17.5 �C and slightly cooler temperatures (14–16 �C) (Kwon et al. 2010b).

TRPV3 in western clawed frogs is cool activated with a threshold around 16 �C
(Saito et al. 2011). The mechanisms for detecting some noxious chemicals are

also conserved between several vertebrate and invertebrate TRP channels, such

as reactive electrophiles (e.g., allyl isothiocyanate), which activate mammalian

and Drosophila TRPA1 (Bandell et al. 2004; Hinman et al. 2006; Jordt

et al. 2004; Kang et al. 2010a; Macpherson et al. 2007). Evolutionarily

conserved functions for TRP channels are not limited to sensory physiology,

as worms, flies, and vertebrates use TRPMs in ionic homeostasis: TRPPs in cilia

and TRPMLs in lysosomes.

In view of the many functional similarities between invertebrate and verte-

brate TRPs, it is intriguing to speculate that some roles that are currently known

specifically in worms or flies will turn out to be conserved in mammals. Among

the many examples are gravity sensation, hygrosensation, and fertility.
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Abstract

Membrane proteins remain challenging targets for structural biologists, despite

recent technical developments regarding sample preparation and structure deter-

mination. We review recent progress towards a structural understanding of TRP

channels and the techniques used to that end. We discuss available low-

resolution structures from electron microscopy (EM), X-ray crystallography,

and nuclear magnetic resonance (NMR) and review the resulting insights into

TRP channel function for various subfamily members. The recent high-

resolution structure of TRPV1 is discussed in more detail in Chapter 11.

We also consider the opportunities and challenges of using the accumulating

structural information on TRPs and homologous proteins for deducing full-

length structures of different TRP channel subfamilies, such as building
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homology models. Finally, we close by summarizing the outlook of the “holy

grail” of understanding in atomic detail the diverse functions of TRP channels.

Keywords

Ankyrin repeat • Coiled coil • α-Kinase • EF hand • Calmodulin

1 Bottlenecks to TRP Channel Structure Determination

In comparison to soluble proteins, high-resolution structures of membrane proteins

are vastly underrepresented, comprising ~1% of structures in the protein database

(PDB) versus ~30% of the protein-coding genome. Structure determination of

membrane proteins can seem daunting—before the first structures of ion channels

were determined not so long ago (Doyle et al. 1998; Dutzler et al. 2002), it had been

presumed an almost impossible task (Abbott 2002).

TRP channel architecture is similar to other ion channels (Cao et al. 2013b; Liao

et al. 2013): a six-transmembrane helix topology (S1 through S6) with a reentrant

loop between S5 and S6 forming the channel pore is a recurring structural motif

(Yu and Catterall 2004). These channels tetramerize to a 24-helix functional protein

complex (Fig. 1). As observed for other ion channels, TRP channel function is

strongly influenced by large intracellular domains (Figs. 1 and 2), and the respon-

siveness to functional modulators, e.g., regulation by phosphoinositides (Nilius et al.

2008), or inhibition by quaternary ammonium ions (Jara-Oseguera et al. 2008), and

venom toxins (Siemens et al. 2006), is conserved across ion channel families.

Structural studies on TRP channels are challenging, partially due to the difficulty

of producing sufficient quantities of protein in available (and financially sustainable)

host systems. While structure determination of important membrane proteins has

been facilitated through the use of bacterial, archeal, or thermophilic homologs, no

such homologs have been identified for TRPs. Instead TRP channels are hetero-

logously expressed in yeast, insect, or mammalian cells, all more costly and time-

consuming than bacterial systems. The fact that neither cell-free nor bacterial

expression systems are currently available for full-length TRP channels [except for

TRPV3 and TRPM8 (Kol et al. 2013; Zakharian et al. 2010)] shows the importance of

carefully selecting the expression system to fulfill the requirements of eukaryotic

protein folding and (where applicable) posttranslational modifications. However,

TRPs do have many N- and C-terminal cytoplasmic regions for which bacterial

systems have yielded soluble fragments for use in X-ray crystallographic and nuclear

magnetic resonance spectroscopy (NMR) approaches (Fig. 2). Recent technological

advances in the field of electron microscopy (EM) make smaller sample amounts

amenable for medium to high-resolution structure determination (Li et al. 2013),

as seen for the 3.4Å TRPV1 structure determined by cryoEM [(Cao et al. 2013b;

Liao et al. 2013); see chapter 11 for more detailed description (Hellmich and

Gaudet 2014)].
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Membrane protein purification is challenging. It requires stripping the lipid

bilayer and replacing it by detergents harsh enough to obtain good yields, but

mild enough not to compromise protein integrity. Detergent choice is doubly

critical for tetrameric TRP channels, as both the 3D structure of each subunit and

the correct oligomeric state need to be retained. Finally, the functional integrity of

purified proteins has to be verified, which is particularly challenging for many TRPs

as their physiological function and naturally occurring ligands are unknown or

coarsely characterized. For membrane transporters, substrate binding is often used

as a proxy for activity in detergent. With channels, reconstitution into liposomes or

planar bilayers is required to detect ion movement across the membrane with

electrophysiology or ion flux assays. Functional reconstitution has been described

for TRPA1, TRPM8, TRPV1, TRPV2, and TRPV3 (Cao et al. 2013a; Cvetkov

et al. 2011; Huynh et al. 2013; Kol et al. 2013; Moiseenkova-Bell et al. 2008;

Zakharian et al. 2010).

2 Techniques to Study TRP Channel Structures

Once a source of protein has been identified, the next step is to choose an appropri-

ate structure determination technique. While most available protein structures have

been obtained using X-ray crystallography, other powerful techniques exist, such as

electron microscopy (EM) or NMR. These can provide information not accessible

by crystallographic studies, such as dynamics or, in the case of membrane proteins,

Fig. 1 Structures of representative ion channels. Structures of TRPV1 (pdb: 3j5p) and other ion

channels, such as the Kv1.2/2.1 chimera (pdb: 2r9r) or the GIRK channel in complex with PIP2
(pdb: 3sya), have been determined at high resolution. BK channels (pdb: 3naf), like TRP channels,

are only moderately voltage dependent and their function is modulated by large cytoplasmic

domains. The TRPV1 construct used to determine the structure has been engineered to remove

parts of the N- and C-termini (residues 1–109 and 765–838, respectively) and of the extracellular

turret (residues 604–626)

Structural Biology of TRP Channels 965



visualization in lipid bilayers. For TRP channels, current structural information

does indeed come from a combination of techniques (Table 1).

Methods to determine 3D structures each have advantages and limitations (see

(Minor 2007) for a useful primer). Significant differences include resolution and

sample quantity, condition, and preparation. Different levels of resolution are

required to answer different questions, and this can guide the choice of method.

For example, resolution of ~10–25 Å is adequate to determine approximate mole-

cule shape or observe large domain movements. Detecting secondary structure

elements necessitates higher resolution, ~4 Å for β-sheets and ~9 Å for α-helices.
Around 3.5 Å, amino acid side chains are discernible, while ~2.5 Å or better enables

the observation of bound water molecules or ions. Below we provide brief

overviews of EM, X-ray crystallography, and NMR.

2.1 Electron Microscopy

Initially, five low-resolution EM structures—of TRPV1, TRPV4, TRPM2, TRPC3,

and TRPA1—were our only experimental glimpse at the overall shapes of full-

length TRP channels (Table 1). Recently, TRPV2 joined this collection (Huynh

Fig. 2 Schematic overview of TRP channel domain organization. The domain architecture of

N- and C-termini, which differs widely across TRP channel subfamilies, is depicted schematically

with approximate size scales. TRPML proteins contain a lipase domain between transmembrane helix

S1 and S2 (LaPlante et al. 2011). Domains with available high-resolution structural data are grey
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et al. 2013). The achievable resolution in EM is generally lower than that of X-ray

or NMR structures, although the convergence of ideal technical conditions and

sample behavior can now yield atomistic structures (Zhou 2011), including high-

resolution cryoEM structures of TRPV1 [(Cao et al. 2013b; Liao et al. 2013);

chapter 11 (Hellmich and Gaudet 2014)]. EM has no upper size limits on the

macromolecular complex under study—in fact the bigger the molecules, the better

the signal—and it does not require crystals, although it does require samples of

high purity. The protein is applied as a dilute solution to a carbon film surface.

It can then be visualized either by negative staining to yield low-resolution shape

information or directly imaged under cryo conditions (cryoEM). Both techniques

have been applied to TRP channels.

In cryoEM, the sample is rapidly frozen, i.e., vitrified to avoid ice crystal

formation, keeping the protein fully hydrated so that it retains its native

conformation. Because the atoms present in biological samples have low electron

beam absorption and therefore very low signal to noise, cryoEM requires merging

tens of thousands of particle images. Under optimal conditions, especially if

particle symmetry can be leveraged into further averaging, cryoEM can yield

high-resolution structures.

In negative staining, an electron-rich dye forms a cast around the protein

particles as the sample is dried. The particle’s outline is visualized with good

signal to noise, but the cast inherently limits the resolution. Staining and drying

the sample also leads to loss of the protein’s hydration shell and may consequen-

tially distort it.

The EM 3D reconstruction process consists of merging tens of thousands

of 2D pictures of individual protein particles in different orientation into a single

3D representation. Therefore, a bias in the protein orientation on the grid, which is

particularly common in dried negative stained samples, can lead to poor averages

and loss of resolution and/or distortions of the 3D volume due to undersampling

of some orientations.

2.2 X-ray Crystallography

Most high-resolution structures of TRP channel fragments have been determined

by X-ray crystallography (Table 1). We now have an assortment of structures

of soluble TRP channel domains that, in combination with the EM structures,

begin to delineate larger structural correlations and functional features of various

TRP channel subfamilies.

X-ray crystallography requires large quantities of highly pure protein to

screen many crystallization conditions as we cannot predict successful conditions.

Crystal formation, i.e., the assembly of molecules in an ordered 3D lattice, depends

on the chemical and physical properties of the protein and precipitation agents,

and the temperature, pH, and other factors such as the presence of ligands and

additives (Dumetz et al. 2007; Luft et al. 2011). For membrane proteins, the

number of variables increases further, as the nature of the detergent also matters
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(Bill et al. 2011). Finally, the protein should be conformationally homogenous:

highly flexible regions, such as unstructured N- and C-termini and loops, are

often truncated and dozens of variants may need to be tested to find a candidate

that crystallizes successfully. This approach can be used to eliminate low

complexity sequence regions in TRP channels and increase the chances to obtain

high-resolution structures by either EM (Cao et al. 2013b; Liao et al. 2013) or

crystallography. Alternatively, ligands or mutations can be used to restrict protein

motion. For example, multiple G-protein-coupled receptor crystal structures were

obtained after introducing combinations of mutations that significantly increase

their melting temperatures (Tate 2012). A general take-home message is that

crystallization is facilitated by taking advantage of accumulated biochemical and

structural information on a protein to engineer stable conformational states.

2.3 NMR Spectroscopy

Only a few structures of TRP channel fragments have been obtained by NMR

(Table 1). However, NMR is advantageous for specific questions, especially

regarding conformational dynamics. In addition to high concentration (>100 μM)

and large sample volumes, NMR also requires isotope labeling to increase the

signal from low-abundance nuclei such as 13C and 15N. Efficient labeling protocols

exist for bacteria, yeast, and even insect cells (Saxena et al 2012), but production of

isotope-labeled membrane proteins in mammalian cells is generally not economi-

cally feasible.

Slow tumbling of large particles in solution degrades NMR signals, imposing

size limits on proteins in solution NMR, with few examples of protein structures

larger than 35 kDa (see Tugarinov et al. (2005) for one example). This size

limitation is particularly acute for membrane proteins because the detergent

micelles necessary to maintain a soluble native-like state add significant bulk to

the particle size.

Once high-quality NMR spectra with good dispersion of the signals from

individual atoms are obtained, determining an NMR structure consists of three

steps (Wider 2000): (i) assign each spectral peak to its corresponding 13C, 15N, or
1H atom via through-bond correlations between these peaks, which also yields

secondary structure information; (ii) collect through-space correlations linking

atom pairs, called the NOEs after the nuclear Overhauser effect allowing nuclei

to “see” each other through space to a distance of up to ~5 Å; and (iii) use the

resulting constraints to “fold” the protein in silico through iterative molecular

dynamics and energy minimization steps, yielding a structure showing atomic

details. The NMR assignments also enable further investigations to, for example,

probe ligand interactions and protein dynamics. Therefore, NMR spectroscopy has

a place in “divide and conquer” approaches to understand details of TRP channel

structure, function, and dynamics.

Solid-state NMR, in contrast to solution NMR, does not have inherent size

limitations and can thus be applied to microcrystalline samples or membrane proteins
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reconstituted into lipid bilayers. However, solid-state NMR structure determination is

still far from standardized (Hong et al. 2012; Zhao 2012). Membrane proteins are

challenging because transmembrane regions contain an overabundance of similar

hydrophobic residues in a comparable secondary structure environment, making

spectrum analyses difficult. The few heroic examples of membrane protein structures

determined with solid-state NMR include the G-protein-coupled receptor CXCR1,

kaliotoxin bound to a KcsA-Kv1.3 chimera, and various bacterial retinylidene

proteins (Lange et al. 2006; Park et al. 2012; Wang et al. 2013).

3 Structural Information on TRP Channels

In this section, we first discuss the low-resolution electron microscopy (EM)

structures of full-length TRP channels and then review the current part list of

high-resolution structures of TRP channel fragments, providing additional context

about what we know (and do not know) about how these fragments assemble.

The high-resolution cryoEM structures of TRPV1 are discussed separately in

Chapter 11 (Hellmich and Gaudet 2014).

3.1 Overall Architecture of a TRP Channel: An Electron
Microscopy View

TRP proteins share a common topology, with six membrane-spanning segments

flanked by the variable cytoplasmic domains (Fig. 2), and in most cases tetramerize

to form channels (TRPP channels however form heteromers; see below). The five

low-resolution molecular envelopes obtained by single-particle EM reconstructions

(Table 1) gave us first glimpses at the possible overall general shape of full-length

TRP channels. Low-resolution structures of TRPC3, TRPV1, TRPV2, and TRPV4

have been determined using cryoEM (Huynh et al. 2013; Mio et al. 2007a;

Moiseenkova-Bell et al. 2008; Shigematsu et al. 2010), while negative stain EM

was used for TRPM2 and TRPA1 (Cvetkov et al. 2011; Maruyama et al. 2007). In

most of these cases, functional assays (calcium influx or electrophysiology) were

used to confirm that the proteins were active in their heterologous expression

system. For the low-resolution structures of TRPV1, TRPV2 and TRPA1, the

authors also confirmed that the purified proteins retained their ability to be activated

by chemical agonists after reconstitution into liposomes (Cvetkov et al. 2011;

Huynh et al. 2013; Moiseenkova-Bell et al. 2008).

Although these EM structures vary in resolution and shape details, they provided

some useful frameworks for understanding the overall architecture of TRP channels

across subfamilies. A common theme is that they all display some signs of a

fourfold symmetry axis; however, their overall dimensions and surface shapes

vary significantly. These differences are in part explained by the differences in

molecular mass and intracellular domain composition, although some discrepancies

are also apparent, as discussed below.
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TRPV proteins have a ~400–450-residue N-terminal domain with six ankyrin

repeats and a ~150-residue C-terminus that acts as a platform for interactions with

other proteins and ligands [Fig. 2; (Lishko et al. 2007; Numazaki et al. 2003; Prescott

and Julius 2003)]. TRPV1 and TRPV4 are ~840 and 870 residues, respectively, and

their low-resolution EM structures look similar (Moiseenkova-Bell et al. 2008;

Shigematsu et al. 2010). TRPV EM structures have a two-domain overall architecture

with a larger and a smaller domain connected through four pillars on the four corners

of the smaller domain. The overall height of the low-resolution TRPV1 structure is

150 Å. The smaller domain measures ~40� 60 x 60 Å, while the larger domain,

referred to as the “hanging gondola” [a term first coined for the cytoplasmic domains

of a voltage-gated potassium channel (Kobertz et al. 2000)], is ~110� 100� 100 Å.

Such a “hanging gondola” has been observed in other channels including voltage-

gated potassium channels (Fig. 1).

Based on superpositions of available crystallographic structures of the N-terminal

TRPV1 ankyrin repeat domain (ARD) (Lishko et al. 2007) and the transmembrane

domain (TMD) of the Kv1.2 (Long et al. 2005) or MlotiK1 channels (Clayton

et al. 2008), the small domain was assigned to the TRPV1 transmembrane region

and the larger domain to the cytoplasmic N- and C-termini. The larger domain can

readily accommodate four copies of the TRPV1 ARD, with a good fit obtained when

the long axis of the ARD is perpendicular to the membrane plane. Interestingly,

evidence of fourfold symmetry was observed in both top and bottom views of the

TRPV1 and TRPV4 EM structures (Moiseenkova-Bell et al. 2008; Shigematsu

et al. 2010), indicating that both the TMD and the cytoplasmic domains adopt a

highly symmetric conformation.

The main difference between the low-resolution TRPV1 and TRPV4 EM

structures is that in comparison to TRPV1, the “hanging gondola” is shorter in

TRPV4. As a result, the ARD crystal structure had to be tilted diagonally relative to

the membrane plane to be accommodated in the volume. It is unclear whether these

differences represent two conformations of TRPV channels, structural differences

between TRPV1 and TRPV4, or are artifacts of the differences in resolution and

structure determination methods. The high-resolution TRPV1 structures do show

the ARDs much closer to the transmembrane region (Cao et al. 2013b; Liao

et al. 2013). The low-resolution TRPV2 structure is more compact (with an overall

height of 115 Å) than the low-resolution TRPV1 and TRPV4 structure (Huynh

et al. 2013) and closely resembles that of the high-resolution TRPV1 structures.

The observation that all cytoplasmic domains of the TRPV channels are localized

very closely to each other in the “hanging gondola” suggested that their N- and

C-termini can interact with each other at least in one conformation. The N-terminal

TRPV ARDs do not interact in vitro as isolated domains (Phelps et al. 2010), but

N- and C-terminal interactions have been observed for TRPV5 and TRPV6

(Chang et al. 2004; Erler et al. 2004), and the N- and C-termini of TRPV1 indeed

interact in the high-resolution structures (Cao et al. 2013b; Liao et al. 2013).

A TRPA1 EM structure also shows a two-domain architecture resembling that

of TRPV structures with an overall height of 195 Å and fourfold symmetry

(Cvetkov et al. 2011). The larger and taller TRPA1 “hanging gondola” measures
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~130� 120� 120 Å and was accordingly assigned to the larger N-terminal region

(~800 residues). TRPA1’s smaller domain, designated as the transmembrane

region, measures ~70� 100� 100 Å and is therefore larger than that of TRPVs.

The authors speculate that this could be due to the amphipathic polymer used in

place of detergents to stabilize TRPA1 (Cvetkov et al. 2011).

While the low-resolution TRPV1, TRPV2, TRPV4, and TRPA1 have a similar

overall architecture, the EM structures of TRPM2 and TRPC3 look markedly

different from the aforementioned and each other. The negative stain EM structure

TRPM2 (Maruyama et al. 2007) shows an overall bell shape with a few features

except a bulb-like extension on its widest end that would correspond to the bell

clapper. The calculated molecular mass for this structure is about one-third heavier

than expected. The authors attributed this ~200 kDa difference to attached lipids

and detergent molecules. However, the protein was purified in dodecylmaltoside,

with an isolated micelle size of ~55 kDa, the same detergent used for TRPV4 where

no such large discrepancy between expected and observed size was observed

(Shigematsu et al. 2010).

To identify the TRPM2 cytoplasmic region, a gold-conjugated antibody frag-

ment against a C-terminal FLAG tag was used and the TMD thus assigned to the

apex of the large bell hull structure. However, the “bell clapper” of the TRPM2

structure is tantalizingly similar in size and shape to the small domain assigned to

the TMD of the TRPV EM structures.

A cryoEM TRPC3 structure consisting of an intricate mesh of thin rods was

reported (Mio et al. 2007a) with a ~200� 200� 240 Å volume, extraordinarily

large for an expected tetramer mass similar to that of a TRPV1 tetramer. The

authors observed smaller particles in high-salt conditions, which they attribute to

a tetramer-to-monomer transition (Mio et al. 2007b). Alternatively, the mesh-like

structure could be an artifact of trying to contour a volume corresponding to a

tetramer when they are instead observing a larger aggregate, with high-salt

conditions dissociating the aggregate into isolated tetramers. It is also possible

that technical issues with a relatively new automated particle picking algorithm

may have led to a distorted reconstruction (Moiseenkova-Bell and Wensel 2009).

In summary, the low-resolution TRPV1, TRPV2, TRPV4, and TRPA1 EM

structures are relatively consistent with expectations from our knowledge of

distantly related ion channels (Fig. 1). It is noteworthy that only one conformation,

with soluble domains forming the hanging gondola, has thus far been observed in

low-resolution EM structures. Significant conformational changes in TRPV4 in

response to changing levels of phosphoinositides in the cell membrane have been

inferred using Förster resonance energy transfer (FRET) between C-termini

(Garcia-Elias et al. 2013). In contrast, there was no evidence of conformational

changes in TRPV1 in response to capsaicin, heat, or calcium, using a similar

experimental strategy (De-la-Rosa et al. 2013). This suggests either that their FRET

sensors lack the necessary spatial resolution and/or that there are only small confor-

mational changes upon TRPV1 activation. In agreement with the latter, no large

conformational changes were observed when comparing the high-resolution TRPV1

structures in the absence or presence of agonists (Cao et al. 2013b; Liao et al. 2013).
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3.2 Current High-Resolution Part List: Structures of TRP
Channel Domains

The modularity of ion channels such as TRP channels makes them amenable

to a “divide and conquer” approach where high-resolution structures of individual

soluble domains are easier or faster to obtain than full-length protein structures

(Gaudet 2009). Below, we describe the available “part list” and discuss how the

different parts may assemble in the context of full-length tetrameric channels.

Because these parts stem from a large number of TRP channels, they allow

important insights into the peculiarities and commonalities of various subfamilies

that a single structure cannot achieve.

3.2.1 The TRPM7 a-Kinase Domain
TRPM6 and TRPM7 are involved in Mg2+ homeostasis in mammals, and their

C-terminal α-kinase domain, unique within the TRP superfamily, is implicated

in Mg2+ sensing [Fig. 2; (Demeuse et al. 2006; Schmitz et al. 2003)]. The crystal

structure of the TRPM7 α-kinase domain was the first high-resolution structure of a

TRP channel domain and coincidentally the first structure of an α-kinase
(Yamaguchi et al. 2001). α-Kinases predominantly target residues in α-helical
regions hence their name (Ryazanov et al. 1999). The TRPM7 α-kinase is a Ser/Thr
kinase that can be expressed as a soluble protein and retains its activity (Runnels

et al. 2001), indicating that it is an independently folding domain.

The TRPM7 α-kinase structure shows a domain-swapped dimer: a short

N-terminal α-helix of one kinase subunit reaches into the structural core of the

other subunit via an extended peptide region [Fig. 3a; (Yamaguchi et al. 2001)].

As we discuss below, this dimerization mechanism suggests a dimer of dimer

arrangement in a tetrameric TRPM7 channel.

The TRPM7 α-kinase structure revealed an unexpected structural similarity to

other eukaryotic protein kinases (Yamaguchi et al. 2001), despite the fact that

α-kinases do not share all typical sequence motifs of classical kinases (Bates-Withers

et al. 2011; Ryazanov et al. 1999). Each individual TRPM7 α-kinase consists of

N- and C-terminal lobes connected by a flexible linker region. Similar to classic

kinases, the nucleotide-binding pocket is nested in between the two lobes. The

TRPM7 α-kinase structure also features a structural zinc-binding site within the

C-terminal lobe, which is unique to and conserved in α-kinases.
Within the α-kinase active site, the P-loop (required for nucleotide binding and

hydrolysis) and a conserved glycine-rich α-kinase motif are in strikingly similar

orientation to the P-loop and activation loop (acting as a structural scaffold for

interaction with the substrate) of classical kinases. The glycine-rich α-kinase motif

was therefore hypothesized to be the substrate interaction platform (Yamaguchi

et al. 2001). Interestingly, point mutations that abrogated TRPM7 activity (Runnels

et al. 2001) were not located in the catalytic center of the kinase but rather in this

postulated substrate peptide recognition site (Yamaguchi et al. 2001). However, the

nature of the substrate(s) cannot be readily inferred from the kinase structure.
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3.2.2 The TRPM7 Coiled Coil
The C-terminal cytoplasmic region of TRPM7 contains a ~50-residue coiled-coil

assembly domain that precedes and is separated from the α-kinase domain by ~300

residues (Fig. 3a). This coiled coil is found in all TRPM channels, many of which

require it for correct oligomerization and channel activation (Tsuruda et al. 2006).

The crystal structure of the isolated TRPM7 coiled coil shows a tetrameric anti-

parallel bundle (Fujiwara and Minor 2008).

Before describing the structural details of the TRPM7 coiled coil, it is useful to

review the salient features of coiled coils (see (Grigoryan and Keating 2008;

Moutevelis and Woolfson 2009) for in-depth reviews). Coiled coils are found in a

Fig. 3 Overview of spatial organization of TRPM6/M7 channels and TRPP/PKD complexes.

(a) For TRPM6/M7, transmembrane helices S1–S6 are drawn indicating possible 3D topology

of the tetramer in the membrane (based on Kv channel topology). For cytoplasmic domains,

the antiparallel coiled coil (pdb: 3e7k) and α-kinase domain (pdb: 1ia9) of TRPM7 are shown;

no structure is available for the TRPM homology region (MHR). The coiled coil crystallized as a

tetramer, and one antiparallel pair is colored. Only one dimer of the α-kinase is shown for clarity.
(b) For TRPP/PKC complexes, the three TRPP2/P3 subunits are depicted in dark gray and the

11-transmembrane helix PKD1/PKD1L3 subunit in light gray. One extracellular PKD repeat of

PKD1 is depicted (pdb: 1b4r). For TRPP2, the intracellular EF hand (pdb: 2kq6) and the parallel

coiled-coil trimer (pdb: 2hrn) are shown
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large number of otherwise functionally and structurally unrelated protein families

and consist of two or more α-helices that wind around each other to form a

superstructure with helical properties, or supercoil. Coiled coils can be homo- or

heteromeric, and the subunits can interact in parallel or antiparallel fashion with

regard to the relative orientation of their N- and C-termini. This allows for a

broad variety of architectures despite the seemingly simple design of a coiled coil

and hence a variety of functions as oligomerization or protein–protein interaction

motifs.

Coiled coils have seven-residue or “heptad” repeats, with individual amino

acids designated a through g. Positions a and d typically feature hydrophobic

residues that project into the core of the assembled superstructure. This occurs in

a “knob-in-holes” fashion, where an a or d residue is a “knob” that protrudes into a

“hole” formed by side chains of the other helices. This makes for a snug helix–helix

interaction surface. In contrast, residues at e and g positions are usually hydrophilic
and on the outside of the coiled coil, forming inter-helical interactions that deter-

mine the number and orientation (parallel or antiparallel) of α-helices in the coiled

coil. Residues at positions b, c, and f are at the surface, away from inter-helical

contacts, and thus have little influence on coiled coil assembly. In other words,

positions a and d provide most of the affinity, whereas positions e and g provide

most of the specificity, although predictive rules for coiled-coil assemblies have yet

to be determined (Grigoryan and Keating 2008).

The 77-Å long TRPM7 coiled coil is tetrameric, as expected, but surprisingly

is antiparallel, with two strands running in opposite direction to the other two.

While it is a classical and well-ordered a-d coiled coil with knob-in-hole packing

geometry at its center, the termini of the coiled coil show distinct splaying and

knob-against-knob packing.

3.2.3 Implications for TRPM Channel Assembly
The available structures of two C-terminal domains of TRPM7 provide some

constraints for the assembly of full-length tetrameric TRPM7 channels (Fig. 3a).

Because the TRPM7 coiled coil is antiparallel, the fourfold rotational symmetry

of the TMD, expected based on homologous voltage-gated potassium channel

structures (Long et al. 2005), must be broken in the C-terminal cytoplasmic region.

This is in stark contrast to the parallel coiled coil observed in Kv7 channels, which

allow for a continuous fourfold rotational symmetry through the entire protein

(Howard et al. 2007). However, the TRPM7 TMD is separated by a ~100-residue

linker from the coiled coil, which can readily accommodate the divergent symmetry

of the TMD and coiled coil.

The antiparallel coiled coil complements the domain-swapped dimer observed

for the α-kinase domain (Yamaguchi et al. 2001), suggesting that the four kinase

domains in a tetrameric channel assemble as two dimers that may or may not

contact each other. It was recently reported that cleavage of the α-kinase domain by

caspases leads to increased TRPM7 channel activity in the context of Fas-induced

apoptosis (Desai et al. 2012). That the C-terminal kinase domain can influence pore

opening implies that the kinase and pore domains communicate, but whether there

Structural Biology of TRP Channels 975



is direct contact or a long-range network relay remains to be seen. The antiparallel

orientation of the TRPM7 coiled coil also raises the question of how this domain is

oriented in relation to the rest of the protein (and the membrane plane) and whether

its orientation and length remain constant as the TRPM7 channel undergoes

activation/deactivation cycles.

Interestingly, sequence alignments of TRPM subfamily members, all of

which have a coiled-coil sequence motif at their C-terminus, indicate that their

coiled coils vary in length and packing properties, hence clustering subfamily

members into two groups (Fujiwara and Minor 2008). This suggests different

structural requirements of this domain in different TRPM channels and testable

hypotheses of possible hetero-oligomerization partners. Considering that coiled-

coil assembly can be influenced by minimal sequence changes (Grigoryan and

Keating 2008; Xu and Minor 2009), it is possible that the antiparallel tetramer

assembly of the TRPM7 coiled coil is not a conserved feature of all TRPM channels

and that some may have other arrangements.

In summary, the TRPM7 coiled-coil and α-kinase domain structures both

suggest that at least some TRPM channels do not maintain fourfold rotational

symmetry throughout the whole tetramer. This certainly represents a cautionary

note in the processing and interpretation of EM structures: fourfold rotational

symmetry averaging should not be blindly enforced, but only after clearly obser-

ving symmetry in un-averaged preliminary reconstructions.

3.3 Trimeric Coiled Coils and the Assembly of TRPP Channels

Putative coiled coils are also found in the N-terminal cytoplasmic region of TRPC

proteins and the C-terminal cytoplasmic region of TRPP proteins (Fig. 2). The

TRPP subfamily is somewhat unusual as there is emerging consensus that the

functional unit is a heteromeric complex (Fig. 3b). Each complex consists of one

PKD1 subunit (polycystic kidney disease 1 or polycystin-1; previously known as

TRPP1, although it is not a TRP protein) and three TRPP2 subunits (also referred to

as polycystin-2, or polycystic kidney disease 2, PKD2) (Yu et al. 2009). A homo-

logous complex is formed by one polycystic kidney disease 1-like 3 (PKD1L3)

subunit and three TRPP3 subunits (also known as polycystic kidney disease 2-like

1 or PKD2L1) (Yu et al. 2012). The PKD1/TRPP2 complex is important for

mechanosensation in the kidney [reviewed in (Qamar et al. 2007)], while the

acid-sensing PKD1L3/TRPP3 complex is activated by low pH and implicated in

sour taste perception (see (Yu et al. 2012) and references therein).

PKD1, PKD1L3, and their homologs have a large extracellular N-terminal

region containing up to 16 PKD domains, for which an NMR structure is available

(Bycroft et al. 1999), and other subdomains, followed by 11 predicted trans-

membrane segments, six of which are homologous to the TMD of ion channels

(Li et al. 2003). Mutations in the predicted pore region of PKD1L3 affect ion

selectivity of the PKD1L3/TRPP3 complex (Yu et al. 2012). Therefore, the
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PKD1/TRPP2 and PKD1L3/TRPP3 complexes likely have a tetrameric channel

pore domain analogous to homotetrameric TRP channels (Fig. 3b).

The heterotetrameric 1:3 arrangement raises the question of how these

channels are assembled, and structures of TRPP coiled coils are providing valuable

insights. X-ray structures of the TRPP2 and TRPP3 C-terminal coiled coils have

been determined (Molland et al. 2012; Yu et al. 2009; Yu et al. 2012). Consistent

with the heteromeric assemblies described above, the coiled coils of TRPP2 and

TRPP3 form stable parallel trimers. Intriguingly, the TRPP2 coiled-coil bundle is

splayed open at its C-terminus (Yu et al. 2009). Because crystal contacts were

observed in this region, the splaying could be a crystal-packing artifact or suggest

a physiological mechanism for partial or complete exchange of coiled coil strands

as explained below.

PKD1 contains a short cytoplasmic C-terminus with a predicted coiled coil that

interacts with the TRPP2 coiled coil in vitro (Qian et al. 1997; Tsiokas et al. 1997).

A heteromeric four-helix bundle of a PKD1 and TRPP2 coiled coil has not yet

been observed. However, a computational docking study, combined with in vitro

cross-linking and mutagenesis, supports a model in which the PKD1 coiled coil

replaces one strand of the TRPP2 trimeric coiled coil in the splayed out C-terminal

region (Fig. 3b) (Zhu et al. 2011). Furthermore, disruption of these residues prevents

assembly of the PKD1/TRPP2 complex in cells (Zhu et al. 2011). Although dynamic

exchanges of coiled-coil strands may seem unusual, there is ample precedent for

coiled coils as dynamic structures. For example, the long stalk of the dynein motor

protein is a two-stranded coiled coil that slides to different helical registries separated

by half a heptad, as dynein walks on microtubules (Kon et al. 2009).

PKD1L3, in contrast to PKD1, has a very short C-terminus and no predicted coiled

coil. TRPP3 thus interacts with PKD1L3 mainly through interactions in the TMD

(Ishimaru et al. 2010). However, disruption of TRPP3 coiled-coil trimerization

impairs surface expression of TRPP3/PKD1L3 (Yu et al. 2012). Coiled-coil

trimerization is therefore still essential for complex formation, supporting the

idea that a TRPP trimer platform is required for a fourth (PKD) subunit to attach

itself to form a mature complex.

In summary, the accumulated biochemical and structural data on the TRPP

subfamily point to a key role for the coiled coil in the assembly of a functional

channel that includes three TRPP subunits and one subunit of a PKD1 family

member. The coiled-coil structures also enable studies of the assembly mechanisms

of this unusual family of ion channels with important physiological roles including

kidney function and sour taste perception.

3.4 Broader Implications of Coiled Coils on TRP
Channel Assembly

Recently, the crystal structure of a C-terminal coiled coil of a fungal TRP channel,

TRPGz from Gibberella zeae, has been determined (Ihara et al. 2013). TRPGz is

homologous to the Saccharomyces cerevisiae TRPY1, but has a more polymodal

Structural Biology of TRP Channels 977



activation profile. When compared to vertebrate TRP channels, it shows the highest

similarity to members of the TRPC subfamily. TRPGz contains a coiled coil

in its C-terminus, the deletion of which disrupts responses to hyperosmotic or

temperature shock. In contrast to other TRP channels, deletion of this coiled coil

did not lead to oligomerization defects, as TRPGz still formed stable tetramers and

retained its responses to voltage. Only the coiled coil shows significant secondary

structure within the otherwise unstructured TRPGz C-terminus, as observed with

NMR (Ihara et al. 2013). The TRPGz coiled coil was crystallized as a tetramer,

with the typical a and d position hydrophobic knobs. Interestingly, the TRPGz

coiled coil does not have exact fourfold rotational symmetry: the four coils

come together at a significantly steeper angle than in canonical coiled coils, and

the knobs-in-hole packing is only maintained for three out of four helices. In

solution, this helical bundle is in equilibrium between monomer, dimer, and

tetramer. The precise role of this packing mode is not clear, and it is worth noting

that the peptide used for crystallization is very short (20 amino acid residues).

In addition to the TRPM, TRPP, and fungal TRP channels, TRPC subfamily

channels also have a potential coiled coil between the ARD and first trans-

membrane segment (Fig. 2). No high-resolution structures are available for TRPC

channels. Biochemical data for TRPC4 suggest that the N-terminal region forms

tetramers, although the coiled coil was not directly implicated in this assembly

(Lepage et al. 2009). Therefore, it remains to be determined whether the coiled-

coil sequence motifs actually form coiled coils, and if so, whether these are

heteromeric in assembly and what their stoichiometry is.

As illustrated above, structural studies of isolated coiled coils provide a wealth of

information and constraints to better understand TRP channel assembly and function.

However, a cautionary note is in order: coiled coils can be inherently dynamic and/or

heavily influenced by their environment in both physiologically relevant and arti-

factual situations. For example, while the full isolated coiled coil of the Kv7.1

channel yielded the expected parallel tetrameric structure (Howard et al. 2007;

Wiener et al. 2008), a shorter construct assembled as a non-physiological stable

trimer (Xu and Minor 2009). It is therefore possible that, in the context of a full-

length channel, oligomerization states of coiled coils other than those observed with

short fragments are possible.

3.5 TRP Channel Ankyrin Repeats

The highest number of structures of TRP channel domains to date comes from the

ARDs of TRPVs. Ankyrin repeats are one of the most prevalent protein sequence

motifs, present in a multitude of unrelated protein families where they are mostly

associated with protein–protein interaction functions (Sedgwick and Smerdon

1999). The motif name stems from the protein Ankyrin 1, which contains 24 such

repeats (Lux et al. 1990). The basic architecture for this ~33–34 amino acid stretch

consists of short tandem antiparallel α-helices (termed inner and outer helix in

regard to their location within the ARD concave or “palm” surface; see below),
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followed by a β-hairpin loop. Individual ankyrin repeats stack against each other

with a slight counterclockwise twist from one to the next. This gives them the

appearance of a cupped hand: the loops forming the fingers attached to a hand with

an open concave palm, and the backside accordingly forms a convex surface

(Jacobs and Harrison 1998). The surface residues of the palm and fingers are not

particularly conserved, making this region malleable to evolutionary diversification

for various interaction partners (Sedgwick and Smerdon 1999).

Ankyrin repeats are found in the cytoplasmic N-terminal region of TRPA,

TRPV, TRPC, and TRPN subfamily members (Fig. 2). TRP channel ARDs vary

dramatically in size: TRPA1 and TRPN1 have 17 and 29 predicted repeats, respec-

tively, that overall closely match the ankyrin repeat consensus sequence, while

TRPC proteins have only four predicted repeats, which, like the six repeats found in

TRPV proteins, more loosely follow the consensus sequence motif. So far, ARD

structures are only available from the TRPV subfamily.

The ARD structures from TRPV1, TRPV2, TRPV3, TRPV4, and TRPV6 all show

six highly conserved repeats (Inada et al. 2012; Jin et al. 2006; Landoure et al. 2010;

Lishko et al. 2007; McCleverty et al. 2006; Phelps et al. 2008; Shi et al. 2013).

Repeats 5 and 6 have an unusually large angular twist compared to repeats 1–4.

Finally, the TRPV ARD finger loops are highly elongated, enhancing the resem-

blance to a hand (Gaudet 2008a), although it should be noted that finger lengths varies

within TRPV channels (Phelps et al. 2008). Variance in finger sequence and length,

and of the palm surface residues, may indicate distinct roles for ARDs in TRPV

channels, including interactions with different ligands. In TRPV1, finger 3 of the

ARD interacts with a β-sheet formed by both the proceeding linker region and the

C-terminus of an adjacent subunit (Cao et al. 2013b; Liao et al. 2013).

Recent interesting developments include the structures of the TRPV4 ARD

and their implications in understanding the molecular basis of TRPV4-linked

genetic diseases. A large number of dominant missense mutations in TRPV4

have emerged that lead to very different channelopathies broadly segregating

into two groups: skeletal disorders and degenerative neuropathies (see Nilius and

Voets (2013) for a recent review). We currently do not understand the underlying

structural implications of the mutants described to date, and even the limited

functional data are somewhat contradictory: both loss- or gain-of-function

phenotypes have been described for the same mutant (Auer-Grumbach

et al. 2010; Landoure et al. 2010). A different approach is to investigate whether

neuronal vs. skeletal manifestations of TRPV4-linked diseases may be the conse-

quence of distinct structural or biochemical differences. However, no correlation

was observed between disease phenotype and biochemical properties regarding

TRPV4 ARD stability and/or ATP binding (Inada et al. 2012).

Mapping known disease-causing TRPV4 mutations (Nilius and Voets 2013) onto

the primary and tertiary structure of human TRPV4 allows us to appreciate their

relative localization in a new light. While skeletal dysplasia mutations are widely

distributed throughout the protein, neuropathy mutations localize primarily, although

not exclusively, to the ARD. Furthermore, the skeletal dysplasia mutations located

within the ARD map predominantly on its palm surface, whereas the mutants linked
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to neuropathies are preferentially located to the surface corresponding to the back of

the hand (Fig. 4; Inada et al. 2012; Landoure et al. 2012; Landoure et al. 2010).

Interestingly, the back face of the ARD is much more conserved in TRPV4

than it is in TRPV1 (Phelps et al. 2007; Zimon et al. 2010). This suggests that

the physical segregation of TRPV4 channelopathy mutations may underlie their

different phenotypic outcome, perhaps by differentially affecting intramolecular

contacts or intermolecular interactions with cellular partners.

TRPV ARD structures have already been extensively reviewed (Gaudet 2008a, b,

2009), and a few themes are emerging. First, the isolated TRPV ARDs show no

evidence of self-oligomerization (Phelps et al. 2008; Phelps et al. 2010). The ARDs

instead influence TRPV channel assembly and function through intramolecular

contacts with other regions of the TRPV proteins, as illustrated in the TRPV1

structure (Liao et al. 2013). Second, engineered mutations of TRPV ARD surface

residues tend to increase the sensitivity and/or basal activity of TRPV channels

(Lishko et al. 2007; Phelps et al. 2010), suggesting an overall inhibitory role for

this domain on TRPV channel function. Third, there is thus far no evidence of

large-scale conformational changes within the ARD itself, even upon ATP ligand

binding (Inada et al. 2012), although the finger loops do show inherent flexibility

(Inada et al. 2012; Jin et al. 2006). Therefore, how the ARDs influence TRPV

channel behavior remains unclear—perhaps a movement of the entire domain

relative to the rest of the channel rather than a conformational change within

its boundaries is ultimately responsible for its influence on channel function,

Fig. 4 Crystal structure of the human TRPV4 ARD shown in cartoon and surface representations

from three angles (pdb: 4dx1). Locations of disease-causing mutations are mapped onto the structure

(spheres). Residues described in patients suffering from skeletal dysplasia and arthropathy are

predominantly found on the “front” or “palm” surface, and those causing peripheral neuropathies

localize preferentially to the “back”
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sensitization, or desensitization. More studies in the context of full-length channels

are required to test these hypotheses.

3.6 Structures of TRP Channel Motifs Involved
in Calcium Regulation

Many TRP channels are permeable to calcium, and their activation leads to

changes in intracellular calcium concentrations. In turn, many of these channels

are regulated directly or indirectly by calcium-dependent signaling pathways.

Structural biology has begun to yield mechanistic insights into two such calcium

regulation mechanisms: (i) calcium-calmodulin (CaM) binding to the C-terminal

cytoplasmic region of TRPV1 and (ii) calcium binding to a paired EF hand motif

that precedes the coiled coil in the TRPP C-terminus.

EF hands are the most common Ca2+-binding motifs in proteins and typically

occur in pairs. The basic architecture is a helix-loop-helix motif with the two

helices oriented in a V shape between the thumb and index finger (Fig. 5). Upon

calcium binding in the cleft formed by the loop region—by the palm and remaining

fingers, using the hand analogy—the thumb moves further away from the index

finger, changing the V to an L shape. This exposes otherwise buried residues

that can then interact with downstream target sequences, thereby enabling

Ca2+-dependent signal propagation (Lewit-Bentley and Rety 2000). The most

famous EF hand-containing protein is CaM, a ubiquitous 17 kDa protein with

flexibly connected N- and C-terminal lobes comprised of two EF hands that each

binds calcium in the μM range (Persechini et al. 1989; Vetter and Leclerc 2003).

CaM regulates many ion channels and signaling proteins, including several TRP

channels (Zhu 2005). Of note, CaM does not necessarily have to be fully calcified to

interact with its targets (Delmas and Brown 2005). This variety in Ca2+ occupancy

and structural flexibility make CaM a highly versatile regulatory partner.

Ca2+ influx through TRPV1 is stimulated by noxious heat, pH, and capsaicin,

but prolonged exposure leads to Ca2+-dependent desensitization (Caterina et al.

1997). Understanding the molecular details of desensitization is a major focus of

elucidating TRPV1 function. The TRPV1 C-terminus is important for desensitiza-

tion and thought to mediate both protein and lipid interactions (Cao et al. 2013a;

Nieto-Posadas et al. 2012; Numazaki et al. 2003; Prescott and Julius 2003).

Recently, the first high-resolution view of such an interaction was obtained through

a crystal structure of Ca2+-CaM bound to a TRPV1 C-terminal peptide [Fig.5;

(Lau et al. 2012)]. This region is missing from the high-resolution TRPV1 structure

(Liao et al. 2013).

A 35-amino acid C-terminal TRPV1 fragment (residues 767–801 in rat) binds

CaM in a Ca2+-dependent manner with high affinity (KD¼ 50 nM), and the fully

Ca2+-loaded CaM winds itself around a 10-residue α-helix flanked by extended

peptide regions in a 1:1 complex (Fig. 5). The complex is antiparallel: the CaM

N-lobe interacts with the TRPV1 peptide’s C-terminus and the CaM C-lobe with

the peptide’s N-terminus. Binding of CaM to the TRPV1 C-terminus follows the
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classic 1–10 CaM-binding motif organization (Rhoads and Friedberg 1997) where

two bulky hydrophobic residues at positions 1 and 10 are the main determinants of

the CaM interaction.

Intriguingly, TRPV1 ARD also binds to CaM in a Ca2+-dependent manner

(Lishko et al. 2007). It had been suggested that CaM may bridge the ARD and

C-terminus and thus lock the channel in a ternary complex (Lishko et al. 2007),

similar to what has been observed for SK channels and proposed for CaV1 channels

(Dick et al. 2008; Schumacher et al. 2001). However, the CaM C-lobe dominates

interactions with both the TRPV1 ARD and C-terminus. Accordingly, TRPV1

ARD, Ca2+-CaM, and C-terminus do not form a ternary complex, at least not

outside the context of the full-length channel (Lau et al. 2012). While mutation of

the Ca2+-CaM binding site on TRPV1 ARD essentially abolished desensitization in

response to capsaicin, mutation of the Ca2+-CaM binding site in the TRPV1C-

terminus led to slower and reduced TRPV1 desensitization, supporting the idea that

Ca2+-CaM binding to the two sites differentially regulates TRPV1 (Lau et al. 2012).

In contrast to CaM-mediated regulation, TRPP channel function is directly

regulated by calcium through a C-terminal EF hand motif that precedes the coiled

coil [Figs. 2 and 3; (Petri et al. 2010)]. Two groups have independently determined

the NMR structure of the TRPP2 EF hand motifs (Petri et al. 2010; Schumann

et al. 2009). Schumann and colleagues used a 117-amino acid fragment, which

formed a dimer that dissociated upon Ca2+ binding. In each subunit they find a

pair of helix-loop-helix motifs assigned as a paired EF hand motif that binds

two Ca2+ with KDs in the 50–200 μM range, although only one of these sites was

canonical (Schumann et al. 2009).

Fig. 5 Crystal structure of the C-terminal fragment of TRPV1 in complex with Ca2+-calmodulin

(pdb: 3sui). The fully Ca2+-loaded CaM tightly winds around the TRPV1 peptide, forming an

antiparallel complex where the CaM N-lobe interacts with the TRPV1 peptide’s C-terminus and

the C-lobe with the N-terminus. Each EF hand is in a different shade
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Petri and colleagues also find a pair of helix-loop-helix motifs, but only observe

Ca2+ binding to one, and did not observe dimerization of their (40-amino acid

shorter) construct [Fig. 3; (Petri et al. 2010)]. However, the structures themselves

are different, and Petri and colleagues raise concerns regarding the validity of the

Schumann structure, which instead of the typical L-shape shows the two helices

almost perfectly in line, thereby distorting the calcium coordination site. If the

paired EF hand motif indeed dimerizes, it raises the question of how this assembly

fits to the observed trimeric TRPP2 coiled coil (Yu et al. 2009).

In summary, structural data on the interaction of TRP channel regions with Ca2+

or Ca2+-dependent regulators are starting to trickle in. While the available

structures do not allow a complete view of how TRP channel activity is modulated

by these interactions, they provide both tools and constraints for future experiments

addressing the molecular mechanisms of Ca2+-mediated TRP channel regulation.

4 Homology Models to Understand TRP Channel
Structure and Function

Before a high-resolution 3D structure of a full-length TRP channel was available,

considerable efforts were invested by several groups to generate homology models

of TRP channels. Valuable lessons can be drawn from these approaches and readily

applied to homology models based on the new TRPV1 structures and future TRP

channel structures. Structural models can be generally divided into two groups:

de novo, or template-free, models which rely on general physical properties of

proteins; and template-based, or homology models. Template-based models rely

on identifying a template structure through sequence similarity with a protein or

protein fragment of known structure.

There have been a lot of developments in both types of modeling. The state

of the field is assessed every 2 years through the Critical Assessment of Techniques

for Protein Structure Prediction (CASP). The ninth contest, CASP9, in 2011,

evaluated over 60,000 template-based models submitted (Mariani et al. 2011).

Recent statistical analyses of homology models built using metaservers indicate

that sequence identity of >30% between a target sequence and a template provides

a very good chance of a model that is accurate enough for things such as

site-directed mutagenesis plans (Gront et al. 2012). Sequence identity levels in

the 20–30% range yield less accurate models (and the frequency of wrong models

increase), whereas identity levels below 20% are generally too low to generate a

useable homology model.

Sequence alignments can therefore be used to “thread” the sequence to be

modeled onto a known homologous protein structure. One danger for large

multidomain proteins such as TRP channels is that a full homology model requires

both good templates for each domain to be modeled and untemplated modeling of

the connections (either covalent or non-covalent contacts). One must therefore keep

in mind that different parts of a homology model warrant different confidence

assessments.
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Additionally, information from other ion channels should be included in

functional and structural assessments. For example, the structure of a GIRK channel

bound to PIP2 [Fig. 1; (Whorton and MacKinnon 2011)] can provide ideas to

explore how TRP channels are regulated by phosphoinositides, although its

sequence similarity to TRP channels may be too low to be a useful template for

homology modeling in the absence of additional constraints.

Considering one of the published TRP channel homology models can serve

to illustrate the current challenges. The full-length structure of TRPM8 has been

modeled, using Kv2.2/2.1 chimera as a model for the TMD and importin as a

model for the N-terminal TRPM homology region (Pedretti et al. 2009), although

the 18% sequence identity is below the thresholds described above. The final model

contains more than 16% of residues within the disallowed regions of the

Ramachandran plot (Pedretti et al. 2009) compared to less than 1% for typical

crystal structures, and does not include a C-terminal coiled-coil structure for which

there is strong biochemical evidence (Tsuruda et al. 2006). Finally, there is little

experimental data on interdomain contacts in TRPM channels to constrain the

relative orientation of each domain within the tetrameric assembly.

How can we improve the quality of TRP channel structural models? We need to

use the best modeling tools available, but also generate more and better structural

templates and accumulate as many other low- or high-resolution constraints such

as knowledge of proximities from cross-linking or FRET studies and volumes from

EM reconstructions.

Conclusion: The Way Forward in TRP Channel Structural Biology

Although there is continuous progress in TRP channel structural biology,

we are still far from the holy grail of seeing the molecular details of a TRP

channel in action. In the meantime, many pieces of the structural puzzle have

not yet been solved. For example, while we know a lot about the structures

of TRPV ARDs, we do not yet have structural insights into the ARDs of

TRPC, TRPA, and TRPN channels. Also, a number of TRP domains are

unique to their subfamily, such as the N-terminal cytoplasmic TRPM homology

region common to all TRPM channels, or the C-terminal Nudix domain of

TRPM2. Similarly, structures of TRP channels or their fragments in complex

with regulatory partners can provide some insights into the functional conse-

quences of their binding.

It is clear that there are vast differences between TRP channel subfamilies

and therefore a need for vast amounts of structural data. While crystal structures

will likely be an important component, single-particle electron microscopy

techniques are improving and, as recently seen, can attain a resolution that

rivals that of X-ray crystallography. NMR can be particularly useful to study

questions of dynamics. Finally, techniques for building homology models are

also improving, and the availability of scaffolds is rapidly increasing—although

it is important to keep in mind that a homology model is simply a model,

even when based on a closely related protein, and needs to be thoroughly

validated and tested.

984 U.A. Hellmich and R. Gaudet



Structures of full-length TRP channel will lead to testable hypotheses for

biochemical experiments to answer which residues bestow cation selectivity,

how the pore is organized, which regions act as sensors or gates, and why

certain mutations lead to channelopathies. However, it should be emphasized

that a structure never tells the whole story. Ultimately, to completely understand

how TRP channels function, we will need structures of at least one representa-

tive of each subfamily, as well as experimental evidence of the multiple

conformations associated with different functional states to construct a movie

of a TRP channel at work.

Acknowledgments We thank members of the Gaudet lab, especially Christina Zimanyi, Sriram

Srikant, and Jeffrey MacArthur for feedback and discussions on the manuscript. This work was

supported by the National Institutes of Health (Grant R01 GM081340 to R.G.), and U.A.H. is the

recipient of an EMBO Long-Term Fellowship.

References

Abbott A (2002) They said it couldn’t be done. Nature 418:268–269

Auer-Grumbach M, Olschewski A, Papic L, Kremer H, McEntagart ME, Uhrig S, Fischer C,

Frohlich E, Balint Z, Tang B et al (2010) Alterations in the ankyrin domain of TRPV4 cause

congenital distal SMA, scapuloperoneal SMA and HMSN2C. Nat Genet 42:160–164

Bates-Withers C, Sah R, Clapham DE (2011) TRPM7, the Mg(2+) inhibited channel and kinase.

Adv Exp Med Biol 704:173–183

Bill RM, Henderson PJ, Iwata S, Kunji ER, Michel H, Neutze R, Newstead S, Poolman B, Tate

CG, Vogel H (2011) Overcoming barriers to membrane protein structure determination. Nat

Biotechnol 29:335–340

Bycroft M, Bateman A, Clarke J, Hamill SJ, Sandford R, Thomas RL, Chothia C (1999) The

structure of a PKD domain from polycystin-1: implications for polycystic kidney disease.

EMBO J 18:297–305

Cao E, Cordero-Morales JF, Liu B, Qin F, Julius D (2013a) TRPV1 channels are intrinsically heat

sensitive and negatively regulated by phosphoinositide lipids. Neuron 77:667–679

Cao E, Liao M, Cheng Y, Julius D (2013b) TRPV1 structures in distinct conformations reveal

activation mechanisms. Nature 504:113–118

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D (1997) The capsaicin

receptor: a heat-activated ion channel in the pain pathway. Nature 389:816–824

Chang Q, Gyftogianni E, van de Graaf SF, Hoefs S, Weidema FA, Bindels RJ, Hoenderop JG

(2004) Molecular determinants in TRPV5 channel assembly. J Biol Chem 279:54304–54311

Clayton GM, Altieri S, Heginbotham L, Unger VM, Morais-Cabral JH (2008) Structure of the

transmembrane regions of a bacterial cyclic nucleotide-regulated channel. Proc Natl Acad Sci

U S A 105:1511–1515

Cvetkov TL, Huynh KW, Cohen MR, Moiseenkova-Bell VY (2011) Molecular architecture and

subunit organization of TRPA1 ion channel revealed by electron microscopy. J Biol Chem

286:38168–38176

De-la-Rosa V, Rangel-Yescas GE, Ladron-de-Guevara E, Rosenbaum T, Islas LD (2013) Coarse

architecture of the Transient Receptor Potential Vanilloid 1 (TRPV1) ion channel determined

by Fluorescence Resonance Energy Transfer (FRET). J Biol Chem 288:29506–29517

Delmas P, Brown DA (2005) Pathways modulating neural KCNQ/M (Kv7) potassium channels.

Nat Rev Neurosci 6:850–862

Demeuse P, Penner R, Fleig A (2006) TRPM7 channel is regulated by magnesium nucleotides via

its kinase domain. J Gen Physiol 127:421–434

Structural Biology of TRP Channels 985



Desai BN, Krapivinsky G, Navarro B, Krapivinsky L, Carter BC, Febvay S, Delling M,

Penumaka A, Ramsey IS, Manasian Y et al (2012) Cleavage of TRPM7 releases the kinase

domain from the ion channel and regulates its participation in Fas-induced apoptosis. Dev Cell

22:1149–1162

Dick IE, Tadross MR, Liang H, Tay LH, Yang W, Yue DT (2008) A modular switch for spatial

Ca2+ selectivity in the calmodulin regulation of CaV channels. Nature 451:830–834

Doyle DA, Morais Cabral J, Pfuetzner RA, Kuo A, Gulbis JM, Cohen SL, Chait BT, MacKinnon R

(1998) The structure of the potassium channel: molecular basis of K+ conduction and selec-

tivity. Science 280:69–77

Dumetz AC, Snellinger-O’brien AM, Kaler EW, Lenhoff AM (2007) Patterns of protein protein

interactions in salt solutions and implications for protein crystallization. Protein Sci

16:1867–1877

Dutzler R, Campbell EB, Cadene M, Chait BT, MacKinnon R (2002) X-ray structure of a

ClC chloride channel at 3.0 A reveals the molecular basis of anion selectivity. Nature

415:287–294

Erler I, Hirnet D, Wissenbach U, Flockerzi V, Niemeyer BA (2004) Ca2 + -selective transient

receptor potential V channel architecture and function require a specific ankyrin repeat. J Biol

Chem 279:34456–34463

Fujiwara Y, Minor DL Jr (2008) X-ray crystal structure of a TRPM assembly domain reveals an

antiparallel four-stranded coiled-coil. J Mol Biol 383:854–870

Garcia-Elias A, Mrkonjic S, Pardo-Pastor C, Inada H, Hellmich UA, Rubio-Moscardo F, Plata C,

Gaudet R, Vicente R, Valverde MA (2013) Phosphatidylinositol-4,5-biphosphate-dependent

rearrangement of TRPV4 cytosolic tails enables channel activation by physiological stimuli.

Proc Natl Acad Sci U S A 110:9553–9558

Gaudet R (2008a) A primer on ankyrin repeat function in TRP channels and beyond. Mol Biosyst

4:372–379

Gaudet R (2008b) TRP channels entering the structural era. J Physiol 586:3565–3575

Gaudet R (2009) Divide and conquer: high resolution structural information on TRP channel

fragments. J Gen Physiol 133:231–237

Grigoryan G, Keating AE (2008) Structural specificity in coiled-coil interactions. Curr Opin Struct

Biol 18:477–483

Gront D, Grabowski M, Zimmerman MD, Raynor J, Tkaczuk KL, Minor W (2012) Assessing the

accuracy of template-based structure prediction metaservers by comparison with structural

genomics structures. J Struct Funct Genomics 13:213–225

Hellmich UA, Gaudet R (2014) High-resolution views of TRPV1 and their implications for the

TRP channel superfamily. In: Nilius B, Flockerzi V (eds) Mammalian Transient Receptor

Potential (TRP) cation channels. Springer, Heidelberg

Hong M, Zhang Y, Hu F (2012) Membrane protein structure and dynamics from NMR spectros-

copy. Annu Rev Phys Chem 63:1–24

Howard RJ, Clark KA, Holton JM, Minor DL Jr (2007) Structural insight into KCNQ (Kv7)

channel assembly and channelopathy. Neuron 53:663–675

Huynh KW, Cohen MR, Chakrapani S, Holdaway HA, Stewart PL, Moiseenkova-Bell VY (2013)

Structural Insight into the Assembly of TRPV Channels. Structure 22(2):260–268

Ihara M, Hamamoto S, Miyanoiri Y, Takeda M, Kainosho M, Yabe I, Uozumi N, Yamashita A

(2013) Molecular bases of multimodal regulation of a fungal transient receptor potential (TRP)

channel. J Biol Chem 288:15303–15317

Inada H, Procko E, Sotomayor M, Gaudet R (2012) Structural and biochemical consequences

of disease-causing mutations in the ankyrin repeat domain of the human TRPV4 channel.

Biochemistry 51:6195–6206

Ishimaru Y, Katano Y, Yamamoto K, Akiba M, Misaka T, Roberts RW, Asakura T, Matsunami H,

Abe K (2010) Interaction between PKD1L3 and PKD2L1 through their transmembrane

domains is required for localization of PKD2L1 at taste pores in taste cells of circumvallate

and foliate papillae. FASEB J 24:4058–4067

986 U.A. Hellmich and R. Gaudet



Jacobs MD, Harrison SC (1998) Structure of an IkappaBalpha/NF-kappaB complex. Cell

95:749–758

Jara-Oseguera A, Llorente I, Rosenbaum T, Islas LD (2008) Properties of the inner pore region of

TRPV1 channels revealed by block with quaternary ammoniums. J Gen Physiol 132:547–562

Jin X, Touhey J, Gaudet R (2006) Structure of the N-terminal ankyrin repeat domain of the TRPV2

ion channel. J Biol Chem 281:25006–25010

Kobertz WR, Williams C, Miller C (2000) Hanging gondola structure of the T1 domain in a

voltage-gated K(+) channel. Biochemistry 39:10347–10352

Kol S, Braun C, Thiel G, Doyle DA, Sundstrom M, Gourdon P, Nissen P (2013) Heterologous

expression and purification of an active human TRPV3 ion channel. FEBS J 280(23):

6010–6021

Kon T, Imamula K, Roberts AJ, Ohkura R, Knight PJ, Gibbons IR, Burgess SA, Sutoh K (2009)

Helix sliding in the stalk coiled coil of dynein couples ATPase and microtubule binding. Nat

Struct Mol Biol 16:325–333

Landoure G, Zdebik AA, Martinez TL, Burnett BG, Stanescu HC, Inada H, Shi Y, Taye AA,

Kong L, Munns CH et al (2010) Mutations in TRPV4 cause Charcot-Marie-Tooth disease type

2C. Nat Genet 42:170–174

Landoure G, Sullivan JM, Johnson JO, Munns CH, Shi Y, Diallo O, Gibbs JR, Gaudet R,

Ludlow CL, Fischbeck KH et al (2012) Exome sequencing identifies a novel TRPV4 mutation

in a CMT2C family. Neurology 79:192–194

Lange A, Giller K, Hornig S, Martin-Eauclaire MF, Pongs O, Becker S, Baldus M (2006) Toxin-

induced conformational changes in a potassium channel revealed by solid-state NMR. Nature

440:959–962

LaPlante JM, Falardeau JL, Brown EM, Slaugenhaupt SA, Vassilev PM (2011) The cation channel

mucolipin-1 is a bifunctional protein that facilitates membrane remodeling via its serine lipase

domain. Exp Cell Res 317:691–705

Lau SY, Procko E, Gaudet R (2012) Distinct properties of Ca2 + -calmodulin binding to N- and

C-terminal regulatory regions of the TRPV1 channel. J Gen Physiol 140:541–555

Lepage PK, Lussier MP, McDuff FO, Lavigne P, Boulay G (2009) The self-association of

two N-terminal interaction domains plays an important role in the tetramerization of TRPC4.

Cell Calcium 45:251–259

Lewit-Bentley A, Rety S (2000) EF-hand calcium-binding proteins. Curr Opin Struct Biol

10:637–643

Li A, Tian X, Sung SW, Somlo S (2003) Identification of two novel polycystic kidney disease-1-

like genes in human and mouse genomes. Genomics 81:596–608

Li X, Mooney P, Zheng S, Booth CR, Braunfeld MB, Gubbens S, Agard DA, Cheng Y (2013)

Electron counting and beam-induced motion correction enable near-atomic-resolution single-

particle cryo-EM. Nat Methods 10:584–590

Liao M, Cao E, Julius D, Cheng Y (2013) Structure of the TRPV1 ion channel determined by

electron cryo-microscopy. Nature 504:107–112

Lishko PV, Procko E, Jin X, Phelps CB, Gaudet R (2007) The ankyrin repeats of TRPV1 bind

multiple ligands and modulate channel sensitivity. Neuron 54:905–918

Long SB, Campbell EB, Mackinnon R (2005) Crystal structure of a mammalian voltage-

dependent Shaker family K + channel. Science 309:897–903

Luft JR, Snell EH, Detitta GT (2011) Lessons from high-throughput protein crystallization

screening: 10 years of practical experience. Expert Opin Drug Discov 6:465–480

Lux SE, John KM, Bennett V (1990) Analysis of cDNA for human erythrocyte ankyrin indicates

a repeated structure with homology to tissue-differentiation and cell-cycle control proteins.

Nature 344:36–42

Mariani V, Kiefer F, Schmidt T, Haas J, Schwede T (2011) Assessment of template based protein

structure predictions in CASP9. Proteins 79(Suppl 10):37–58

Structural Biology of TRP Channels 987



Maruyama Y, Ogura T, Mio K, Kiyonaka S, Kato K, Mori Y, Sato C (2007) Three-dimensional

reconstruction using transmission electron microscopy reveals a swollen, bell-shaped structure

of transient receptor potential melastatin type 2 cation channel. J Biol Chem 282:36961–36970

McCleverty CJ, Koesema E, Patapoutian A, Lesley SA, Kreusch A (2006) Crystal structure of the

human TRPV2 channel ankyrin repeat domain. Protein Sci 15:2201–2206

Minor DL Jr (2007) The neurobiologist’s guide to structural biology: a primer on why macromo-

lecular structure matters and how to evaluate structural data. Neuron 54:511–533

Mio K, Ogura T, Kiyonaka S, Hiroaki Y, Tanimura Y, Fujiyoshi Y, Mori Y, Sato C (2007a) The

TRPC3 channel has a large internal chamber surrounded by signal sensing antennas. J Mol Biol

367:373–383

Mio K, Ogura T, Kiyonaka S, Mori Y, Sato C (2007b) Subunit dissociation of TRPC3 ion channel

under high-salt condition. J Electron Microsc 56:111–117

Moiseenkova-Bell VY, Wensel TG (2009) Hot on the trail of TRP channel structure. J Gen Physiol

133:239–244

Moiseenkova-Bell VY, Stanciu LA, Serysheva II, Tobe BJ, Wensel TG (2008) Structure of

TRPV1 channel revealed by electron cryomicroscopy. Proc Natl Acad Sci U S A

105:7451–7455

Molland KL, Paul LN, Yernool DA (2012) Crystal structure and characterization of coiled-coil

domain of the transient receptor potential channel PKD2L1. Biochim Biophys Acta

1824:413–421

Moutevelis E, Woolfson DN (2009) A periodic table of coiled-coil protein structures. J Mol Biol

385:726–732

Nieto-Posadas A, Picazo-Juarez G, Llorente I, Jara-Oseguera A, Morales-Lazaro S, Escalante-

Alcalde D, Islas LD, Rosenbaum T (2012) Lysophosphatidic acid directly activates TRPV1

through a C-terminal binding site. Nat Chem Biol 8:78–85

Nilius B, Voets T (2013) The puzzle of TRPV4 channelopathies. EMBO Rep 14:152–163

Nilius B, Owsianik G, Voets T (2008) Transient receptor potential channels meet phosphoi-

nositides. EMBO J 27:2809–2816

Numazaki M, Tominaga T, Takeuchi K, Murayama N, Toyooka H, Tominaga M (2003) Structural

determinant of TRPV1 desensitization interacts with calmodulin. Proc Natl Acad Sci U S A

100:8002–8006

Park SH, Das BB, Casagrande F, Tian Y, Nothnagel HJ, Chu M, Kiefer H, Maier K, De Angelis

AA, Marassi FM et al (2012) Structure of the chemokine receptor CXCR1 in phospholipid

bilayers. Nature 491:779–783

Pedretti A, Marconi C, Bettinelli I, Vistoli G (2009) Comparative modeling of the quaternary

structure for the human TRPM8 channel and analysis of its binding features. Biochim Biophys

Acta 1788:973–982

Persechini A, Moncrief ND, Kretsinger RH (1989) The EF-hand family of calcium-modulated

proteins. Trends Neurosci 12:462–467

Petri ET, Celic A, Kennedy SD, Ehrlich BE, Boggon TJ, Hodsdon ME (2010) Structure of the

EF-hand domain of polycystin-2 suggests a mechanism for Ca2 + -dependent regulation of

polycystin-2 channel activity. Proc Natl Acad Sci U S A 107:9176–9181

Phelps CB, Procko E, Lishko PV, Wang RR, Gaudet R (2007) Insights into the roles of conserved

and divergent residues in the ankyrin repeats of TRPV ion channels. Channels (Austin)

1:148–151

Phelps CB, Huang RJ, Lishko PV, Wang RR, Gaudet R (2008) Structural analyses of the ankyrin

repeat domain of TRPV6 and related TRPV ion channels. Biochemistry 47:2476–2484

Phelps CB, Wang RR, Choo SS, Gaudet R (2010) Differential regulation of TRPV1, TRPV3, and

TRPV4 sensitivity through a conserved binding site on the ankyrin repeat domain. J Biol Chem

285:731–740

Prescott ED, Julius D (2003) A modular PIP2 binding site as a determinant of capsaicin receptor

sensitivity. Science 300:1284–1288

988 U.A. Hellmich and R. Gaudet



Qamar S, Vadivelu M, Sandford R (2007) TRP channels and kidney disease: lessons from

polycystic kidney disease. Biochem Soc Trans 35:124–128

Qian F, Germino FJ, Cai Y, Zhang X, Somlo S, Germino GG (1997) PKD1 interacts with PKD2

through a probable coiled-coil domain. Nat Genet 16:179–183

Rhoads AR, Friedberg F (1997) Sequence motifs for calmodulin recognition. FASEB J 11:

331–340

Runnels LW, Yue L, Clapham DE (2001) TRP-PLIK, a bifunctional protein with kinase and ion

channel activities. Science 291:1043–1047

Ryazanov AG, Pavur KS, DorovkovMV (1999) Alpha-kinases: a new class of protein kinases with

a novel catalytic domain. Curr Biol 9:R43–R45

Saxena K, Dutta A, Klein-Seetharaman J, Schwalbe H (2012) Isotope labeling in insect cells.

Methods Mol Biol 831:37–54

Schmitz C, Perraud AL, Johnson CO, Inabe K, Smith MK, Penner R, Kurosaki T, Fleig A,

Scharenberg AM (2003) Regulation of vertebrate cellular Mg2+ homeostasis by TRPM7.

Cell 114:191–200

Schumacher MA, Rivard AF, Bachinger HP, Adelman JP (2001) Structure of the gating domain of

a Ca2 + -activated K + channel complexed with Ca2+/calmodulin. Nature 410:1120–1124

Schumann F, Hoffmeister H, Bader R, Schmidt M, Witzgall R, Kalbitzer HR (2009) Ca2 +-

-dependent conformational changes in a C-terminal cytosolic domain of polycystin-2. J Biol

Chem 284:24372–24383

Sedgwick SG, Smerdon SJ (1999) The ankyrin repeat: a diversity of interactions on a common

structural framework. Trends Biochem Sci 24:311–316

Shi DJ, Ye S, Cao X, Zhang R, Wang K (2013) Crystal structure of the N-terminal ankyrin repeat

domain of TRPV3 reveals unique conformation of finger 3 loop critical for channel function.

Protein Cell 4:942–950

Shigematsu H, Sokabe T, Danev R, Tominaga M, Nagayama K (2010) A 3.5-nm structure of rat

TRPV4 cation channel revealed by Zernike phase-contrast cryoelectron microscopy. J Biol

Chem 285:11210–11218

Siemens J, Zhou S, Piskorowski R, Nikai T, Lumpkin EA, Basbaum AI, King D, Julius D (2006)

Spider toxins activate the capsaicin receptor to produce inflammatory pain. Nature

444:208–212

Tate CG (2012) A crystal clear solution for determining G-protein-coupled receptor structures.

Trends Biochem Sci 37:343–352

Tsiokas L, Kim E, Arnould T, Sukhatme VP, Walz G (1997) Homo- and heterodimeric

interactions between the gene products of PKD1 and PKD2. Proc Natl Acad Sci U S A

94:6965–6970

Tsuruda PR, Julius D, Minor DL Jr (2006) Coiled coils direct assembly of a cold-activated TRP

channel. Neuron 51:201–212

Tugarinov V, Choy WY, Orekhov VY, Kay LE (2005) Solution NMR-derived global fold of a

monomeric 82-kDa enzyme. Proc Natl Acad Sci U S A 102:622–627

Vetter SW, Leclerc E (2003) Novel aspects of calmodulin target recognition and activation. Eur J

Biochem 270:404–414

Wang S, Munro RA, Shi L, Kawamura I, Okitsu T, Wada A, Kim SY, Jung KH, Brown LS,

Ladizhansky V (2013) Solid-state NMR spectroscopy structure determination of a lipid-

embedded heptahelical membrane protein. Nat Methods 10:1007–1012

Whorton MR, MacKinnon R (2011) Crystal structure of the mammalian GIRK2 K+ channel and

gating regulation by G proteins, PIP2, and sodium. Cell 147:199–208

Wider G (2000) Structure determination of biological macromolecules in solution using nuclear

magnetic resonance spectroscopy. Biotechniques 29:1278–1282

Wiener R, Haitin Y, Shamgar L, Fernandez-Alonso MC, Martos A, Chomsky-Hecht O, Rivas G,

Attali B, Hirsch JA (2008) The KCNQ1 (Kv7.1) COOH terminus, a multitiered scaffold for

subunit assembly and protein interaction. J Biol Chem 283:5815–5830

Structural Biology of TRP Channels 989



Xu Q, Minor DL Jr (2009) Crystal structure of a trimeric form of the K(V)7.1 (KCNQ1) A-domain

tail coiled-coil reveals structural plasticity and context dependent changes in a putative coiled-

coil trimerization motif. Protein Sci 18:2100–2114

Yamaguchi H, Matsushita M, Nairn AC, Kuriyan J (2001) Crystal structure of the atypical protein

kinase domain of a TRP channel with phosphotransferase activity. Mol Cell 7:1047–1057

Yu FH and Catterall WA (2004) The VGL-chanome: a protein superfamily specialized for

electrical signaling and ionic homeostasis. Sci STKE (253):re15

Yu Y, Ulbrich MH, Li MH, Buraei Z, Chen XZ, Ong AC, Tong L, Isacoff EY, Yang J (2009)

Structural and molecular basis of the assembly of the TRPP2/PKD1 complex. Proc Natl Acad

Sci U S A 106:11558–11563

Yu Y, Ulbrich MH, Li MH, Dobbins S, Zhang WK, Tong L, Isacoff EY, Yang J (2012) Molecular

mechanism of the assembly of an acid-sensing receptor ion channel complex. Nat Commun

3:1252

Zakharian E, Cao C, Rohacs T (2010) Gating of transient receptor potential melastatin 8 (TRPM8)

channels activated by cold and chemical agonists in planar lipid bilayers. J Clin Neurosci

30:12526–12534

Zhao X (2012) Protein structure determination by solid-state NMR. Top Curr Chem 326:187–213

Zhou ZH (2011) Atomic resolution cryo electron microscopy of macromolecular complexes. Adv

Protein Chem Struct Biol 82:1–35

Zhu MX (2005) Multiple roles of calmodulin and other Ca(2+)-binding proteins in the functional

regulation of TRP channels. Pflugers Arch 451:105–115

Zhu J, Yu Y, Ulbrich MH, Li MH, Isacoff EY, Honig B, Yang J (2011) Structural model of the

TRPP2/PKD1 C-terminal coiled-coil complex produced by a combined computational and

experimental approach. Proc Natl Acad Sci U S A 108:10133–10138

Zimon M, Baets J, Auer-Grumbach M, Berciano J, Garcia A, Lopez-Laso E, Merlini L, Hilton-

Jones D, McEntagart M, Crosby AH et al (2010) Dominant mutations in the cation channel

gene transient receptor potential vanilloid 4 cause an unusual spectrum of neuropathies. Brain

133:1798–1809

990 U.A. Hellmich and R. Gaudet



High-Resolution Views of TRPV1 and Their
Implications for the TRP Channel
Superfamily

Ute A. Hellmich and Rachelle Gaudet

Contents

1 Three-Dimensional Structure Determination of TRPV1

by Cryoelectron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 992

2 Overall Architecture of TRPV1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 993

3 Two Gates to the TRPV1 Pore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 998

4 Intracellular Signaling Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1001

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1002

Abstract

The first high-resolution structures of a near-full-length TRP channel were

recently described, structures of the noxious heat receptor TRPV1 in the absence

or presence of vanilloid agonists and a spider toxin. Here we briefly review the

salient features, including the overall architecture, agonist binding sites, and

conformational changes related to channel pore gating. We also discuss some of

the structures’ implications for the TRP channel family and a few of the many

questions still left unanswered.

Keywords

TRPV1 • Cryoelectron microscopy • Resiniferatoxin • Gating • Double-knot

toxin • TRP box

The painful sensation evoked by noxious hot temperatures and pungent vanilloid

compounds such as capsaicin (found in chili peppers) and resiniferatoxin (RTX;

found in Euphorbia resinifera cacti-like plants) has been attributed to the activation
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of the transient receptor potential of subtype vanilloid 1 (TRPV1) ion channel,

making TRPV1 an important therapeutic pharmacological target (Szallasi and

Sheta 2012). TRPV1 is expressed in peripheral nociceptor neurons, where its

activation initiates action potentials leading to an eventual burning pain sensation.

TRPV1 is not only activated by natural plant vanilloids but also by endogenous

compounds related to arachidonic acid metabolites (Pingle et al. 2007; Starowicz

et al. 2007) and by animal venom toxins including the vanillotoxin or double-knot

toxin (DkTx) from Psalmopoeus cambridgei spiders [(Siemens et al. 2006); this

book]. Three recent structures of TRPV1 (Cao et al. 2013b; Liao et al. 2013), one in

the absence of ligands, the “apo” state, one in the presence of both DkTx and RTX,

and one in the presence of capsaicin, reveal molecular mechanisms for channel

gating and provide a 3D scaffold onto which to interpret or reinterpret decades of

accumulated physiological, pharmacological, and biochemical data on TRPV1 and

other TRP channels. Here we provide a brief introduction to these structures.

1 Three-Dimensional Structure Determination of TRPV1
by Cryoelectron Microscopy

TRPV1 is the namesake member of the vanilloid or TRPV subfamily of TRP

channels. The homotetrameric TRPV channels contain a highly variable

N-terminal cytoplasmic region that precedes six N-terminal ankyrin repeats,

followed by a ~70-residue highly conserved linker region, a transmembrane domain

formed by six membrane-spanning segments and a long pore-forming loop between

the fifth and sixth segments, and a ~150-residue cytoplasmic C-terminal region.

To determine high-resolution structures of rat TRPV1, some modifications were

introduced within its primary sequence, deleting regions predicted to be largely

unstructured. Such protein engineering is commonly used in structural biology to

improve sample homogeneity. Both the very N- and C-termini were removed,

residues 1–109 and 765–838, respectively. In addition, the extracellular turret

between the S5 and pore helices (residues 604–626), which includes the only

glycosylation site (Rosenbaum et al. 2002), was deleted. Engineered TRPV1 was

expressed in HEK293 cells, extracted in dodecylmaltoside detergent, purified, and

stabilized by exchanging the detergent with amphipols (Popot et al. 2011), before

structure determination. Importantly, this construct retained sensitivity to heat,

capsaicin, pH, and DkTx, as assessed in HEK293 cells by electrophysiology

(Liao et al. 2013).

The TRPV1 structures were determined using single-particle reconstruction

from cryoelectron microscopy (cryoEM) images. CryoEM has always had the

theoretical ability to reach atomic resolution but has been plagued by technical

challenges that render images much “fuzzier” than their theoretical limit, greatly

limiting the resolution of the resulting structures except in rare special cases such as

very well-ordered specimens of highly symmetric viral particles (Grigorieff and

Harrison 2011). However, the cryoEM technique has seen dramatic technical

developments in the last few years (Li et al. 2013), and the TRPV1 structures are
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some of the first structures demonstrating how these improvements can yield

essentially atomic resolution for large molecular complexes with low symmetry

for which little-to-no structural information was previously available (Henderson

2013). The technical developments can be summarized in two major advances. The

new direct electron detectors have very high sensitivity, low noise, and very fast

readout, allowing the accumulation of images as movies (i.e., with a time compo-

nent) rather than as still images (time averaged). This then enables corrections for

the electron beam-induced motion of the sample during image accumulation,

generating images that are now exceptionally sharp. The new data format also

enables clever processing at different steps in the structure-determination process.

At first, averaging all frames of the “movies” yields high signal-to-noise to facilitate

accurate semiautomated particle selection. Then eliminating the early frames which

have the most beam-induced motion and later frames with too much sample

damage produces the most accurate images for classification, averaging, and

structure determination. Finally, an important point is that the TRPV1 structure

determination was a multistep iterative process with very conservative assessments

of data quality, following the strictest standards in the field. Ultimately, fewer than

37 % of the TRPV1 particles from the high-resolution dataset were selected to

calculate the high-resolution maps. The published structures therefore likely repre-

sent only one of multiple conformational states present in the sample. However, this

should not be viewed as “cherry-picking” data; it is instead a judicious choice to use

only the most similar and best defined particles to yield the highest resolution

map—analogous to “crystallization without crystals” (Frank 2006).

2 Overall Architecture of TRPV1

The TRPV1 structures are tetrameric (Fig. 1), as expected from biochemistry and

sequence similarity to the ligand-gated and voltage-gated channel superfamily

(Kedei et al. 2001). Notably, the fourfold symmetry was strictly enforced during

data processing to obtain the TRPV1 structures, providing fourfold averaging to

increase signal intensity. The fact that averaging improved the overall resolution

indicates that the four subunits within each TRPV1 tetramer are indeed largely

structurally equivalent. However, averaging would also conceal any potential local

asymmetries.

The transmembrane domain of each TRPV1 subunit includes six transmembrane

helices as well as a shorter pore helix. Similarly to voltage-gated ion channels such

as Kv1.2 (Long et al. 2005), the transmembrane helices of each subunit form two

distinct “bundles.” Viewed from the top, the S1–S4 bundles are located on the

periphery of the channel, while the four S5–S6 bundles tetramerize to form the

central ion pore (Fig. 1c). Importantly, S4 from one subunit interacts with S5 and S6

of the anticlockwise adjacent subunit; in other words, each peripheral S1–S4 bundle

is in close proximity to the S5–S6 bundle of another subunit. Similarly, the S1 helix

of one subunit abuts the S5 and pore helices of the anticlockwise neighbor. This
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same intertwined subunit organization of the transmembrane domain was first

observed in the Shaker voltage-gated channel (Long et al. 2005).

As in many tetrameric ion channels, the S5–S6 region of TRPV1, including the

intervening pore helix and reentrant loop, forms an “inverted teepee”-shaped pore

Fig. 1 High-resolution TRPV1 cryoEM structure. (a) The cryoEM density (transparent surface) is

superimposed on the TRPV1 molecular model (pdb: 3j5p). Note that no density was observed for

the first two ankyrin repeats (bracket). An arrow points to unmodeled cryoEM density near the

ARD-S1 linker. (b) One subunit is shown as colored cartoon, while the other three are shown as

white surface. The view is rotated 60� on the vertical axis relative to (a). Both (a) and (b) represent
“side” views, parallel to the membrane plane. The approximate location of the membrane is

indicated by black bars. (c) View of the TRPV1 tetramer from the extracellular “top” face. Two

subunits are colored and two are white, to highlight the intertwining of the transmembrane

domains. (d) Intracellular “bottom” face of the TRPV1 tetramer as a surface representation,

emphasizing the “bowl” shape of the intracellular domains. One subunit is colored. (e) Inset
shows the relatively small interface between an ARD and the β-sheet of the adjacent subunit. All
panels follow the same color scheme: ARD, cyan; ARD-S1 linker, yellow; S1–S4 bundle, lilac;
S5–S6 pore region, blue; TRP box helix, red; C-terminus, green
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(Fig. 2c). In contrast to the tall selectivity filter of potassium channels first observed

in KcsA (Doyle et al. 1998), the TRPV1 pore contains a rather short constricted

region that likely acts as the selectivity filter (Fig. 2c), consistent with the fact that

TRPV1 is a rather nonselective cation channel (Caterina et al. 1997). The TRPV1

pore features two constrictions at glycine 643 and isoleucine 679, which have been

assigned as the upper and lower gates, respectively (Fig. 2; more on gating below).

In the extracellular (or “upper”) half of the membrane, the short pore helices form a

funnel-like shape that tapers from the extracellular face of the channel into the

membrane center. At the closest approach of the pore helix C-termini, the four

Fig. 2 Details of the TRPV1 structure. (a, b) The TRP box is straddled by the S1–S4 helix bundle

from above and buttressed by the ARD-S1 linker from below, placing it in a perfect position to

communicate peripheral signals to the ion channel pore. The S4–S5 linker sits approximately

perpendicularly above the TRP box and leads to the S5-pore helix-S6 pore region. The ARD was

omitted for clarity. Only one (a) or two (b) subunits are shown for simplicity, viewed from the

membrane plane. (c) The arrangement of the pore formed by constrictions at residues G643 at the

C-terminus of the pore helix and I679 in helix S6 leading into the TRP box helix. (d) Cartoon

representation of the transmembrane domain tetramer (residues 429–711) viewed from the intra-

cellular side shows the TRP box helices arranged as spokes on a wheel. Gate residues 643 and

679 are shown as spheres. (e) The transmembrane region of the RTX and DkTx-bound TRPV1

tetramer. The RTX density, shown as a surface, is nudged in a crevasse formed by the S1–S4

bundle of one subunit and the pore region of the adjacent subunit. Each DkTx knot, shown as a

mesh surface, binds the top of the S4 and pore helices from one subunit and the top of S6 from the

adjacent subunit. (f) The open pore of the RTX and DkTx-bound TRPV1 structure (compare to

panel c). Color coding is the same as in Fig. 1, with RTX in red and DkTx in green. Panels (a)–(d)
represent the apo structure (pdb: 3j5p) and panels (e, f) the RTX and DkTx-bound structure (pdb:

3j5q)
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glycine 643 residues point their carbonyl groups towards the center of the pore,

forming the upper gate constriction and most likely contributing to cation selectiv-

ity. S6 residue tyrosine 671 sits just below glycine 643, consistent with its influence

on ion selectivity (Mohapatra et al. 2003). The lower gate is located in the middle of

the S6 helix, which lines the pore. The tilt of the S6 helices relative to the plane of

the membrane means that they have a single crossing point corresponding to the

lower gate, about 15 Å below the upper gate (Fig. 2b). This lower gate is formed by

the four hydrophobic isoleucine 679 side chains. Of note, the results of a cysteine-

accessibility scan of the TRPV1 S6 helix (Salazar et al. 2009) are in partial but not

complete agreement with the cryoEM structure. Overall, the two gates of the

TRPV1 pore are placed well within the center of the membrane plane, and the

tilted arrangement of the four S5–S6 bundles allows for an aperture-like widening

and narrowing of the two gates in response to stimuli.

Helix S6 leads C-terminally into the TRP box, a ~25-residue conserved sequence

feature of TRPV, TRPC, and TRPM channels (as well as TRPN channels)

implicated in channel gating and regulation (Venkatachalam and Montell 2007;

Wu et al. 2010). Residues 690–711 of the TRPV1 TRP box form a long helix

parallel to the membrane plane that emanates from the channel center and points

towards the periphery, like a spoke on a wheel (Fig. 2d). Interestingly, this means

that the N-terminal half of the TRP box helix sits just under the S4–S5 linker, while

its C-terminal half lies under the S1–S4 bundle of its own subunit. The S4–S5 linker

crosses the TRP box helix approximately perpendicularly, suggesting that move-

ment of the TRP box will influence the S4–S5 linker and thus the pore, and vice

versa (Fig. 2a–d). Factors acting on the S4–S5 linker—such as capsaicin or RTX

(see below)—will therefore influence the orientation of the TRP box.

The S1–S4 bundle straddles the TRP box helix, with helices S1 and S4 on one

side and S2 and S3 on the other (Fig. 2). In voltage-gated channels, the S1–S4

bundle forms the voltage sensor domain, with four highly conserved voltage-

sensing arginines on the S4 helix that move across the membrane in response to a

voltage stimulus (Catterall 2010). TRP channels are much less voltage-sensitive

than voltage-gated channels. Accordingly, few if any basic residues are present in

the S4 helix of TRP channels. In TRPV1, the S1–S4 bundle adopts a structure

analogous to that of a voltage sensor domain in a depolarized (activated) state

(Long et al. 2005), both in the absence or presence of agonists, suggesting that the

S1–S4 bundle is essentially static (Cao et al. 2013b). Moreover, its core packs many

aromatic residues, further suggesting that it is not a dynamic structure. However,

slight rigid-body motions of the entire bundle could readily be transmitted to the

channel gates, with the TRP box helix acting as a lever to affect the S4–S5 linker

and channel pore.

The TRPV1 intracellular regions, which are both N- and C-terminal to the

transmembrane domain in the primary sequence, come together to form an

upside-down bowl-shaped structure below the ion channel pore, resembling the

“hanging gondola” (Kobertz et al. 2000) described for a large number of ion

channels. This bowl opens a large cavity that is accessible to the cytoplasm

(Fig. 1d). Although the importance of this intracellular shape is not yet clear,
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TRP channels interact with a large number of accessory molecules and proteins

which may access their binding sites through this opening.

The N- and C-termini interact with each other through small interfaces (Fig. 1e)

and connect to the transmembrane domain mainly through the TRP box helix

(Figs. 1 and 2). In fact, the ~70-residue linker region between the N-terminal

ankyrin repeat domain (ARD) and the S1 helix, or “ARD-S1 linker,” is clearly

the hub of these interactions. The ARD-S1 linker, comprised of several short

helices and a β-hairpin, wraps the TRP box helix from below, with a short “pre-

S1” helix well-positioned for allosteric communications between the intracellular

and transmembrane domains (Fig. 2). The ARD-S1-linker effectively extends the

ARD, forming a docking site for the exposed face of the sixth ankyrin repeat. In

addition a β-sheet formed from the ARD-S1-linker and the C-terminus is in contact

with the ARD of an adjacent subunit (Fig. 1e).

The overall structure of the TRPV1 intracellular domains, when viewed from the

intracellular side, resembles a right-handed four-bladed pinwheel with each blade

corresponding to one ARD (Fig. 1d). Of note, the recently published low-resolution

cryoEM structure of TRPV2 shows a left-handed pinwheel-shaped volume (Huynh

et al. 2014). However, the structure determination method used for TRPV2, angular

reconstitution, arbitrarily assigns handedness, requiring a separate test to determine

absolute handedness (Rosenthal and Henderson 2003). Therefore, angular reconsti-

tution can lead to an inadvertent inversion of the resulting 3D volume, particularly

for low-resolution symmetric structures where chiral features such as right-handed

α-helices are not distinguishable. From our own simple docking, we conclude that

the TRPV1 atomic model (Liao et al. 2013) indeed fits very well into an inverted

TRPV2 volume, somewhat better than it fits in the published TRPV2 volume. Most

importantly, this does suggest that TRPV1 and TRPV2 have very similar structures.

There is extensive accumulated knowledge about the structure of the TRPV

ARDs (Gaudet 2008; Hellmich and Gaudet 2014). The TRPV1 ARD consists of six

ankyrin repeats, each containing a pair of antiparallel α-helices, the “inner” and

“outer” helices, followed by a “finger” loop extending at a ~90� angle relative to the
helical axes. The repeats stack side-by-side such that the inner helices and fingers

form a concave surface (Lishko et al. 2007). This concave surface is often a site of

ligand interactions in other ankyrin repeat-containing proteins (Gaudet 2008). As

predicted by a number of biochemical experiments (Gaudet 2008, 2009), the

TRPV1 ARDs do not interact directly with each other. Rather, as mentioned

above, ARD interactions are mediated by a three-stranded β-sheet that connects
the convex face of ankyrin repeat 6 from one subunit at one end and the concave

ARD face at finger 3 and ankyrin repeats 3 and 4 of the adjacent subunit at the other

end. Two β-strands were assigned to the ARD-S1 linker and the third β-strand to the
C-terminus (Figs. 1e and 2a, b; Liao et al. 2013).

However, the density in the β-sheet region is not as well defined as in the

transmembrane region, preventing the unequivocal assignment of the sequence

register of these strands, and from our own inspection of the publicly available

density maps (Lawson et al. 2011), we believe that the current assignment should be

considered tentative. Except for this tentative C-terminal β-strand, most of the
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53 residues C-terminal to the TRP box could not be unambiguously resolved in the

EM density map. Furthermore, the construct used for the structure determination of

TRPV1 lacks the most C-terminal 73 residues, including a region that can interact

with calmodulin (Lau et al. 2012; Numazaki et al. 2003) and is also important for

the regulation of TRPV1 by phosphoinositides (Cao et al. 2013a; Prescott and Julius

2003).

The N-terminal 109 residues were also deleted from the construct and replaced

by a maltose-binding protein affinity tag that was then removed by proteolysis

before TRPV1 structure determination (Liao et al. 2013). Surprisingly, the EM map

shows no density for residues 110–195, corresponding to the first two ankyrin

repeats, although the other four repeats are quite well resolved (Fig. 1a). This is

unexpected because isolated TRPV channel ankyrin repeats have been very ame-

nable to crystallographic trials and form stable, compact domains without much

discernable intrinsic dynamics (Gaudet 2008). It is unclear why no density was

observed for the first two ankyrin repeats, and the purification protocol suggests the

possibility that they were proteolysed and therefore missing from the EM sample.

Interestingly, the low-resolution TRPV2 3D volume does accommodate all six

ankyrin repeats, both in the published model (Huynh et al. 2014) and in our own

docking into the inverted volume.

The intracellular domains of TRPV1, while well-conserved within the TRPVs,

are not common to the other TRP subfamilies. More specifically, while some

elements, such as ankyrin repeats, recur in other TRP subfamilies, the TRPV1

sequence regions forming connections between intracellular domains and

connecting them to the transmembrane domains (aside from the TRP box) are

unique to the TRPV subfamily. Therefore, while the specific arrangement of the

TRPV1 intracellular domains can serve as a scaffold to model other TRPVs and

interpret biochemical and functional data, it provides only conceptual suggestions

of how the other TRP channel intracellular domains are arranged. For example, the

ARD-S1 linker region of TRPA1 harbors highly conserved cysteine residues that

are covalently modified by electrophilic agonists to activate the channel (Hinman

et al. 2006; Kang et al. 2010; Macpherson et al. 2007). The TRPA1 linker has no

significant sequence similarity to TRPV1, and its architecture may not follow that

of TRPV1 but could similarly form a complex docking structure for the large

17-repeat TRPA1 ARD.

3 Two Gates to the TRPV1 Pore

In addition to the TRPV1 structure in its apo state, two structures in the presence of

potent agonists provide insights into ligand gating of the channel (Cao et al. 2013b).

A comparison of all three available structures suggests the presence of two gates, an

upper and a lower gate (Fig. 2; Cao et al. 2013b; Liao et al. 2013). A structure of

TRPV1 bound to both RTX and DkTx, two strong TRPV1 agonists, has the widest

pore, which appears to be wide enough to represent a conducting state. Another

structure of TRPV1 in the presence of 50 μM capsaicin showed different
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conformational changes that suggest a shift to a semi-open, possibly corresponding

to the previously observed flickering open state (Cao et al. 2013b; Hui et al. 2003).

DkTx is a toxin from Ornithoctonus huwena tarantulas that irreversibly activates
TRPV1 and leads to enhanced Ca2+ influx through the pore, thereby eliciting a pain

response (Siemens et al. 2006). This peptide toxin belongs to the family of inhibitor

cysteine knot (ICK) toxins and consists of two ICKs with nearly identical sequences

connected by a short linker to form a potent bifunctional molecule. Four knots—

thought to be from two DkTx molecules—are bound to one TRPV1 tetramer

(Fig. 2e, f; Cao et al. 2013b). Each knot is docked at the extracellular membrane

interface, interacting with the S4 and pore helices of one subunit and the S6 helix of

a second subunit. DkTx is thus perfectly placed to act upon the ion channel pore.

Interestingly, DkTx is in close proximity to the deleted extracellular turret (residues

604–626), raising the possibility that it can interact with these residues in wild-type

TRPV1. This is consistent with the moderately reduced EC50 of DkTx for the

deletion construct over wild-type TRPV1 (Liao et al. 2013).

Residues that affect TRPV1 sensitivity to vanilloid compounds such as capsai-

cin, RTX, and the antagonist capsazepine had been identified primarily in trans-

membrane segments S3–S4 (e.g., Chou et al. 2004; Gavva et al. 2004; Jordt

et al. 2000; Phillips et al. 2004), leading to an expectation that vanilloids would

bind to the S1–S4 bundle. EM density consistent with RTX was found in a

hydrophobic, membrane-embedded cavity formed by helices S3 and S4 and the

S4–S5 linker of one subunit, as well as helices S5 and S6 of the adjacent subunit

(Fig. 2e). When viewing TRPV1 from the extracellular side, this vanilloid-binding

pocket sits roughly below the DkTx-binding site. The structure determined in the

presence of capsaicin showed a smaller EM density feature in the same pocket,

consistent with one common binding site for vanilloids (Cao et al. 2013b). This is

consistent with previous data indicating that capsaicin approaches its binding site

from the cytoplasmic side (Jung et al. 1999). Of note, neither the RTX nor capsaicin

density was well defined enough to distinguish the orientation of the ligands in the

pocket. Additionally, the authors also observed some density in the same site in the

apo structure, possibly corresponding to a lipid or detergent molecule (Cao

et al. 2013b), suggesting that this site is in exchange with lipid molecules.

TRPV1 is also activated by lipids and lipophilic molecules such as anandamide

and diacylglycerols. Consistently, previous studies already indicated a shared

binding site for diacylglycerols and capsaicin, and anandamide and RTX, respec-

tively (Woo et al. 2008; Zygmunt et al. 1999).

In both agonist-bound TRPV1 structures, the pore appears open. Capsaicin

mainly increased the diameter of the lower gate, while the interplay of DkTx and

RTX increased the diameter of both upper and lower gates (Cao et al. 2013b).

Because the structural effects on TRPV1 of either DkTx or RTX on their own have

not yet been investigated, some assumptions are required to develop a model of

allosteric gating by TRPV1 ligands. The effects on the upper gate were assigned to

DkTx based on its extracellular position. Similarly, vanilloids were inferred to act

mainly through the lower gate. A simplified gating model is illustrated in Fig. 3. In

the apo state, the TRPV1 pore is closed at both the upper and lower gates (G643 and
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I679, see also Fig. 2c). Vanilloid binding between the S1–S4 and S5–S6 bundles

affects the S4–S5 linker, leading to a slight tilt of the TRP box helix and iris-like

opening of the connecting S6 helix lining the pore, opening the lower gate. In

contrast, DkTx approaches from the extracellular side, leading to opening of the

upper gate through binding and slight displacement of the pore helix (Fig. 2c, f).

Because DkTx also interacts with helix S6, it may affect the lower gate as well.

The current high-resolution structures have yet to elucidate the physiologically

important mechanism of heat sensing by TRPV1. Mutagenesis experiments have

indicated the involvement of a number of regions in TRPV1 channel gating by heat,

including the pore (Grandl et al. 2010), the extracellular turrets [(Cui et al. 2012;

Yang et al. 2010)-results which have been controversial (Yao et al. 2010)], as well

as the ankyrin repeats and ARD-S1 linker (Yao et al. 2011). These results suggest

Fig. 3 Model of TRPV1 channel gating by capsaicin, RTX, and DkTx. (a) The TRPV1 pore is

closed at both the upper and lower gates in the absence of ligands. (b, c) Upon agonist binding, the

pore expands to allow ion flux. Different gates are affected depending on ligand type. (b)

Capsaicin (chili pepper) acts upon the S4–S5 linker that lies on top of the TRP box. The TRP

box thus communicates capsaicin binding to the pore and leads to opening of the lower gate in S6.

(c) Upon binding of both RTX (chili pepper) and DkTx (spider), both the upper and lower gates

open. RTX is presumed to have the same effect as capsaicin, thus opening the lower gate. DkTx

binds from the extracellular side and could thus be responsible for the opening of the outer pore.

Because it also interacts with the S6 helix, DkTx could also affect the lower gate. Color coding
follows Figs. 1 and 2
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that either or both gates could be modulated by the temperature-induced conforma-

tional changes.

4 Intracellular Signaling Mechanisms

The intracellular domains of TRP channels are the most variable regions within the

TRP protein family. They are also known to be important for channel function—

deletions and mutations are often deleterious to channel function, even causing

various channelopathies (Nilius and Owsianik 2010; Nilius and Voets 2013). The

lack of similarity of these domains and their arrangements to that of other proteins

has largely prevented the reliable prediction of their 3D connections and

arrangements, although such connections were anticipated.

The structures of TRPV1 do indeed show that the N-terminal region of one

subunit is connected to the C-terminal region of the adjacent subunit, with the

whole intracellular assembly forming a large inverted-bowl-shaped structure below

the channel pore (Fig. 1d). However, the connections between the subunits are

relatively small in surface area, leaving open the possibility that they are transient

rather than permanent. Also, the density of the intracellular domains is less well

defined than the transmembrane domain, suggesting that it is either less symmetric

or more flexible, or both. The highly conserved concave surface of the TRPV1

ARD, which has been implicated in ligand interactions (Gaudet 2008; Lishko

et al. 2007; Phelps et al. 2007; Phelps et al. 2010), is largely exposed to the inside

of the bowl, including several of the residues that cause constitutive activity and/or

lack of desensitization. However, some of the concave surface is involved in the

intracellular assembly, interacting with the three-stranded β-sheet (Fig. 1d, e). It is
possible that the main role of the TRPV1 ARD is to interact with other regions

within the channel. Alternatively, there may be physiological states of the channel

in which the ARD detaches from the linker to interact with other cellular partners.

The C-terminal region of TRPV1 implicated in PIP2 regulation (Cao

et al. 2013a; Prescott and Julius 2003) and calmodulin binding (Lau et al. 2012;

Numazaki et al. 2003) was not included in the construct used to determine these first

structures. The only structural element assigned to the C-terminal region is a single

β-strand. There is also unassigned density on the outside of the bowl near the

ARD-S1 linker (Fig. 1a). Therefore, there are many possible locations for the

remaining ~100 C-terminal residues, which could either form a membrane-

proximal collar on the outside of the currently available structure or form a plug

underneath the intracellular pore opening. Similar speculations can be made for the

~110 missing N-terminal residues, although in contrast to the C-terminus, their

removal has little consequence in channel function (Jung et al. 2002; Vlachova

et al. 2003).

Conclusion

In summary, the high-resolution TRPV1 structures determined by cryoEM

represent a huge leap in our understanding of the TRPV channel architecture.
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The TRP box seems perfectly positioned as a nexus to communicate information

about stimuli that interact with TRPV1’s many domains to the two gates that

guard the pore. The TRPV1 intracellular domains form an upside-down bowl

structure underneath the pore, with the ARD-S1 linker connecting ARDs to each

other and to the TRP box helix. Based on sequence conservation in the TRP

channel family, a similar TRP box helix is most likely present at least in the

TRPC, TRPM, and TRPN family members. However, the structure of the

TRPV1 intracellular domains are likely to only be representative of the TRPV

subfamily, and visualizing the intracellular domain architecture of the other

subfamilies will require additional structural studies. Finally, it is worth

emphasizing that although crystallography will still play a part in discovering

atomic-level details crucial for pharmacology, the TRPV1 structures also repre-

sent a breakthrough in high-resolution structure determination by single-particle

cryoEM, which will likely play a transformative role in future TRP channel

structural biology.
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Abstract

The TRP-canonical (TRPC) subfamily, which consists of seven members

(TRPC1–TRPC7), are Ca2+-permeable cation channels that are activated in

response to receptor-mediated PIP2 hydrolysis via store-dependent and store-

independent mechanisms. These channels are involved in a variety of physio-

logical functions in different cell types and tissues. Of these, TRPC6 has been

linked to a channelopathy resulting in human disease. Two key players of the

store-dependent regulatory pathway, STIM1 and Orai1, interact with some

TRPC channels to gate and regulate channel activity. The Ca2+ influx mediated

by TRPC channels generates distinct intracellular Ca2+ signals that regulate

downstream signaling events and consequent cell functions. This requires local-

ization of TRPC channels in specific plasma membrane microdomains and

precise regulation of channel function which is coordinated by various scaffold-

ing, trafficking, and regulatory proteins.

Keywords

TRPC channels • Ca2+ signaling • Protein complex • Trafficking • Regulation •

Function

1 Introduction

TRPC channels were first identified as molecular components of the store-operated

calcium entry (SOCE) channels (Ambudkar et al. 2007; Parekh and Putney 2005;

Venkatachalam and Montell 2007). SOCE is an ubiquitous Ca2+ entry mechanism

that is activated in response to stimulation of plasma membrane receptors coupled

to phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis, inositol 1,4,5-

triphosphate (IP3) generation, and IP3 receptor (IP3R)-mediated Ca2+ release from

the endoplasmic reticulum (ER). The primary trigger for activation of SOCE is

depletion of the ER-Ca2+ store, while refilling of this store leads to inactivation. The

first store-operated Ca2+ current to be identified (ICRAC) was the inwardly rectifying

and highly Ca2+-selective current that was measured in mast cells and T

lymphocytes (Hoth et al. 1993; Hoth and Penner 1992; Parekh and Penner 1997).

The channel mediating this current was termed calcium release-activated calcium

(CRAC) channel. Later studies revealed currents with varying electrophysiological

characteristics in other cell types (Liu et al. 2004; Parekh and Putney 2005). TRPC

channels were proposed as possible molecular components of such channels and

indeed, several TRPC members have been reported to contribute to SOCE,

although data for some TRPCs are not very consistent. TRPC1 was the first

mammalian TRPC channel to be cloned (Wes et al. 1995; Zhu et al. 1995), and

early studies established that when activated by conditions resulting in store

depletion, it is required for the generation of a relatively Ca2+-selective cation

current that was termed ISOC (store-operated Ca2+ current; Liu et al. 2003) to
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distinguish it from ICRAC. TRPC1 has been most consistently demonstrated to

contribute to SOCE in a variety of cell types (Ambudkar et al. 2007; Beech

2005), although heterologous expression of the channel does not always result in

consistent functions.

The critical mechanism that senses the status of ER-[Ca2+] and regulates activa-

tion of plasma membrane channels mediating SOCE remained a challenge for more

than two decades. This component has now been elucidated, with the discovery of

STIM1 as the ER Ca2+-sensor protein involved in regulating the plasma membrane

channels. Further, Orai1 has been established as the pore-mediating component of

CRAC channels. Of further interest is the finding that activation of TRPC channels

following store depletion is dependent not only on STIM1 but also on Orai1

(discussed in detail below). The exact mechanism(s) that regulate TRPC channels

in the non-store-operated mode is not yet clearly elucidated, although

diacylglycerol (DAG), a product of PIP2 hydrolysis, has been suggested as an

endogenous ligand.

2 Physiological Functions of TRPC Channels

The physiological functions ascribed to TRPCs have been determined in cell

cultures and animal models. Some human diseases are also associated with loss

or gain of channel function. In cell lines and primary cell cultures, endogenous

TRPC channel function has been assessed by decreasing protein expression using

shRNA or siRNA (Table 1). TRPC1-mediated Ca2+ entry regulates endogenous

glioma Cl� channels to facilitate cell migration by promoting cell shape and

volume changes (Cuddapah et al. 2013). The channel is also vital for maintaining

permeability of endothelial cell barrier, promoting wound healing following injury

to the intestinal epithelial layer and protection against cell cytotoxicity

(Bollimuntha et al. 2005b; Paria et al. 2004). Other physiological functions that

have been attributed to TRPC1 include cell proliferation and synaptic plasticity

(Fiorio Pla et al. 2005; Li et al. 2012a; McGurk et al. 2011). Knocking down

endogenous TRPC2 levels or expression of a dominant-negative isoform of TRPC2

in rat thyroid FRTL-5 cells severely impacted cell proliferation and migration, as

well as cellular adhesion (Sukumaran et al. 2013). TRPC2 and anoctamin 1 have

been proposed to function synergistically to modulate iodide transport in thyroid

cells (Viitanen et al. 2013). TRPC3 is involved in proliferation and differentiation

of various cell types, such as myoblasts, cardiac fibroblasts, and primary T cells

(Harada et al. 2012; Wenning et al. 2011; Woo et al. 2010). In some cells, more than

one TRPC channels have been shown to regulate the same physiological event. For

example, TRPC3, TRPC4, and TRPC5 facilitate in vitro endothelial tube formation

by promoting proliferation of endothelial cells (Antigny et al. 2012). TRPC5 and

TRPC6 regulate migration of fibroblasts and kidney podocytes in an antagonistic

manner, whereby TRPC5 activates Rac1 to promote motility but TRPC6 activates

RhoA to inhibit motility (Tian et al. 2010). TRPC5 also plays an important role in

facilitating migration of vascular smooth muscle cells, as well as regulating neurite
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extension and growth cone morphology of hippocampal neurons (Greka et al. 2003;

Tian et al. 2010; Xu et al. 2006). TRPC6 regulates the growth of pontine neurons

(in addition to TRPC3) (Li et al. 2005) and prostate cancer epithelial cells (Thebault

et al. 2006).

The physiological functions of TRPC channels has been revealed by studies using

knockout mouse models (discussed in further detail in Chapters 2 to 8 of volume 1,

Table 1 Cell-based assays used to delineate physiological functions of TRPC1–7 channels

TRPC

Physiological

function

Protein

manipulation Cell type References

1 Cell

migration

Knockdown Human malignant gliomas Cuddapah et al. (2013)

Overexpression,

knockdown

Intestinal epithelial cells Bomben et al. (2011),

Rao et al. (2006)

Cell

proliferation

Knockdown Neural stem, hippocampal

neural progenitor cells

Fiorio Pla et al. (2005),

Li et al. (2012a), McGurk

et al. (2011)

Synaptic

plasticity

Knockdown Neuromuscular junctions McGurk et al. (2011)

2 Cell

proliferation,

migration

Knockdown,

dominant

negative

Rat thyroid cells Sukumaran et al. (2013)

Iodide

transport

Knockdown Rat thyroid cells Viitanen et al. (2013)

3 Cell

proliferation

Knockdown Muscular dysgenic

myoblasts, cardiac

fibroblasts, endothelial

cells, pontine neurons,

primary T cells

Antigny et al. (2012),

Harada et al. (2012), Li

et al. (2005), Wenning

et al. (2011), Woo

et al. (2010)

Cell

differentiation

Knockdown Muscular dysgenic

myoblasts, cardiac

fibroblasts

Harada et al. (2012),

Woo et al. (2010)

4 Cell

proliferation

Knockdown Endothelial cells Antigny et al. (2012)

5 Cell

migration

Knockdown Fibroblasts, kidney

podocytes

Tian et al. (2010)

Antibody block Vascular smooth muscle

cells

Greka et al. (2003), Tian

et al. (2010), Xu

et al. (2006)

Cell

proliferation

Knockdown Endothelial cells Antigny et al. (2012)

Neurite

extension,

growth cone

morphology

Dominant-

negative,

interacting

protein

knockdown

Hippocampal neurons Greka et al. (2003), Tian

et al. (2010), Xu

et al. (2006)

6 Cell

migration

Knockdown Fibroblasts, kidney

podocytes

Tian et al. (2010)

Cell

proliferation

Knockdown Pontine neurons, prostate

cancer epithelial cells

Li et al. (2005), Thebault

et al. (2006)
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“TRPC1”, “TRPC2”, “TRPC3: AMultifunctional SignalingMolecule”, “TRPC4- and

TRPC4-Containing Channels”; “TRPC5”, “TRPC6: Physiological Function and

Pathophysiological Relevance” and “Transient Receptor Potential Canonical 7: A

Diacylglycerol-Activated Non-selective Cation Channel”). In addition to knockout

mouse models, mice expressing dominant-negative isoforms of TRPC3, TRPC4, and

TRPC6 reveal that these channels are involved in the development of cardiac hyper-

trophy via a calcineurin-NFAT signaling pathway (Wu et al. 2010). Various

dominant-negative isoforms of TRPCs have been generated, e.g., pore-dead channel

created by mutations in the pore region. Others, such as the TRPC3 N-terminus

(amino acids 1–302), also exert dominant-negative effects when overexpressed by

disrupting channel assembly since TRPCs interact via their N-terminal regions (Balzer

et al. 1999). In the case of TRPC4, an N-terminal fragment that includes the first

ankyrin-like repeat has been used (Schindl et al. 2008). In other studies, TRPC

function has been revealed by using disease models. A mouse model for Parkinson’s

disease (PD) shows the vital role of TRPC1 in maintaining calcium homeostasis,

promoting neuronal survival to limit neuronal degeneration, and possibly slowing

down or preventing the onset of progression of PD. PD-associated symptoms are

ameliorated by heterologous expression of TRPC1 in neuronal cells or in vivo

intranigral injection of TRPC1-containing adenovirus particles in PD mouse model

(Selvaraj et al. 2009, 2012).

A number of other mouse models also reveal important information regarding

TRPC channel regulation. Physiological functions attributed to TRPC1 are severely

affected in caveolin-deficient (Cav-1�/�) and Homer1-deficient (Homer1�/�) mice.

Knocking out caveolin-1 (Cav-1) results in mislocalization of TRPC1 due to aber-

rant trafficking, leading to impaired channel function that significantly reduces

salivary gland fluid secretion (Pani et al. 2012). Loss of Homer1, a scaffolding

protein that mediates TRPC1 interaction with the IP3R, causes aberrant calcium

signaling resulting in skeletal myopathy (Stiber et al. 2008). TheMecp2mutant mice

are a model system for Rett syndrome, which is caused by loss-of-function muta-

tions in theMecp2 gene. These mice display sensory and motor abnormalities due to

loss of TRPC3 function in hippocampal neurons, although potential contributions

from TRPC6 or TRPC7 have not been ruled out (Li et al. 2012b). Interestingly, in

some studies, an increase of TRPC expression and function has been proposed to

underlie disease onset and/or progression. Studies with Duchenne muscular dystro-

phy (mdx) mice demonstrate an increase in TRPC1-mediated Ca2+ influx induces

muscle damage (Gervasio et al. 2008; Williams and Allen 2007). Expression of

TRPC1, TRPC5, and TRPC6 is significantly elevated in adrenalmedulla of Ossabaw

miniature pigs are used to study the metabolic syndrome or pre-diabetes state

(Hu et al. 2009). Perturbations in Ca2+ signaling and homeostasis have been

correlated with increased TRPC3 expression and function in cardiomyocytes

obtained from muscle LIM protein knockout mice (model for the myocardial

disorder, dilated cardiomyopathy) (Kitajima et al. 2011) and spontaneously hyper-

tensive rats (model for hypertension) (Adebiyi et al. 2012; Bush et al. 2006; Noorani

et al. 2011). TRPC7 has been implicated in myocardial apoptosis failure as its

expression is upregulated in Dahl salt-sensitive rats with heart failure and has been

proposed to be a novel target for treatment of heart failure (Satoh et al. 2007).
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The genes encoding TRPC channels have also been linked to various human

diseases, such as cardiovascular, pulmonary, and neurological, as well as cancer

(Nilius and Owsianik 2010). For example, trpc5 and trpc6 loci are linked with

infantile hypertrophic pyloric stenosis, a very common condition of stomach

obstruction that is characterized by projectile vomiting. Increased trpc6 promoter

activity and TRPC6 expression have been linked to the development of idiopathic

pulmonary arterial hypertension, which is caused by excessive proliferation of

pulmonary artery smooth muscle cells. Nonetheless, the only TRPC-related

channelopathy reported so far is focal and segmental glomerulosclerosis (FSGS),

which is linked to a mutation of the trpc6 gene. These mutations resulted in

alterations of residues in the N- and C-termini, leading to significantly elevated

TRPC6-mediated calcium signaling that may affect channel interaction with

podocyte structural proteins, leading to defects in the filtration barrier. Alterna-

tively, the elevated calcium signaling mediated via TRPC6 may lead to apoptosis,

resulting in a defective permeability barrier (Mukerji et al. 2007; Nilius and

Owsianik 2010). Nonetheless, some TRPC6 variants linked to FSGS have also

been reported to not cause any change in channel activity (Reiser et al. 2005).

3 TRPC Channel Complexes

Much of the initial insights into TRPC protein interactions are based on studies with

the Drosophila TRP channel which is localized in the Drosophila eye and plays a

critical role in phototransduction (Venkatachalam and Montell 2007). This TRP

channel resides in a multiprotein signalplex with proteins that are important for

proper channel assembly, retention, activity, regulation of phototransduction, and

downstream signaling. The scaffolding protein INAD forms the core of this com-

plex since it has the ability, via multiple PDZ domains, to bind to numerous

signaling proteins and serve as a platform for their interaction with TRP and

regulation of channel function (Venkatachalam and Montell 2007). Critical amino

acid sequences that are conserved in TRP channel families appear to be involved in

these various, but specific, protein–protein interactions. These include the coiled-

coiled domain, ankyrin repeat region, calmodulin- and lipid-binding domains, as

well as other less well-characterized protein binding domains. Since mammalian

TRPC proteins share many of the same structural components as the Drosophila
TRP channel, it has been hypothesized that the individual TRPC protein is also

capable of forming homomeric or heteromeric interactions with other TRPC

channels and signaling proteins. It is now well established that a number of key

signaling and scaffolding proteins are associated with mammalian TRPC channels

(Ambudkar et al. 2006; Ambudkar and Ong 2007; Kiselyov et al. 2007).

3.1 TRPC1

TRPC1 interacts with other TRPCs to form channels with diverse properties,

ranging from relatively Ca2+-selective to non-selective (Ca2+ vs. Na+) (Cheng
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et al. 2013). In human submandibular gland (HSG) cells, TRPC1 contributes to a

relatively Ca2+-selective cation channel, possibly via a homomeric TRPC channel

(Liu et al. 2004). Several TRPCs are endogenously expressed in cells, for example,

TRPC1 and TRPC3 in HEK293 cells and neuronal cells (Zhu et al. 1995, 1996).

Based on the association of TRPC1 and TRPC3 in heterologous expression

systems, it can be suggested that the endogenous channels can also assemble in

heteromeric complexes. Indeed, endogenous heteromeric TRPC channels have

been described in different cell types: e.g., TRPC1 +TRPC3 in HSY cells (Liu

et al. 2005), TRPC1 +TRPC3 +TRPC7 in HEK293 cells (Zagranichnaya

et al. 2005), TRPC1 +TRPC4 in mesangial cells (Sours-Brothers et al. 2009) and

endothelial cells (Sundivakkam et al. 2012), and TRPC1+TRPC5 in neuronal cells,

vascular endothelial cells, and vascular smooth muscle cells (Goel et al. 2002; Shi

et al. 2012; Strubing et al. 2001; Xu et al. 2006). TRPC1 forms a macromolecular

complex with TRPC6, SERCA, and IP3R following passive depletion of the

ER-Ca2+ stores in human platelets (Redondo et al. 2008).

TRPC1 also interacts with non-TRPC channels, such as Orai1 (Cheng

et al. 2008; Lu et al. 2010), TRPV4 (Ma et al. 2010, 2011), and TRPV6 (Schindl

et al. 2012). The association with Orai1 is a critical determinant of TRPC1 function

(further discussed below). Although it is unclear whether there is a physical

interaction between the two channels, studies have clearly established that Orai1

and TRPC1 form distinct STIM1-gated channels in the membrane that are activated

following store depletion (Cheng et al. 2008; Lu et al. 2010). In a recent study, a

splice variant of TRPC1 has been shown to regulate the activity of Orai1 (Ong

et al. 2013). TRPC1 +TRPV4 forms a heteromeric channel involved in SOCE in

vascular smooth muscle cells as well as endothelial cells (Ma et al. 2010, 2011).

TRPC1 can also interact with and negatively regulate TRPV6 channel activity,

without generation of a heteromeric channel, in HEK293 cells (Schindl et al. 2012).

In addition to calcium channels, TRPC1 interacts with a wide range of signaling

proteins, as well as scaffolding and trafficking proteins (Table 2). The TRPC1

signaling complex contains key Ca2+ signaling proteins that function upstream in

the agonist-activated signaling cascade, such as PLC, CaM, Gq/11, IP3R, PMCA,

SERCA, and STIM1 (Cheng et al. 2008; Heo et al. 2012; Huang et al. 2006;

Lockwich et al. 2000; Lu et al. 2010; Ng et al. 2009; Ong et al. 2007; Pani

et al. 2009; Redondo et al. 2008; Selvaraj et al. 2012 ; Singh et al. 2002;

Sundivakkam et al. 2009; Tang et al. 2001; Yuan et al. 2003). Such findings have

led to the proposal that TRPC1 channel complexes are composed of proteins from

both ER and plasma membranes and likely represent cellular microdomains where

these two membranes are in close proximity to each other. The interaction with

STIM1 is critically required for channel activation following store depletion.

Additionally, TRPC1 activity is also regulated via its binding to IP3R as it has the

CaM-/IP3R-binding (CIRB) domain in the C-terminus. Both CaM and IP3R bind

competitively to TRPC1 to modulate channel activity, with IP3R involved in

channel activation and CaM regulating the Ca2+-dependent feedback inhibition

(Singh et al. 2002; Tang et al. 2001). It is interesting that the STIM1- and IP3R-

binding domains lie in close proximity in the C-terminus of TRPC1. However, it is

yet unclear whether STIM1 and the IP3R are simultaneously involved in activation
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Table 2 Interacting partners for TRPC1–7 channels

Channel Other channels Signaling proteins

Scaffolding and trafficking

proteins

TRPC1 TRPC1a

TRPC3 (Xu et al. 1997)

TRPC4, TRPC5 (Strubing

et al. 2001)

TRPC6 (Strubing

et al. 2003)

TRPC7 (Zagranichnaya

et al. 2005)

TRPV4 (Ma et al. 2010)

TRPV6 (Schindl

et al. 2012)

Orai1 (Cheng et al. 2008)

IP3R, CaM, Gq/11 (Lockwich

et al. 2000)

PLCγ (Tu et al. 2005)

PMCA (Singh et al. 2002)

SERCA (Redondo et al. 2008)

STIM1 (Huang et al. 2006)

β-tubulin (Bollimuntha

et al. 2005a)

Cav-1 (Lockwich

et al. 2000)

Enkurin (Sutton

et al. 2004)

Homer (Yuan et al. 2003)

MxA (Lussier et al. 2005)

RhoA (Mehta et al. 2003)

SNAP-25, VAMP

(Redondo et al. 2004)

TRPC2 TRPC6 (Chu et al. 2004;

Tong et al. 2004)

CaM (Tang et al. 2001)

epoR, IP3R, PLCγ (Chu
et al. 2004; Tong et al. 2004)

STIM1 (Huang et al. 2006)

Enkurin (Sutton

et al. 2004)

Homer1 (Yuan et al. 2003)

RTP1 (Mast et al. 2010)

TRPC3 TRPC1, TRPC4, TRPC5

(Strubing et al. 2003)

TRPC6, TRPC7

(Hofmann et al. 2002)

Orai1 (Liao et al. 2007)

IP3R (Kiselyov et al. 1999)

CaM (Zhang et al. 2001)

CSR (Bandyopadhyay

et al. 2012)

Gq/11, PLCβ (Lockwich

et al. 2001)

PLCγ (Patterson et al. 2002)

PMCA (Kim et al. 2006a)

RACK1 (Bandyopadhyay

et al. 2008)

SERCA (Lockwich

et al. 2001)

AP-2, clathrin, dynamin,

synaptotagmin

(Lockwich et al. 2008)

Cav-1, Ezrin (Lockwich

et al. 2001)

Homer (Kim et al. 2006a)

MxA (Lussier et al. 2005)

RACK (Bandyopadhyay

et al. 2008)

SNARES, syntaxin,

VAMP2 (Singh et al. 2004)

TRPC4 TRPC1 (Strubing

et al. 2001)

TRPC3, TRPC6(Strubing

et al. 2003)

TRPC5 (Hofmann

et al. 2002)

Fyn (Odell et al. 2005)

IP3R, CaM (Tang et al. 2001)

PLCβ (Tang et al. 2000)

Protein 4.1 (Cioffi et al. 2005)

SESTD1 (Miehe et al. 2010)

STIM1 (Huang et al. 2006)

Cav-1 (Murata et al. 2007)

Homer (Yuan et al. 2003)

MxA (Lussier et al. 2005)

NHERF (Tang et al. 2000)

ZOI (Song et al. 2005)

TRPC5 TRPC1 (Strubing

et al. 2001)

TRPC4 (Hofmann

et al. 2002)

IP3R, CaM (Tang et al. 2001)

NCS-1 (Hui et al. 2006)

SESTD1 (Miehe et al. 2010)

STIM1 (Huang et al. 2006)

AP-2, clathrin, dynamin

(Goel et al. 2005)

EB50, NHERF (Tang

et al. 2000)

Enkurin(Sutton et al. 2004)

Homer (Yuan et al. 2003)

MxA (Lussier et al. 2005)

PI(3)K, PIP(5)K, Rac1

(Bezzerides et al. 2004)

Stathmin (Greka

et al. 2003)

TRPC6 TRPC1, TRPC4, TRPC5

(Strubing et al. 2003)

TRPC2 (Chu et al. 2004)

TRPC3, TRPC7

IP3R, CaM, Calcineurin (Tang

et al. 2001)

FKBP12 (Kim and Saffen

2005)

Clathrin, dynamin (Goel

et al. 2005)

MxA (Lussier et al. 2005)

PI(3)K, PTEN (Monet

(continued)
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of TRPC1. It is interesting to speculate that the level and type of physiological

stimuli may have an impact on the channel regulation. Interaction between TRPC1

and IP3R has been reported to be mediated by RhoA in endothelial cells (Mehta

et al. 2003) and Homer1 in HEK293 cells (Kiselyov et al. 2007). Additionally,

RhoA (Mehta et al. 2003) and other proteins such as Cav-1 (Ambudkar et al. 2006;

Brazer et al. 2003; Lockwich et al. 2000) and β-tubulin (Bollimuntha et al. 2005a)

affect surface expression of TRPC1. TRPC1 interaction with Cav-1 and RhoA is

suggested to mediate its localization in lipid raft domains where TRPC1 channels

are assembled and activated in response to store depletion (Pani et al. 2008). Further

studies will be required to establish the exact contributions of each interacting

protein in the regulation of TRPC1.

3.2 TRPC2

While the human Trpc2 is a pseudogene and does not form a functional channel

(Wes et al. 1995; Zhu et al. 1995), TRPC2 in other mammals (e.g., rat, bovine, and

mouse) forms functional channels in different cell types and tissues, such as the

vomeronasal organ (VNO), testis, spleen, and liver (Liman et al. 1999 ; Vannier

et al. 1999; Wissenbach et al. 1998). Few studies have looked at the interactions

between TRPC2 and other TRPC channels and various signaling proteins. When

heterologously expressed in HEK293 cells, TRPC2 interacts with endogenous

Table 2 (continued)

Channel Other channels Signaling proteins

Scaffolding and trafficking

proteins

(Hofmann et al. 2002)

Orai1 (Liao et al. 2007)

Fyn (Hisatsune et al. 2004)

Gαq/11 (Bandyopadhyay

et al. 2005)

mAChR, PKC (Kim and

Saffen 2005)

PLCγ (Hirschler-Laszkiewicz
et al. 2009)

SERCA (Redondo et al. 2008)

et al. 2012)

Rab9, Rab11 (Cayouette

et al. 2010)

RhoA (Tian et al. 2010)

Syntaxin (Bandyopadhyay

et al. 2005)

TRPC7 TRPC1 (Zagranichnaya

et al. 2005)

TRPC3 (Hofmann

et al. 2002)

TRPC5 (Saleh et al. 2008)

TRPC6 (Hofmann

et al. 2002)

cGMP-dependent protein

kinase (Yuasa et al. 2011)

IP3R, CaM (Tang et al. 2001)

MxA (Lussier et al. 2005)

Channel–protein interactions are shown using methods such as immunoprecipitation, yeast two

hybrid assays, GST fusion protein pull-down, and microscopy imaging techniques (e.g., immuno-

fluorescence, TIRF, and FRET)
aAmbudkar and Singh (unpublished results)
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Homer1 and IP3R (Yuan et al. 2003), but not with other TRPCs (Hofmann

et al. 2002). Nonetheless, TRPC2 has been shown to interact with TRPC6 and

signaling proteins, erythropoietin receptor, IP3R, and PLCγ in primary

erythroblasts (Chu et al. 2004; Tong et al. 2004). Additionally, TRPC2 forms a

signaling complex with the receptor-transporting protein 1 (RTP1), Homer1, and

IP3R in the VNO (Mast et al. 2010). Other signaling proteins that interact with

TRPC2 include STIM1 (Huang et al. 2006) and CaM (Tang et al. 2001; Yildirim

et al. 2003). TRPC2 has been reported to co-localize with anoctamin 1 in the

vomeronasal epithelium (Dibattista et al. 2012), although the interaction between

the two proteins has not been confirmed using other techniques such as immuno-

precipitation, FRET and TIRF.

3.3 TRPC3

While TRPC3, TRPC6, and TRPC7 share considerable homology in their amino

acid sequences, as well as modes of activation, their physiological properties and

function are quite distinct (Owsianik et al. 2006; Putney 2005). Depending on the

level of expression and its heteromeric interactions with other TRPC channels,

TRPC3 can form both store-independent and store-dependent channels in different

cell types. As shown in Table 2, TRPC3 interacts with almost every member of the

TRPC subfamily, as well as TRPM4 (Park et al. 2008) and Orai1 (Liao et al. 2007;

Woodard et al. 2010). A fairly comprehensive list of TRPC3-associated proteins

was identified in an earlier proteomic study, including proteins associated with Ca2+

entry and signaling, neural growth, vesicle fusion, mitochondria, endocytosis, actin

cytoskeleton, and microtubules (Lockwich et al. 2008). As noted above, TRPC1

+TRPC3 and TRPC1 +TRPC3 +TRPC7 contribute to SOCE. TRPC3 has been

suggested to act concertedly with TRPC1 to mediate SOCE in H19-7 hippocampal

neuronal cells (Wu et al. 2004). Store dependence of TRPC3 might also be

mediated by its interactions with Orai1 (Liao et al. 2007) and STIM1, the latter

likely dependent on an interaction of TRPC3 with TRPC1 (Yuan et al. 2007). In

addition to activation via the G protein/PLC-mediated pathway, heteromeric

TRPC3 +TRPC4 channels in porcine aortic endothelial cells are redox activated

(Poteser et al. 2006). Further research is required to delineate the molecular

interactions involved in regulating TRPC3 channel assembly and function.

As seen with TRPC1, TRPC3 also interacts with a number of key Ca2+ signaling

proteins involved in receptor-stimulated Ca2+ mobilization, such as PIP2 hydrolysis

(PLCβ, Gq/11), IP3R, and the calcium-sensing receptor (CSR) (Table 2). SERCA

and PMCA pumps also co-immunoprecipitate with TRPC3 (Bandyopadhyay

et al. 2005; Kiselyov et al. 2007; Lockwich et al. 2001, 2008). Further, scaffolding

proteins such as Homer or RACK1 interact with TRPC3 and modulate its interac-

tion with IP3R (Bandyopadhyay et al. 2008; Kiselyov et al. 2007). A number of

protein interactions are involved in plasma membrane localization of TRPC3

(further discussed below).
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3.4 TRPC4

TRPC4 is most closely related to TRPC5, sharing 65 % amino acid identity, but

both proteins diverge in the last 220 amino acids. There is general consensus that

TRPC4 forms an SOC channel even though it has been shown to form constitutively

active or store-independent channels in some studies (Parekh and Putney 2005;

Venkatachalam and Montell 2007). Heteromeric interactions have been described

between TRPC4 and other TRPCs (Table 2) (Alvarez et al. 2008; Ambudkar

et al. 2006; Ambudkar and Ong 2007; Antoniotti et al. 2006; Chen et al. 2009;

Cheung et al. 2011; Murata et al. 2007; Phelan et al. 2013; Poteser et al. 2006;

Puram et al. 2011; Riccio et al. 2009; Sabourin et al. 2009; Sundivakkam

et al. 2012; Woo et al. 2008; Zimmermann et al. 2011). As described above for

TRPC1 and TRPC3, TRPC4 heteromultimerizes with TRPC6 and, via its direct

interaction with STIM1, forms a TRPC4 +TRPC6 channel that is store-dependent

(Yuan et al. 2007). In intestinal smooth muscle cells, TRPC4 and TRPC6 channels

are simultaneously activated by muscarinic receptors and contribute independently

to the muscarinic receptor-induced cation current. Therefore, TRPC4 and TRPC6

channels couple muscarinic receptors to depolarization of intestinal smooth muscle

cells and voltage-activated Ca2+ influx and contraction, thereby accelerating small

intestinal motility in vivo (Ambudkar 2009; Tsvilovskyy et al. 2009). The interac-

tion between STIM1 and TRPC4 was proposed to be the activation mechanism of

the heteromeric TRPC1 +TRPC4 channels in glomerular mesangial cells (Sours-

Brothers et al. 2009). Another protein vital for TRPC4 activity is protein 4.1, which

functionally links TRPC4 to the actin cytoskeleton and spectrin in endothelial cells

(Cioffi et al. 2005). Protein 4.1 and another adaptor protein, SESTD1, have been

proposed to stabilize TRPC4 in a macromolecular complex associated with the

cytoskeleton. SESTD1 associates with both TRPC4 and TRPC5 via the CIRB

domain and functions to couple TRPC channel activity to lipid signaling (Miehe

et al. 2010).

Signaling proteins involved in interactions with TRPC4 include the

PDZ-domain proteins NHERF and ZO1 via the “VTTRL” sequence in the

C-terminus of TRPC4 and PLC (Tang et al. 2000), as well as fyn (Odell

et al. 2005). The dynamic interplay between tyrosine kinases, TRPC4 and

NHERF, regulates cell surface expression and activation of the channel. TRPC4

also associates with the caveolae where growth factor receptor signaling proteins as

well as NHERF-binding proteins, such as ezrin, are localized (Torihashi

et al. 2002). It has been suggested that the interaction with NHERF and Z01 provide

a scaffold to position the channel in the apical or lateral regions of polarized cells

such as endothelial cells.

3.5 TRPC5

Heterologously expressed TRPC5 forms a non-selective channel that can be

activated by receptor stimulation but not store depletion in HEK293 (Schaefer
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et al. 2000), PC12 (Ohta et al. 2004), and murine stomach cells (Lee et al. 2003) or

directly by Ca2+ in HEK293 cells (Blair et al. 2009; Gross et al. 2009). TRPC5 can

potentially form multimeric channels with other TRPCs (Table 2), e.g., TRPC1

+TRPC5 in neurons, vascular endothelial cells, and vascular smooth muscle cells

(Goel et al. 2002; Shi et al. 2012; Strubing et al. 2001). Heterologously expressed

TRPC5 forms a heteromeric channel with TRPC4 (Schindl et al. 2008). TRPC5 also

has the sequence “VTTRL” in its C-terminus that mediates its interaction with the

PDZ-binding proteins, NHERF and ezrin/moesin/radixin-binding phosphoprotein

50 (EBP50) (Obukhov and Nowycky 2004; Tang et al. 2000). NHERF mediates

TRPC5 association with PLCβ and also regulates surface expression of TRPC5,

whereas EBP50 links the channel to the actin cytoskeleton and modulates its

activation kinetics following cell stimulation. Two CaM-binding sites located in

the C-terminus of TRPC5 are involved in modulating channel activity (Tang

et al. 2001). While myosin light chain kinase (MLCK) and PKC have been

shown to regulate TRPC5 function, it is not clear whether these kinases exert

their effects directly on the channel or indirectly by modulating the status of the

actin cytoskeleton. Inhibition of MLCK activity adversely impacts channel activa-

tion, whereas PKC regulates channel desensitization following agonist stimulation.

Additionally, activation of MLCK by Ca2+/CaM has been proposed to prolong

channel activity by enhancing surface expression of TRPC5 (Kim et al. 2006b;

Shimizu et al. 2006). Trafficking of TRPC5 to specific sites in the hippocampal

neurons is determined by its interaction with the exocyst component protein

stathmin-2, SNARE proteins, and other trafficking proteins such as dynamin,

clathrin, and MxA (Goel et al. 2005; Greka et al. 2003). Moreover, the neuronal

calcium sensor-1 (NCS-1) binds to the C-terminus of TRPC5 (Hui et al. 2006) and

is involved in retardation of neurite outgrowth by TRPC5 homomeric channel

(Bezzerides et al. 2004).

3.6 TRPC6

TRPC6 has been widely shown to be activated by DAG and not by internal Ca2+

store depletion (Dietrich et al. 2005; Putney 2005). Nonetheless, several studies

report that activation of TRPC6 by store depletion is mediated by its association

with Orai1 (Liao et al. 2007) and TRPC4 (which directly binds STIM1) (Yuan

et al. 2007). Heteromeric TRPC6 channels have also been reported in different cell

types, such as TRPC3 +TRPC6 in pontine neurons (Li et al. 2005) and prostate

cancer epithelial cells (Thebault et al. 2006) and TRPC6 +TRPC7 in A7r5 cells

(Maruyama et al. 2006). TRPC6 channel activity is determined via its interactions

with different signaling proteins. The tyrosine kinase, fyn, interacts with TRPC6

and modulates channel activity via tyrosine phosphorylation in COS-7 cells

(Hisatsune et al. 2004). Stimulation of neuronal PC12D cells with acetylcholine

results in formation of a multiprotein complex of TRPC6, M1 mAChR and PKC,

and DAG production. While DAG activates TRPC6, DAG-activated PKC

phosphorylates the channel to inhibit it (Kim and Saffen 2005).

1016 H.L. Ong et al.



TRPC6 also undergoes trafficking to the plasma membrane, and several proteins

that associate with the channel have a role in this process, such as enkurin (Sutton

et al. 2004), actinin, actin, and drebrin (Goel et al. 2005), and endocytic vesicle-

associated proteins (Goel et al. 2005; Lussier et al. 2005). TRPC6 also contains the

conserved CIRB domain in the C-terminus, and CaM reportedly regulates TRPC6

activation (Tang et al. 2001; Yuan et al. 2003).

3.7 TRPC7

Since the first isolation of TRPC7 by screening the fetal brain and caudate nucleus

cDNA libraries (Nagamine et al. 1998), there are relatively few studies that report

its properties and function. Both store-dependent and store-independent modes of

activation, as well as constitutive activation, have been reported for TRPC7

(Numaga et al. 2007). Multimeric TRPC1 +TRPC3 +TRPC7 channels function

as SOC channels, whereas TRPC3 +TRPC7 channels appear to be

DAG-activated channels, in HEK293 cells (Zagranichnaya et al. 2005). Addition-

ally, function of TRPC7 has been reported to be modulated by cGMP-dependent

protein kinase 1α (Yuasa et al. 2011), CaM, IP3R, and PIP2 (Ju et al. 2010; Mery

et al. 2001; Tang et al. 2001; Yuan et al. 2003). Little is known about the

mechanisms regulating the trafficking and localization of TRPC7, even though it

has been shown to interact with IP3R, CaM, and MxA (Table 2).

4 Regulation of TRPC Channel Function by Intracellular Ca2+

Store Depletion

As discussed above, all TRPC channels are activated in response to stimulation of

plasma membrane receptors that result in PIP2 hydrolysis. Some TRPCs are

regulated by store depletion induced following stimulation by physiological

agonists as well as treatment of cells with passively depleting agents such as

thapsigargin and cyclopiazonic acid. Furthermore, in these cases, channel function

is blocked by conditions that inhibit SOCE, such as the application of 1 μM Gd3+

and 10 μM 2APB. Typically, TRPC1 and TRPC4 have been suggested to be store-

operated while TRPCs 3, 5, 6, and 7 have shown to be store-independent. The

mechanisms by which store-independent regulation of TRPC channels occurs,

presumably via PIP2 hydrolysis or DAG, are not very well established. Here we

will summarize the presently available data on the regulation of TRPC channels by

store depletion.

4.1 Role of STIM1

Considerable progress has been made regarding the TRPC channels that contribute

to SOCE. In 2005, STIM1 was identified as the ER calcium sensor that regulates
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SOCE. STIM1 is diffusely localized in the ER in resting conditions, and upon Ca2+

store depletion, it aggregates and translocates to the periphery of the cells where it

interacts with both Orai1 and TRPC channels in specialized ER-plasma membrane

(PM) junctional domains. In these regions, the ER and plasma membrane come in

close proximity to each other (Cheng et al. 2013; Hogan et al. 2010; Liou

et al. 2005; Roos et al. 2005). The Orai channel family is comprised of three

isoforms (Orais 1, 2, and 3), all of which have four transmembrane domains.

Orai1 has been suggested to function as a tetramer (Hogan et al. 2010; Ji

et al. 2008; Penna et al. 2008) and more recently as a hexamer based on crystal

structure (Hou et al. 2012). The discovery of STIM1 and Orai1 led to the identifi-

cation of the long sought-after components of the CRAC channel. STIM1 and Orai1

together are sufficient to reconstitute CRAC channel activity, with the C-terminal

SOAR domain (aa 344–442) in STIM1 being the region involved in gating Orai1

and generating ICRAC (Hogan et al. 2010; Yuan et al. 2009). Numerous reports have

demonstrated that STIM1 also interacts with members of the TRPC channel family

and that it is necessary for gating TRPC channels (Cheng et al. 2013; Lee

et al. 2010). Furthermore, TRPC heteromers that contain either TRPC1 or TRPC4

can be activated by STIM1. Thus, TRPC3 or TRPC6, likely non-store-operated

channels, can appear to be regulated by STIM1 if they are assembled in the channel

with TRPC1 or TRPC4 (Huang et al. 2006). The critical role of STIM1 in TRPC

regulation [discussed in reviews by Cheng et al. (2013), Worley et al. (2007), and

Lee et al. (2010)] is shown by the following data: (1) STIM1 and TRPCs

co-immunoprecipitate and this association increases following store depletion;

(2) the binding of STIM1 and TRPC1 has been confirmed by GST-fusion protein

pull-down assays; (3) TRPC-mediated Ca2+ entry in response to store depletion is

completely abolished by the knockdown of endogenous STIM1; (4) co-expression

of TRPC1 and STIM1 induces an increase in store depletion-induced Ca2+ influx as

well as ISOC; (5) endogenous TRPC function is suppressed by heterologous expres-

sion of dominant-negative STIM1 constructs; and (6) the STIM1D76A mutant,

which induces constitutive Orai1 activation, also mediates spontaneous TRPC

channel function. In aggregate, all these data provide convincing support that

STIM1 regulates TRPC channel activation and function. Structure-function analy-

sis of STIM1 has revealed crucial information regarding STIM1 domains involved

in the interaction with TRPCs. The ERM (ezrin/radixin/moesin) domain (aa 251–

535) located within the STIM1 cytosolic carboxyl terminus has been shown to bind

selectively to some TRPC channels, e.g., TRPC1, TRPC2 and TRPC4, but not

TRPC3, TRPC6, and TRPC7. As mentioned above, channels that cannot bind to

STIM1 can be regulated by it if they are assembled in a heteromeric channel

complex with TRPCs that bind STIM1. Nonetheless, it is notable that several

studies with heterologous expression of TRPCs and STIM1 have failed to demon-

strate the involvement of these channels in SOCE. It might be important to consider

the assembly of TRPC channel complexes in such studies as other components

might be essential in the regulation of these channels.

Binding of the ERM domain of STIM1 to TRPC channels is not sufficient for

channel activation. A lysine-rich domain (referred to as polybasic tail or K domain)
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located at the C-terminal end of STIM1 has been established as the region that is

involved in gating TRPC channels. Deletion of the STIM1-K domain affected

TRPC channel activity but not binding to STIM1. The mechanism underlying the

gating of TRPC channels by STIM1 has been revealed in a study demonstrating that

the positively charged lysine residues (684KK685) in STIM1 interact electrostati-

cally with negatively charged conserved aspartate residues in TRPC1 (639DD640),

which leads to gating of the channel (Zeng et al. 2008). When the negative charges

in TRPC1 are neutralized by substituting lysine (K) with alanine (A), channel

activation by STIM1 is blocked. Moreover, swapping the charges between

TRPC1 and STIM1 induces recovery of channel gating and function, providing

conclusive evidence for the gating of TRPC1 by STIM1. Remarkably, the nega-

tively charged sequence in TRPC1 C-terminus is highly conserved among TRPC

family members, including TRPC3, TRPC4, TRPC5, and TRPC6 (Zeng

et al. 2008). Thus, it was proposed that other TRPCs also have the inherent capacity

to be gated by STIM1, although not all TRPCs bind directly to STIM1. Further

studies need to be carried out to conclusively establish which TRPCs can bind to

and are gated by STIM1, especially with regards to endogenous TRPC channels.

Such information is crucial for understanding how store-dependent TRPC channels

are assembled and regulated.

4.2 Role of Orai1

A very significant finding reported by several groups of researchers is that TRPC

channel activation is not only dependent on STIM1 but also requires Orai1.

Conclusive findings show that stimulation of cells results in dynamic assembly of

TRPC1, STIM1, and Orai1 in a ternary complex in the ER-PM junctional domains,

which is required for the activation of both Orai1 as well as TRPC1 channels. The

TRPC1–STIM1–Orai1 complex, associated with SOCE, can be detected in HSG

cells (Ong et al. 2007), mouse pulmonary arterial smooth muscle cells

(Ng et al. 2009), human parathyroid (Lu et al. 2010), human liver cell (Zhang

et al. 2010), and rat kidney fibroblast (Almirza et al. 2012). Assembly of this

complex is mediated via STIM1, as knockdown of STIM1 prevents clustering of

TRPC1 with Orai1. Knockdown of TRPC1 results in attenuation of function, while

knockdown of Orai1 or STIM1 results in complete loss of SOCE. Furthermore,

overexpression of pore-deficient, dominant-negative mutants of Orai1 (R91W,

E106Q) abrogate Ca2+ entry due to TRPC1-STIM1 (Cheng et al. 2008; Ong

et al. 2007). The exact mechanism by which Orai1 determines TRPC function has

been a matter of much debate. It was suggested that Orai1 can physically interact

with the C- and N-termini of both TRPC3 and TRPC6 channels and modulate

channel sensitivity to store depletion and STIM1 (Liao et al. 2007). Hence, these

investigators proposed that the endogenous SOCE channel pore is contributed by

TRPC channels with Orai1 functioning as the regulatory subunit. Alternatively,

TRPC channels have been proposed to modify Orai1 function.
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The key question of whether TRPC and Orai1 contribute to a single channel pore

(formation of a heteromeric TRPC+Orai1 channel) or are two distinct channels

which independently contribute to SOCE has been resolved recently for TRPC1 and

TRPC5. In a cell line where endogenous TRPC1 contributes to SOCE, TRPC1 and

Orai1 form two distinct channels: a relatively Ca2+-selective channel mediating

ISOC is composed of STIM1/TRPC1 and a highly Ca2+-selective channel mediating

ICRAC is formed by STIM1/Orai1 (Cheng et al. 2011). The smaller conductance of

ICRAC is masked by the larger STIM1/TRPC1-mediated current that gets activated

under the same conditions. Hence, the ISOC attributed to STIM1/TRPC1 includes a

small contribution from STIM1/Orai1 ICRAC. Further, native ICRAC is detected

when TRPC1 channel function is suppressed in these cells by expression of the

STIM1-KK/EE mutant, which can gate Orai1 but not TRPC1. More importantly,

Ca2+ entry through STIM1/Orai1 facilitates TRPC1 channel trafficking and triggers

TRPC1 insertion into the plasma membrane. Membrane insertion of TRPC is

attenuated by removal of extracellular Ca2+, blocking ICRAC with 1 μM Gd3+,

knockdown of Orai1 or overexpression of dominant-negative mutant of Orai1

(E106Q) that lacks a functional pore (Cheng et al. 2011). These data define the

functional role of Orai1 and provide novel insights into the regulation and activa-

tion of TRPC1 in SOCE. Regulated surface insertion of TRPC1 by Orai1 can

provide a rapid modulation and amplification of SOCE-facilitated Ca2+ signals

that could selectively impact regulation of cell function (Cheng et al. 2013). Ca2+

entry via Orai1 has also been shown to facilitate TRPC5 activity (Gross et al. 2009).

In this case, Ca2+ coming into the cell via Orai1 directly activates the TRPC5

channel. Detailed studies have not been done along these lines for other TRPCs to

either demonstrate or rule out a secondary effect of Orai1 on channel function. It is

important to note that heterologous expression might not yield similar data to that

with endogenous channels, especially when several molecular components and

regulatory mechanisms concertedly determine channel function.

5 Modulation of TRPC Channels by Membrane Trafficking

Localization of TRPC channels in specific plasma membrane microdomains allows

the generation of precise intracellular Ca2+ signals that modulate downstream

signaling events and consequent cell functions. The amplitude and duration of

intracellular Ca2+ signals can be varied by regulating Ca2+ influx via TRPC

channels, which can be enhanced by increasing the number of active channels at

the cell surface either by driving channel trafficking to the plasma membrane or by

prolonging channel retention at the cell surface. Major modes of regulating Ca2+

entry include constitutive and regulated vesicular trafficking mechanisms as well as

the rates of protein synthesis and degradation. The constitutive and regulated

trafficking processes determine the surface expression of TRPC channels by

(1) increasing exocytosis and/or recycling to the plasma membrane or (2) reducing

endocytosis and/or increasing channel retention in the plasma membrane.
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5.1 TRPC1

Studies of the TRPC1 complex identified several interacting proteins that are

involved in vesicle trafficking, membrane fusion, and cytoskeletal and actin rear-

rangement, such as clathrin, dynamin, Sec1, synapsin-2, Cav-1, and RhoA

(Table 2). The TRPC1 signaling complex is localized in distinct cholesterol-rich

plasma membrane domains known as lipid rafts. Disruption of lipid rafts with

cholesterol-depleting agents like methyl-β-cyclodextrin (MβCD) decreased SOCE

in salivary gland cells (Lockwich et al. 2000) and vascular smooth muscle cells

(Bergdahl et al. 2003), suggesting lipid raft integrity is a prerequisite for TRPC1

localization and function. Cav-1 is a cholesterol-binding protein found within the

caveolae, which are caveolin-containing lipid rafts present in the plasma mem-

brane. Cav-1 plays an important role in the trafficking and function of TRPC1

(Brazer et al. 2003; Kwiatek et al. 2006; Lockwich et al. 2000; Pani et al. 2009,

2012). The present model proposes that Cav-1 functions as a scaffolding protein

that facilitates assembly of the TRPC1 signaling complex and acts synergistically

with Orai1 and STIM1 to regulate TRPC1 channel activity (Ong and Ambudkar

2012; Pani et al. 2009). In resting cells, TRPC1 is controlled by constitutive

trafficking mechanisms. Following trafficking to the cell periphery, TRPC1

associates with Cav-1 but remains inactive and does not get inserted into the plasma

membrane. When cells are stimulated by physiological agonists and the ER-Ca2+

stores are depleted, STIM1 translocates to the plasma membrane and activates the

Orai1 channel. The Orai1-mediated Ca2+ influx drives the recruitment of TRPC1

into the plasma membrane. TRPC1 dissociates from Cav-1 and interacts with and is

activated by STIM1. Dissociation of TRPC1 from Cav-1 is an essential step in the

activation of TRPC1 by STIM1 since C-terminal 684KK685 residues of STIM1

responsible for gating TRPC1 also releases the channel from Cav-1 (Pani

et al. 2009; Zeng et al. 2008). In addition to Cav-1, Homer1 also interacts with

TRPC1 in the C-terminus (aa 644–650), a region that lies just upstream of the

STIM1-gating site (aa 639–640). Homer1 forms a dynamic complex with TRPC1

and IP3R. Following cell stimulation, the TRPC1/Homer1/IP3R complex

disassembles, resulting in channel activation.

Local changes in the cytoskeleton or microtubules also contribute to the traf-

ficking of TRPC1 (Bollimuntha et al. 2005a; Mehta et al. 2003). In retinal epithelial

cells, β-tubulin has been shown to interact with TRPC1 and to be required for

channel translocation to the plasma membrane (Bollimuntha et al. 2005a). RhoA, a

monomeric GTPase protein responsible for actin cytoskeleton dynamics, associates

with TRPC1 and IP3R in endothelial cells following stimulation with thrombin.

Assembly of the TRPC1/IP3R complex, as well as trafficking to the plasma

membrane, is dependent of RhoA and actin polymerization since SOCE is

attenuated following treatment with C3 transferase protein that inactivates Rho or

expression of a Rho dominant mutant (Mehta et al. 2003). Enkurin, a CaM-binding

protein, interacts with TRPC1 and TRPC5 in sperm and has been suggested to

function as an adaptor protein that tethers signaling proteins to TRPC channels

(Sutton et al. 2004). Proteins involved in vesicle docking and fusion have also been

Physiological Functions and Regulation of TRPC Channels 1021



reported to interact with TRPC1 and regulate channel activity. Nevertheless, the

relevance of these various components in the intracellular trafficking of TRPC1 has

yet to be identified.

5.2 TRPC3

As described earlier for TRPC1, the interactions of TRPC3 with several proteins are

vital for its proper trafficking and cellular localization. These include PLCγ (van

Rossum et al. 2005), Cav-1 (Lockwich et al. 2001), VAMP2 (Singh et al. 2004),

RFN24 (Lussier et al. 2008), and Homer1 (Kim et al. 2006a). Surface expression of

the TRPC3 channel requires interaction with PLCγ and PIP2, which anchors the

channel in the plasma membrane (van Rossum et al. 2005). Homer1 has been

reported to stabilize the interaction between TRPC3 and IP3R, determining the

rate of TRPC3 translocation to and retrieval from the plasma membrane (Kim

et al. 2006a; Kiselyov et al. 2007). Both Homer1 and junctate may function

synergistically to facilitate the interaction between TRPC3 and IP3R which leads

to channel activation. It is possible that the components involved in TRPC3

trafficking depend on the cell type and the spatial constraints within the cell.

Cell surface expression of TRPC3 is regulated by VAMP2-mediated fusion of

mobile intracellular vesicles containing TRPC3 with the plasma membrane.

Expression of TRPC3 in the plasma membrane increases following stimulation

with carbachol, and this increase is abolished by treatment with tetanus toxin, which

inhibits VAMP2 activity (Singh et al. 2004). Likewise, status of the actin cytoskel-

eton has also been reported to affect TRPC3 localization and function. Conditions

that result in enhancement or stabilization of the cortical actin layer, such as

treatment with jasplakinolide or calyculin A, promote internalization of TRPC3

signaling complex with a consequent decrease of TRPC3 function (Lockwich

et al. 2001). TRPC3-interacting proteins may also influence the trafficking and

surface expression of the channel. These include clathrin, dynamin, AP-2, syntaxin,

synaptotagmin-1 (Lockwich et al. 2008), MxA (Lussier et al. 2005), and RACK1

(Bandyopadhyay et al. 2008) (Table 2). Additional studies are required to resolve

the role of the TRPC3-interacting proteins involved in constitutive and regulated

trafficking of the channel.

5.3 TRPC4

Although several studies have reported the association of TRPC4 with scaffolding

and trafficking proteins (Table 2), the mechanisms regulating TRPC4 localization

in the plasma membrane have not been fully elucidated. A dynamic interplay

between tyrosine kinases, TRPC4, and NHERF regulates surface expression and

activation of TRPC4 channels (Tang et al. 2000). The protein tyrosine kinase, fyn,

phosphorylates TRPC4 following stimulation by the epidermal growth factor

(EGF), increasing its interaction with NHERF, as well as its insertion into the
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plasma membrane (Odell et al. 2005). As mentioned above, TRPC4 forms a

heteromeric complex with TRPC1 to mediate SOCE in endothelial cells. Loss of

Cav-1 impairs surface expression of both TRPC4 and TRPC1, significantly reduces

association of the heteromeric complex with IP3R, and inhibits agonist-induced Ca
2+

entry in these cells. Hence, Cav-1 is proposed to function as a scaffold that facilitates

the interactions between TRPC4, TRPC1, and IP3R.

5.4 TRPC5

Proteomic analysis of TRPC5-binding partners revealed the interactions of TRPC5

with proteins involved in vesicle trafficking and scaffolding (Table 2), such as

dynamin, clathrin, AP-2 (Goel et al. 2005), and MxA (Lussier et al. 2005). Interac-

tion of TRPC5 with the exocyst component protein, stathmin 2, targets homomeric

channels to the growth cone of hippocampal neurons (Greka et al. 2003). In resting

neuronal cells, TRPC5 is localized in intracellular vesicles close to the plasma

membrane. Following stimulation with growth factors, TRPC5-containing vesicles

are rapidly translocated and inserted to the plasma membrane, thereby increasing

channel function constitutively. Trafficking of TRPC5 and insertion into the plasma

membrane requires phosphatidylinositide 3-kinase (PI(3)K), Rac1, and phosphati-

dylinositol 4-phosphate 5-kinase (PIP(5)K). Interestingly, Rac1 initiates the inser-

tion of homomeric TRPC5 but not the heteromeric TRPC1 +TRPC5 channels into

the plasma membrane. This may be due to homomeric channels being localized in

the growth cones to modulate elongation, whereas heteromeric channels are

localized in the neurites (Bezzerides et al. 2004). It is also shown that TRPC5

participates in a molecular complex with Rac1 in fibroblasts and kidney podocytes

and Ca2+ influx mediated by TRPC5 activates Rac1 (Tian et al. 2010). In aggregate,

these studies show that components of the TRPC5 signaling complex determine its

physiological function by influencing channel trafficking, localization, and

activation.

5.5 TRPC6

There is a paucity of information on the proteins that interact with TRPC6 and

regulate its trafficking to and localization in the plasma membrane (Table 2).

Surface expression of TRPC6 is enhanced following cell stimulation by muscarinic

receptor agonists or passive depletion of the ER-Ca2+ stores by thapsigargin

(Cayouette et al. 2004). The GTPases, Rab9 and Rab11, have been shown to

regulate the intracellular trafficking of TRPC6 in HeLa cells (Cayouette

et al. 2010). In cells cotransfected with Rab9, TRPC6 shows a diffuse localization

through the cell as well as partial colocalization with Rab9 containing vesicles.

However, when Rab11 is overexpressed, TRPC6 is predominantly present at the

cell periphery. Surface expression of TRPC6, as well as the channel activity,
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increases following the expression of a dominant-negative mutant of Rab9 (S21N)

and Rab11, whereas channel activity decreases when dominant-negative mutant of

Rab11 (S25N) is expressed. In aggregate, these data suggest that the intracellular

trafficking of TRPC6 is through early endosomes and late endosomes, where the

channel interacts with Rab9-containing vesicles and the channel is translocated to

the plasma membrane via Rab11-containing vesicles (Cayouette et al. 2010). PI(3)

K and PTEN have also been reported to regulate the trafficking and activation of

TRPC6 channels. PTEN-dependent inhibition of PI(3)K reduced translocation of

TRPC6 to the plasma membrane, as well as TRPC6-mediated Ca2+ influx in T6.11

cells. Previous studies have reported the interaction of TRPC6 with other proteins

that are involved in vesicle trafficking, such as MxA (Lussier et al. 2005), RhoA

(Tian et al. 2010), syntaxin (Bandyopadhyay et al. 2005), clathrin, and dynamin

(Goel et al. 2005). MxA (which also interacts with other TRPCs except TRPC2) has

been shown to modulate TRPC6-mediated Ca2+ entry in response to cell stimula-

tion. The importance of such interactions in modulating surface expression and

activity of TRPC6 remain to be fully delineated in future studies.

5.6 TRPC2 and TRPC7

There is relatively less information regarding the protein interactions and traffick-

ing of TRPC2 and TRPC7. Similar to other TRPC channels, TRPC2 interacts with

enkurin (Sutton et al. 2004) and Homer (Yuan et al. 2003). It has also been shown

that the chaperone receptor-transporting protein 1 (RTP1) regulates the surface

expression and channel activity of TRPC2 in HEK 293 cells. In cells cotransfected

with RTP1, the surface expression of TRPC2, as well as the channel activity, is

increased relative to cells expressing TRPC2 alone (Mast et al. 2010). A previous

study demonstrates that TRPC7 interacts with MxA, a member of the dynamin

superfamily (Lussier et al. 2005).

Conclusion

In summary, TRPC channels are regulated downstream from receptor-coupled

PLC activation. These channels contribute to a wide variety of cellular function.

Loss or gain of channel function has resulted in aberrant physiology in human

and mouse. The physiological function and regulation of TRPC channels are

influenced by their physical and functional interactions with numerous channels

and proteins involved in the signaling, scaffolding, and trafficking processes.

Further studies are required to delineate the exact steps involved in assembling

TRPC channels with their accessory proteins to form functional signaling

complexes in discrete ER-PM junctional regions. Understanding the various

modes and mechanisms involved in TRPC channel function can provide poten-

tially important targets for treatment of a number of diseases.
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Abstract

Ca2+ signaling entails receptor-stimulated Ca2+ release from the ER stores that

serves as a signal to activate Ca2+ influx channels present at the plasma mem-

brane, the store-operated Ca2+ channels (SOCs). The two known SOCs are the

Orai and TRPC channels. The SOC-dependent Ca2+ influx mediates and sustains

virtually all Ca2+-dependent regulatory functions. The signal that transmits the

Ca2+ content of the ER stores to the plasma membrane is the ER resident, Ca2+-

binding protein STIM1. STIM1 is a multidomain protein that clusters and

dimerizes in response to Ca2+ store depletion leading to activation of Orai and

TRPC channels. Activation of the Orais by STIM1 is obligatory for their

function as SOCs, while TRPC channels can function as both STIM1-dependent

and STIM1-independent channels. Here we discuss the different mechanisms by

which STIM1 activates the Orai and TRPC channels, the emerging specific and

non-overlapping physiological functions of Ca2+ influx mediated by the two

channel types, and argue that the TRPC channels should be the preferred

therapeutic target to control the toxic effect of excess Ca2+ influx.

Keywords

TRPC channels • STIM1 • Gating • Physiology • Pathology

1 Introduction

The receptor-evoked Ca2+ signal is initiated by the hydrolysis of PI(4,5)P2 either by

phospholipase Cβ (G protein-coupled receptors) or phospholipase Cγ (tyrosine

kinase receptors) to generate IP3 and diacylglycerol. IP3 releases Ca2+ primarily

from the endoplasmic reticulum (ER), which provides a signal to activate Ca2+

influx channels at the plasma membrane. The ensuing increase in free cytoplasmic

Ca2+ ([Ca2+]i) activates the plasma membrane Ca2+ ATPase (PMCA) and the

sarcoplasmic reticulum Ca2+ ATPase (SERCA) pumps that clear Ca2+ from the

cytosol (Kiselyov et al. 2003). At weak receptor stimulation, this cycle is periodi-

cally repeated to generate Ca2+ oscillations, while at intense receptor stimulation,

the IP3 receptors (IP3Rs) remain active to keep the ER depleted of Ca2+, and [Ca2+]i
is determined by a “pump-leak turnover” with the Ca2+ influx channels providing

the leak and the PMCA the pump (Kiselyov et al. 2006).

The Ca2+ influx channels participate in all aspects of the receptor-evoked Ca2+

signal. They contribute to the initial increase in [Ca2+]i upon receptor stimulation,

they reload the stores with Ca2+ between the Ca2+ spikes during Ca2+ oscillations,

and they remain active for many minutes at the end of the stimulation period until

the stores are fully loaded with Ca2+ (Muallem et al. 1988; Pandol et al. 1987;

Parekh and Putney 2005). In polarized cells the Ca2+ signal initiates at the apical

pole and propagates to the basal pole in the form of Ca2+ waves (Kasai and

Augustine 1990; Thorn et al. 1993). Ca2+ influx accelerates the rate of Ca2+ wave
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propagation (Lee et al. 1997). The Ca2+ influx channels determine practically all

physiological and pathological effects of [Ca2+]i by determining the size and shape

of the Ca2+ signal. In fact, all Ca2+-dependent physiological functions occurring

after the first 1 min of cell stimulation stops in the absence of Ca2+ influx (Parekh

and Putney 2005), while excessive activation of the Ca2+ influx channels and Ca2+

influx is largely responsible for the pathological effects of Ca2+ (Lee et al. 2010a;

Petersen et al. 2006).

Two types of channels mediate the bulk of the receptor-stimulated Ca2+ influx,

the TRPC and Orai channels (Lee et al. 2010a). The contribution and role of the

TRPC channels to the receptor-stimulated Ca2+ influx has been extensively studied

(Pandol et al. 1987; Lee et al. 1997) before the discovery of the Orai channels

(Feske et al. 2006; Zhang et al. 2006; Vig et al. 2006) and of STIM1 (Roos

et al. 2005; Liou et al. 2005). In this chapter we will argue that both the TRPC

and Orai channels are gated by STIM1, that the contribution of both channel types

is vital for cell function, that the TRPC and Orai channels sense and respond to the

activity of each other, that increasing evidence suggests that each channel type may

regulate separate Ca2+-dependent cell functions, and that the TRPC channels

may provide an important and perhaps preferred therapeutic target to guard against

Ca2+-dependent toxicity and pathology.

2 The STIM1 Functional Domains

2.1 The STIM1 Domains

The relationship between the ER Ca2+ load and the function of the Ca2+ influx

channels was resolved with the discovery of the ER Ca2+ content sensor STIM1

(Roos et al. 2005; Liou et al. 2005). STIM1 is a multidomain protein, the function of

which is continually being updated as more information becomes available. The

currently known STIM1 domains are depicted in Fig. 1a. These include the ER

lumen resident Ca2+ binding EF hand and SAM domains. The EF hand is the Ca2+-

binding site, while the SAM domain participates in STIM1 clustering (Stathopulos

et al. 2008; Zheng et al. 2008). Binding of Ca2+ to the EF hand keeps STIM1 in a

non-clustered form and restrict its access to the Ca2+ influx channels. The luminal

domain also has reactive cysteines that appear to participate in ER redox sensing

through S-glutathionylation of cysteine 56 (Hawkins et al. 2010). The SAM domain

is followed by a short transmembrane domain and a long cytoplasmic domain. The

cytoplasmic domain of STIM1 mediates the opening of the TRPC and Orai

channels (Huang et al. 2006). The cytoplasmic domain starts with the first coiled-

coil domain (CC1), which includes a short helix at its C terminus that functions as

an inhibitory helix (IH) (Yu et al. 2013; Yang et al. 2012). CC1 is followed by the

SOAR domain (Yuan et al. 2009), which is also known as CAD (Park et al. 2009) or

CCb9 (Feske et al. 2010). SOAR is the minimal STIM1 domain needed to fully

activate Orai1 (Yuan et al. 2009; Park et al. 2009; Feske et al. 2010). SOAR may

also participate in the regulation of TRPC channels by STIM1 (see below). The
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crystal structure of the SOAR domain was resolved recently (Jha et al. 2013;

Fig. 1b). Recent analysis identified a new highly conserved domain immediately

C terminus to SOAR that we named CTID (for C terminus inhibitory domain). The

predicted structure of CTID is shown in Fig. 1c (see also Jha et al. 2013). CTID is

followed by a long sequence, the function of which is only beginning to emerge.

Recent study reported that the function of this C terminus portion of STIM1 is to

keep SOAR in an inactive state (Yu et al. 2013). The C terminal end of STIM1 is

polybasic with multiple lysine residues (K-domain). The K-domain interacts with

PI(4,5)P2 at the plasma membrane to stabilize the clustered STIM1 at the

ER/plasma membrane microdomain (Liou et al. 2007). Most significantly, the

K-domain gates open the TRPC channels (see Zeng et al. (2008) and below).

Several recent studies revealed that when the ER stores are filled with Ca2+,

STIM1 resumes a compact structure. Upon Ca2+ store depletion, STIM1 undergoes

massive conformational transition to a more extended conformation (Yu et al. 2013;

Korzeniowski et al. 2010; Muik et al. 2011). Sequence analysis identified four

conserved lysines in SOAR (marked by 4K in Fig. 1b, c) that potentially interact

either with four conserved glutamates in the IH domain in CC1 (marked by 4E in

Fig. 1b, c) or with conserved glutamates in Orai1 that may fold similarly

(Korzeniowski et al. 2010). Mutations of the glutamates in IH resulted in a

constitutively active STIM1, while mutations of the lysines in SOAR inhibited

Fig. 1 The STIM1 domains. The currently known domains of STIM1 are shown in (a). Panel (b)

shows the crystal structure of the SOAR dimer and monomer and the position of the four lysines

(4K) and four glutamates (4E) in IH taken from Archana Jha Malini Ahuja et al. (2013). Panel (c)

is a predicted structure of SOAR (red) and the N terminal (blue) and C terminal (green) lobes
of CTID
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STIM1 function. Based on these findings, it was suggested that CC1 interacts with

SOAR to keep it in inactive state (Yu et al. 2013; Korzeniowski et al. 2010; Muik

et al. 2011). Direct evidence for folding and interaction of CC1 and SOAR was

provided by convincing experiments using a STIM1 conformational FRET reporter

(Muik et al. 2011). These studies suggested that the CC1–SOAR interaction is

mediated by hydrophobic interactions. This conclusion is supported by further

analysis of the role of the glutamates in the CC1 domain (Yu et al. 2013). In

addition, recent crystal structure of SOAR and IH revealed that the lysines in SOAR

and the glutamates in CC1 do not interact (Yang et al. 2012). However, they are

consistent with the possibility that the lysines in SOAR may mediate SOAR

interaction with Orai1 (Korzeniowski et al. 2010). Our studies suggest that mutation

of the lysines in SOAR likely disrupts its structure to the extent that STIM1 with the

lysines mutated to alanines aggregates in small intracellular inclusions (Jha

et al. 2013). Another fold that occludes SOAR is present in STIM1 C terminus to

SOAR (Yu et al. 2013; Jha et al. 2013). Initially, it was shown that replacing the

STIM1 C terminus with GFP resulted in activation of STIM1 by making SOAR

available for interaction with Orai1 (Yu et al. 2011). Subsequently, another STIM1

conformational reporter that includes the entire STIM1 cytoplasmic domain was

used to show that the STIM1 C terminus folds to contact CC1, likely in the IH, and

participates in the occlusion of SOAR (Yu et al. 2013). Together, the conforma-

tional reporters and SOAR structure suggest that in the basal state, STIM1 is folded

in a manner that CC1 interacts with SOAR and the C terminus folds back to interact

with the IH in CC1, resulting in occlusion of SOAR.

2.2 STIM1 Interactors

Additional regulation of STIM1 function is due to its interaction with other

proteins. Comprehensive analysis of the STIM1 interactome is not available as

yet. The two established interactors are the microtubule-plus-end-tracking protein

end binding (EB1) (Grigoriev et al. 2008) and the SOCE-associated regulatory

factor (SARAF) (Palty et al. 2012). Interaction of STIM1 with EB1 forms comet-

like accumulations at the sites of microtubule end-ER contacts. The interaction is

regulated by phosphorylation of STIM1 in serine/threonine residues in the C

terminus region of STIM1 (Smyth et al. 2012). Interestingly, this interaction

appears to participate in ER remodeling (Grigoriev et al. 2008; Smyth

et al. 2012). In particular, STIM1 interaction with EB1 is inhibited during mitosis,

resulting in exclusion of STIM1 from the mitotic spindle, and this is reversed by

phosphorylation-compromised STIM1 mutant (Smyth et al. 2012). Importantly,

STIM1 phosphorylation at the sites that affect EB1 interaction and spindle exclu-

sion has no role in the regulation of Ca2+ influx by STIM1 (Smyth et al. 2012),

suggesting that STIM1 has roles outside the regulation of Ca2+ influx channels. This

has also been shown for the regulation of endothelial barrier function that is

regulated by STIM1-mediated coupling of the thrombin receptor to activation of
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RhoA, formation of actin stress fibers, and the eventual loss of cell–cell adhesion

(Shinde et al. 2013).

High-throughput screen has identified SARAF as a negative regulator of STIM1

(Palty et al. 2012). SARAF is a single transmembrane span, ER resident protein

with the N terminus in the ER lumen and the C terminus in the cytoplasm. SARAF

interacts with STIM1 upon Ca2+ store depletion to facilitate inactivation of Orai1

by Ca2+. It appears that the C terminus of SARAF mediates the interaction with

STIM1 (Palty et al. 2012). Once activated, Orai1 undergoes two types of Ca2+-

mediated inactivation, fast (FCDI) and slow (SCDI) inactivation with time courses

of ms and min (Parekh and Putney 2005). Prior work identified a negatively charged

STIM1 sequence (475DDVDDMDEE483) that mediates the FCDI (Lee et al. 2009;

Mullins et al. 2009; Derler et al. 2009). Before the discovery of SARAF, no

information was available on the mechanism of the SCDI. In a systematic domain

analysis, we identified SOAR as the STIM1 domain that interacts with SARAF (Jha

et al. 2013). Moreover, we found that CTID, the highly conserved STIM1 domain C

terminus to SOAR, controls the access of SARAF to SOAR to mediate the SCDI.

As shown in Fig. 1c, CTID appears to have two lobes, with the N terminal lobe

[STIM1(447–490)] restricting the access of SARAF to SOAR and the C terminal

lobe [STIM1(491–530)] facilitating interaction of SARAF with SOAR (Jha

et al. 2013). Finally, CTID appears to also have a role in the FCDI of Orai1, as

modification of the interaction of SARAF with STIM1 alters the kinetics of or

prevents FCDI (Jha et al. 2013).

That STIM1 has both Ca2+ influx-dependent and Ca2+ influx-independent

functions strongly suggest that STIM1 interacts with many more proteins in addi-

tion to EB1 and SARAF within signaling complexes. It is likely that the STIM1

interactome will become available in the near future.

3 Gating of Ca2+ Influx Channels by STIM1

3.1 Gating of Orai Channels by STIM1

This topic is discussed only briefly. Further details can be found in recent compre-

hensive reviews (Engh et al. 2012; Shaw and Feske 2012; Muik et al. 2012). STIM1

activates the Orai channels to mediate the Ca2+-release-activated Ca2+ (CRAC)

current (Zhang et al. 2006). The Orai channels are four transmembrane span

proteins with cytoplasmic N and C termini. Early biochemical and single molecule

photobleaching studies suggested that the Orai channels are tetramers (Demuro

et al. 2011; Penna et al. 2008; Ji et al. 2008). However, the recent crystal structure of

Orai1 revealed that the channel is a hexamer with the selectivity filter composed of

a ring of glutamates (Hou et al. 2012). Cytoplasmic extensions of the fourth

transmembrane domain of four of the six subunits fold into coiled-coil domains.

Functional (Muik et al. 2008; Frischauf et al. 2009) and the structural (Hou

et al. 2012) information showed that the C terminus coiled-coil domains are

essential for activation of the Orai channels by STIM1. SOAR opens all three
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Orai channels by interaction with the C-terminus coiled-coil domains of the Orais

(Lee et al. 2009). A second interaction of SOAR/CAD was found with the

N-terminus of Orai1 downstream of residue 73 (Park et al. 2009). Recently, it

was suggested that STIM1 interaction with the Orai1 C terminus mediates the

binding between the proteins, while interaction of STIM1 with the N terminus of

Orai1 gates the opening of Orai1 (Zheng et al. 2013). However, farther recent

examination of this topic shows that interaction of STIM1 with both the C and N

termini of the Orai1 participates in channel gating (McNally et al. 2013). Moreover,

both interactions are required for the effect of STIM1 on Orai1 channel selectivity

(McNally et al. 2012, 2013). The later findings are also compatible with the role of

the Orai channels C termini in the extent and mode of channel regulation. The three

Orai channels have a typical FCDI, with Orai1 showing the least prominent and

Orai3 the most prominent inactivation (Lis et al. 2007). The information for the

type of inactivation is coded in their C termini, as revealed by translocation of the

inactivation kinetics with the C-termini when they are swapped among the Orais

(Lee et al. 2009). Since removal of CTID eliminates both the FCDI and SCDI (Jha

et al. 2013) and SARAF accelerates the SCDI of Orai1 (Jha et al. 2013; Palty

et al. 2012), it should be of interest to determine whether and how SARAF affects

the FCDI and SCDI of Orai2 and Orai3.

4 TRPC Channels and STIM1

The regulation of TRPC channels by STIM1 is poorly understood and sparsely

studied and thus remains controversial to some extent. Several aspects of TRPC

channels function and regulation are generally accepted. TRPC channels mediate

significant portion of the receptor-stimulated Ca2+ influx, TRPC3, TRPC6, and

TRPC7, but not TRPC1, TRPC4, and TRPC5 are activated by diacylglycerol, and

Ca2+ influx by TRPC channels has multiple roles in virtually every cell type (Parekh

and Putney 2005; Pedersen et al. 2005; Freichel et al. 2005). Biochemical interac-

tion between TRPC channels and STIM1 is a highly consistent finding. It is also a

consistent finding that knockdown or deletion of Orai1 or STIM1 eliminates the

store-dependent and receptor-activated Ca2+ influx (Lee et al. 2010a). At the same

time, numerous studies in multiple cell types consistently find that knockout or

knockdown of TRPC channels significantly or markedly reduce the store-mediated

and receptor-activated Ca2+ influx. Examples of the effect of TRPC1 and TRPC3

knockout of receptor- and store-dependent Ca2+ influx in pancreatic acini are

illustrated in Fig. 2. Deletion of TRPC1 (green traces and columns) or TRPC3

(red traces and columns) reduces the receptor-stimulated Ca2+ influx (reduced

plateau) and Ca2+ influx evoked by store depletion (Fig. 2a, c, d) and thus the

frequency of Ca2+ oscillations (Fig. 2b). Additional examples of the effect of TRPC

channels knockdown on Ca2+ influx are in Lee et al. (2010a), Ng et al. (2012),

Antigny et al. (2013), Zhang et al. (2010), Rao et al. (2012), and Sundivakkam

et al. (2012). Given the complete inhibition of Ca2+ influx by deletion of STIM1 and

Orai1 and the substantial inhibition of Ca2+ influx by deletion of TRPC channels, it
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follows that TRPC channels required Orai1 function and/or Orai1 requires TRPC

channels function for their activity and, moreover, that TRPC channels are

regulated by STIM1.

4.1 STIM1-Dependent and STIM1-Independent Function of TRPC
Channels

In spite of the findings mentioned above, regulation of TRPC channels by STIM1

remains poorly understood and is not fully accepted or appreciated. This is mostly

because regulation of TRPC channels by STIM1 is not always observed when the

two are co-expressed in model systems. How can this be reconciled with the

knockout/knockdown results? A major reason is that TRPC channels can function

as both STIM1-dependent and STIM1-independent channels while the Orai

channels function is strictly dependent on STIM1. Thus, the early studies already

showed that TRPC1, TRPC2, TRPC4, and TRPC5 can directly interact with

STIM1, while TRPC3, TRPC6, and TRPC7 do not (Huang et al. 2006). However,

Fig. 2 TRPC1 and TRPC3 as store-operated Ca2+ influx channels in pancreatic acini. [Ca2+]i was

measured in wild-type (black traces and columns), Trpc3�/� (red traces and columns), and
Trpc1�/� (green traces and columns) pancreatic acini stimulated with the indicated concentration

of agonists to generate a sustain response (a) or Ca2+ oscillations (b) or treated with 25 μMCPA to

deplete the stores and measure Ca2+ influx by Ca2+ re-addition (c, d). Results were reproduced

from Kim et al. (2009b)
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it is well established that TRPC channels can heteromultimerize, including

TRPC1–TRPC3 (Yuan et al. 2007; Liu et al. 2005) and TRPC4–TRPC6 (Yuan

et al. 2007). It turned out that TRPC3 can function as STIM1-dependent channel

only in the presence of TRPC1 and TRPC6 functions as STIM1-dependent channel

only in the presence of TRPC4 (Yuan et al. 2007). Notably, in the absence of

TRPC1 and TRPC4, TRPC3 and TRPC6, respectively, are fully active, but their

activity is STIM1 independent. This indicates that (1) the cellular composition of

TRPC channel isoforms will determine whether their function is STIM1 dependent

or not and (2) a precise, physiological expression level and ratio of TRPC channels

isoforms is required to observe and study their STIM1 dependence. Hence, a

common problem in the field is that often marked overexpression of the channels

is used to study their regulation by STIM1, conditions that ensure their STIM1-

independent function.

The study of the regulation of TRPC channels by STIM1 is further complicated

by the requirement of Orai1 for TRPC channels function. Undoubtedly, the Orai

and TRPC channels can function independent of each other to mediate the CRAC

current (Zeng et al. 2008) and nonselective, Ca2+-permeable current (Pedersen

et al. 2005; Freichel et al. 2005; Nilius et al. 2007) and dominate Ca2+ influx in

particular cell types. For example, Orai1-mediated current is prominent in all

blood-born cell types (Engh et al. 2012; Shaw and Feske 2012). However, in

most cell types, it is difficult to record Icrac current, where TRPC channels likely

mediate most of the Ca2+ influx. In such cells, both the Orai and TRPC channels

appear to be required for SOC by affecting the activity of each other. Initial

indication for this was obtained by demonstrating that deletion of Orai1 inhibits

all forms of Ca2+ influx. Subsequently it was shown that all Orai channels interact

with TRPC channels to complex with STIM1 and enhance TRPC channels store

dependence (Liao et al. 2007, 2008, 2009). Additional relationship between the

channels was shown by demonstrating that functional Orai1 and TRPC channels are

required to restore the physiological store-mediated Ca2+ influx, with channel-dead

Orai1 or TRPC channel mutants unable to do so (Kim et al. 2009a). The interde-

pendence of the channels is attributed to their insertion in the plasma membrane and

stabilization of the Orai1–STIM1–TRPC complexes in plasma membrane

microdomain (Kim et al. 2009a; Ong et al. 2007; Cheng et al. 2011). Importantly,

modulation of TRPC channels function by the Orais and reconstitution of SOCs

were observed only when the Orai and TRPC channels are expressed at very low,

close to physiological levels (Liao et al. 2007, 2008, 2009; Kim et al. 2009a). The

latter suggest that the ratio of Orai1/TRPC channels is important for the STIM1-

dependent function of the TRPC channels.

Another factor contributing to the problem in studying TRPC channels regula-

tion by STIM1 is the activation/regulation of TRPC channels by other ligands/

regulators. For example, TRPC3, TRPC6, and TRPC7 are activated by

diacylglycerol (Pedersen et al. 2005; Freichel et al. 2005), TRPC4 and TRPC5

are activated by Gα subunits (Jeon et al. 2012), TRPC5 is activated by Ca2+ (Blair

et al. 2009), and TRPC4 and TRPC5 are activated by redox compounds

(Xu et al. 2008; Takahashi and Mori 2011). These forms of activation are
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STIM1-independent and, when functioning, may overwhelm the STIM1-dependent

activation of the channels.

The discussion above points to the caution needed when selecting the system and

conditions to study regulation of TRPC channels by STIM1. However, the impor-

tant point is that this topic is neglected and grossly understudied by investigators

interested in TRP channels and in the role of TRPC channels in receptor-mediated

Ca2+ influx and its functions. Biochemical interaction between STIM1 and the

TRPC channels is a highly consistent observation. Therefore, understanding how

STIM1 interacts with and affects the function of TRPC channels is paramount for

the understanding receptor-mediated Ca2+ signaling.

4.2 Gating of TRPC Channels by STIM1

Probably the strongest evidence that TRPC channels are gated by STIM1 is the

finding that STIM1 gates TRPC channels by electrostatic interaction (Zeng

et al. 2008). Initial structure-function studies revealed that deletion of the STIM1

K-domain prevents activation of TRPC1 by STIM1, Ca2+ influx, and translocation

of NFAT to the nucleus (Huang et al. 2006). The K-domain is predicted to fold as a

helix with the positive charge of the last two lysines (K) on the surface at the end of

the helix. This prompted us to search for a helix with negatively charged residues

that might complement the positive charges in the STIM1 K-domain. Such two

conserved residues (DD/DE/EE) were identified in all TRPC channels (Park

et al. 2009). Mutation analysis revealed that the negatively charged residues

(D639 and D640 in the case of TRPC1) interact with the last two lysines (K684 and

K685) in STIM1, that interaction of both lysines with the two negative charges is

required, that insertion or deletion of a single glycine within 100 residues upstream

of the STIM1 C terminus disrupted the gating, and, most notably, that gating of

TRPC channels by STIM1 occurs whether the positive or negative charges are on

STIM1 or TRPC channels, as long as the negative charges on one protein are

matched with positive charges on the other protein (Zeng et al. 2008).

Subsequent studies examined gating by electrostatic interaction with other

TRPC channels to show that the same mechanism operates with TRPC3, TRPC4,

TRPC5, and TRPC6 (Lee et al. 2010b). These studies also resulted in an excellent

tool to selectively inhibit TRPC channels independent of the inhibition of Orai1.

Since the STIM1 K-domain is not required for activation of Orai1 (Yuan

et al. 2009), STIM1(K684E/K685E) has no effect on Orai1, but inhibits the native

TRPC channels activity. This tool was used together with mutations of the

conserved TRPC3(D697K/D698K) to demonstrate gating of TRPC3 by electrostatic

interaction and the STIM1-dependent and STIM1-independent function of TRPC3.

As illustrated in Fig. 3 (taken from Lee et al. 2010b), while wild-type STIM1

increased, the mutant STIM1(K684E/K685E) strongly inhibited the current of wild-

type TRPC3 (Fig. 3a–c). The TRPC3(D697K/D698K) mutant that is not gated by

STIM1 retained full activity. Notably, the current of TRPC3(D697K/D698K) was not
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affected by the reverse charge STIM1(K684E/K685E), but was fully inhibited by

wild-type STIM1 (Fig. 3d–f).

An important remaining question in the gating of TRPC channels by STIM1 is

their interacting modules. The STIM1 K-domain that gates the channel is not

required for STIM1–TRPC channels interaction (Huang et al. 2006). The most

likely STIM1 domain that interacts with the TRPC channels is SOAR. SOAR folds

into a coiled-coil domain structure and crystallizes as a V-shaped dimer with lysines

lining both sides of the V interior (Yang et al. 2012; Fig. 1b) that may interact with

the Orai1 C terminus (Korzeniowski et al. 2010). The Orai1 C terminus folds into a

coiled-coil domain structure (Hou et al. 2012), and the coiled-coil domain fold is

required for activation of Orai1 by STIM1 (Muik et al. 2008; Frischauf et al. 2009).

The same mechanism may hold for TRPC channels, which are predicted to have N-

and C terminal coiled-coil domains. The role of the TRPC channels coiled-coil

domains in interaction with STIM1 and in regulation of TRPC channels function by

STIM1 was reported recently in Lee et al. 2014.

4.3 TRPC Channels in Physiology and as Therapeutic Target

The presence of two STIM1-gated Ca2+ influx channels in the same cells that affect

the activity of each other raises the question of their expression pattern and whether

Ca2+ influx through each of the channels mediate specific cell function. Expression

Fig. 3 Function of TRPC3 in STIM1-dependent and STIM1-independent modes. HEK cells were

transfected with wild-type TRPC3 (a–c) or the mutant TRPC3(DD/KK) (d–f) and either empty

vector (black traces and columns), STIM1 (red traces and columns), or STIM1(KK/EE) (blue
traces and columns), and the carbachol-activated current was measured. Note that STIM1

activated wild-type TRPC3 but strongly inhibited the mutant TRPC3(DD/KK) while the reverse

charge STIM1(KK/EE) had the opposite effects. Results were reproduced from Lee et al. (2010b)

* In c,f denotes p<0.05
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pattern of the native STIM1, Orai1, and TRPC channels has been examined to a

very limited extent, especially in animal tissues (rather than in cell lines). Such

studies were performed in the polarized pancreatic acinar cells and an example is

shown in Fig. 4 that was taken from Hong et al. (2011). Localization of the proteins

was examined relative to IP3 receptors (IP3Rs) that are clustered at the apical pole

(Lee et al. 1997; Hong et al. 2011; Yule et al. 1997). Orai1 shows perfect

colocalization with IP3Rs, while the localization of TRPC1 and STIM1 only

partially overlap with the localization of IP3Rs. This indicates that STIM1 forms

several Ca2+ influx complexes in the same cells, Orai1–STIM1, Orai1–STIM1–

TRPC1, and STIM1–TRPC1 complexes. Complexes of TRPC1–STIM1 are formed

when cells are stimulated and can be readily immunoprecipitated (Hong

et al. 2011).

Emerging evidence points to selective roles of the STIM1-regulated Ca2+ influx

pathways in cellular physiology. Several of these examples are described below.

Orai1-mediated Ca2+ influx activates the Ca2+-dependent phosphatase calcineurin

that dephosphorylates NFAT, resulting in translocation of NFAT to the nucleus

(Shaw and Feske 2012; Darbellay et al. 2010). Selective inhibition of Ca2+ influx by

TRPC channels was reported to have no effect on NFAT translocation to the

nucleus (Cheng et al. 2011; Darbellay et al. 2010). Conversely, Ca2+ influx

Fig. 4 Localization of the native STIM1, Orai1, and TRPC1 in polarized cells. Localization of

Orai1, TRPC1, and STIM1 was determined relative to localization of IP3Rs in the apical pole.

Note that Orai1 is confined largely to the apical pole whereas TRPC1 and STIM1 are found at the

apical and lateral membrane with minimal expression of the proteins in the basolateral membrane.

The turquoise squares mark regions expressing STIM1 and TRPC1 but devoid of Orai1. Results

were reproduced from Archana Jha Malini Ahuja et al. (2013)
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mediated by TRPC1 activates the Ca2+-dependent transcription factor NFκB that is

less affected by Orai1-mediated Ca2+ influx (Cheng et al. 2011; Darbellay

et al. 2010). The TRPC1-mediated Ca2+ influx activates the Ca2+-activated K+

channel in salivary glands acinar cells (Cheng et al. 2011) that are localized at

the apical pole (Ong et al. 2012). This is despite the findings that Orai1 channels are

present in and mediate Ca2+ influx across the luminal membrane (Almassy

et al. 2012).

The Orai1–STIM1-mediated Ca2+ influx was found to be essential for postnatal

human myoblast differentiation through activation of the transcription factors

MEF2 and myogenin (Hong et al. 2011; Balghi et al. 2011). On the other hand,

TRPC1 and TRPC4 mediate a portion of STIM1-dependent store-operated Ca2+

influx necessary for activation of MEF2 that mediates myoblasts fusion. Ca2+ influx

by Orai1 did not substitute for the TRPC channel-mediated Ca2+ influx that

facilitates the myogenic fusion (Antigny et al. 2013). Proliferation of adult neuronal

progenitor cells is regulated by store-dependent Ca2+ influx. Knockdown of Orai1

and TRPC1 was equally effective in inhibition of the proliferation and causing cell

cycle arrest (Li et al. 2012). Similarly, Ca2+ influx by TRPC1 is essential for the

platelet-derived growth factor-BB-mediated restoration of neuronal progenitor

cells proliferation that had been impaired by HIV Tat-cocaine via the cognate

receptors (Yao et al. 2012). Similar effect was proposed for TRPC5 in the A2B5

neuronal progenitor cells (Shin et al. 2010).

In a Parkinson’s disease model induced by neurotoxin, loss of dopaminergic

neurons in the substantia nigra is associated with a decrease in TRPC1 expression

and interaction of TRPC1 with STIM1. Ca2+ influx through the STIM1-regulated

TRPC1 was essential and sufficient for activating the AKT pathway to mediate the

neuroprotection (Selvaraj et al. 2012).

Vascular permeability is controlled by endothelial cells, a function regulated by

TRPC channels, in particular by TRPC1 and TRPC4 when activated by STIM1 to

mediate SOC-dependent Ca2+ influx (Di and Malik 2010). Knockdown of Trpc4 or

STIM1 inhibited vascular endothelial cells Ca2+ influx and caused disruption of the

endothelial barrier (Sundivakkam et al. 2012). Notably, knockdown of Orai1 or

Orai3 in these cells had minimal effect of Ca2+ influx and barrier integrity.

Similarly, overexpression of Orai1 or STIM1 in Trpc4�/� cells failed to rescue

Ca2+ influx (Sundivakkam et al. 2012), further demonstrating the essential role of

TRPC channels in endothelial cell SOCs.

Another, potentially important aspect of TRPC channels relative to the Orai1

channel is their potential as therapeutic targets. Several diseases have been

associated with mutations in TRPC channels. They are not discussed here, but

information on this topic can be found in other chapters of this book and in Nilius

and Owsianik (2011). However, the reason TRPC channels should be considered as

therapeutic target is that deletion of TRPC1 (Liu et al. 2007), TRPC3 (Kim

et al. 2009b, 2011; Hartmann et al. 2008), TRPC4 (Freichel et al. 2005), TRPC5

(Riccio et al. 2009), and TRPC6 (Dietrich et al. 2005) has relatively minor

phenotypes, while deletion of Orai1 is embryonically lethal (Vig et al. 2006;

McCarl et al. 2009). Moreover, deletion of the ubiquitous Orai1 eliminates all
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forms of receptor-stimulated Ca2+ influx. By contrast, expression of TRPC channels

is more cell-specific and deletion of any of the TRPC channels results in only partial

reduction in the receptor-mediated Ca2+ influx. Although TRPC channels also

contribute to the regulation of the membrane potential by depolarizing the cells

when activated, it seems that their function can be spared, at least temporarily.

Good examples for the therapeutic potential of inhibiting TRPC channels are the

inhibition of TRPC3 and TRPC6 in reducing cardiac hypertrophy (Kuwahara

et al. 2006; Wu et al. 2010) and of TRPC3 in ameliorating Ca2+-dependent damage

in the brain, pancreas, and salivary glands (Kim et al. 2009b, 2011; Hartmann

et al. 2008). Analysis of patient tissues revealed increased TRPC3 and TRPC6

expression in cardiac hypertrophy that could be reproduced by overexpression of

the channels in mice hearts, and hearts are protected when expression of the

channels is reduced (Kuwahara et al. 2006; Wu et al. 2010; Millay et al. 2009).

This suggested that pharmacological inhibition of TRPC3 should prevent cardiac

hypertrophy. Pyrazole 3 is an inhibitor of TRPC3 (Kim et al. 2011; Kiyonaka

et al. 2009; see Fig. 5) that is tolerated well by mice with no apparent gross side

Fig. 5 Inhibition of TRPC3 protects against Ca2+-dependent injury. Ca2+ measurements show that

deletion of TRPC3 and Pyrazole 3 inhibits the same component of Ca2+ influx activated by receptor

stimulation (a–c) or store depletion (d–f). Treating mice with Pyrazole 3 reduces the severity of

cerulein-induced acute pancreatitis as assayed by the increase in serum amylase (g) and edema (h)

and activation of intracellular trypsin (i). Results were reproduced from Smyth et al. (2012)

* In c,f denotes p<0.05
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effects when infused over a 2 weeks period (Kiyonaka et al. 2009). Inhibition of

TRPC3 by Pyrazole 3 prevented cardiac hypertrophy induced by aortic banding

(Kiyonaka et al. 2009). Together, the genetic and pharmacological studies suggest

that inhibition of TRPC3 is a promising target in treatment of cardiac hypertrophy.

It was recently shown that inhibition of TRPC3 reduces brain injury caused by

hemorrhage-related brain inflammation. Intracerebral hemorrhage caused by rup-

ture of blood vessels in the brain results in leakage of thrombin into the parenchyma

and activation of neuronal and astrocytes TRPC3. Activated Ca2+ influx causes

excessive Ca2+ influx that is associated with inflammation and neuronal injury

(Qureshi et al. 2009). Application of Pyrazole 3 intracerebroventricularly and

intraperitoneally to mice after induction of intracerebral hemorrhage to inhibit

TRPC3 activation significantly reduced brain injury (Munakata et al. 2013). It

should be of interest to determine whether inhibition of TRPC3 reduces brain

damage due to other inflammation modalities.

Acute pancreatitis and Sjögren’s syndrome are inflammatory diseases that dam-

age the pancreas and salivary glands (Sah et al. 2012; Alevizos and Illei 2010). A

common nodal point in all models of these diseases is an excess Ca2+ influx (Cheng

et al. 2012; Petersen and Sutton 2006). Salivary glands and pancreatic acini express

high level of TRPC3 (Bandyopadhyay et al. 2005; Kim et al. 2006), and TRPC3

mediates significant portion of receptor- and store-mediated Ca2+ influx (Kim

et al. 2009b). The therapeutic potential of inhibiting TRPC3 in these diseases was

tested by genetic and pharmacological inhibition of TRPC3 (Kim et al. 2011). Part

of these findings is illustrated in Fig. 5 (reproduced from Kim et al. 2009b).

Figure 5a–f shows similar inhibition of receptor- and store-mediated Ca2+ influx

by deletion of TRPC3 and by Pyrazole 3 and that Pyrazole 3 has no effect on the

Ca2+ signal in Trpc3�/� cells, indicating that in vivo Pyrazole 3 primarily inhibits

TRPC3. Inhibition of TRPC3 by Pyrazole 3 reduced all indices of acute pancreati-

tis, including serum amylase (Fig. 5g), edema (Fig. 5h), and intracellular activation

of trypsin (Fig. 5i). Pyrazole 3 similarly inhibited all Ca2+-dependent acinar cells

injury tested in the parotid glands (Kim et al. 2009b).

The results with Pyrazole 3 in the three model diseases illustrate the usefulness

and relative safety of inhibiting TRPC channels activity as a therapeutic approach

to diseases caused by excessive Ca2+ influx, in particular inflammatory diseases. It

is hoped that as more and more potent and selective inhibitors of TRPC channels

develop, the full benefit of inhibiting their function will be explored and will be

used to treat human diseases.
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Abstract

Aside from entering into cells through voltage gated Ca channels and Na/Ca

exchangers in those cells that express these proteins, for all cells be they

excitable or non-excitable, Ca2+ enters through channels that are activated

downstream of phosphoinositide mobilization (activation of phospholipase C,

PLC) and through channels that are activated secondary to depletion of internal

stores. Depletion of internal stores activates plasma membrane channels known

as ORAIs. Activation of PLCs activates the canonical class of transient receptor

potential channels (TRPCs), and, because this activation also causes depletion of

Ca2+ stores, also ORAI based channels. Whereas the activation of ORAI is a
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well-accepted phenomenon, it appears that TRPC channels also participate in

Ca2+ entry triggered by store depletion with or without participation of ORAI

molecules. Regardless of molecular makeup of TRPC containing channels, a

plethora of studies have shown TRPCs to be important both in physiologic

systems as well as in pathophysiologic phenomena. Particularly important in

defining roles of TRPCs, have been studies with mice with targeted disruption of

their genes, i.e., with TRPC KO mice. In this chapter we first focus on TRPCs as

regulators of body functions in health and disease, and then focus on the possible

make-up of the channels of which they participate. A hypothesis is set forth,

whereby ORAI dimers are proposed to be regulatory subunits of tetrameric

TRPC channels and serve as structural units that form ORAI channels either as

dimers of dimers or trimers of dimers.

Keywords

Ca2+ Influx • TRPC • ORAI • Icrac • SOCE • ROCE • TRPC physiology • TRPC

pathophysiology • Knockout mice • Phenotype

Abbreviations

CaCaM Ca2+-calmodulin complex

DAG Diacylglycerol

ER Endoplasmic reticulum

GPCR G protein coupled receptor

IP3 Inositol 1,4,5-trisphosphate

OAG Oleyl-acetyl-glycerol

PLC Phospholipase C

PM Plasma membrane

PMCA Plasma membrane Ca2+-activated ATPase

ROC Receptor operated channel

ROCE Receptor operated Ca2+ entry

SERCA Sarcoplasmic endoplasmic reticulum Ca2+-activated ATPase

SOC Store operated channel

SOCE Store operated Ca2+ entry

TRPC Transient receptor potential canonical

VSMC Vascular smooth muscle cells

1 Introduction

Changes in intracellular Ca2+ concentrations constitute a fundamental mechanism

by which a host of extracellular stimuli are transduced into cellular responses that

can either be helpful in adapting to the extracellular milieu or be detrimental to the

cell’s survival—Ca2+ toxicity. One large class of stimuli acts by activating phos-

pholipase C enzymes which, owing to the formation of inositol trisphosphate (IP3),
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promote release of Ca2+ from internal stores. The rises in cytosolic Ca2+ ([Ca2+]i)

are transient, owing to the activity of Ca2+ pumps that rapidly restore “resting” levels

by returning Ca2+ to the stores (SERCA pumps) and by extrusion from the cell

(PMCA pumps). Persistent stimuli elicit cyclical elevations—oscillations.

But, because of each oscillation causing a net loss of cellular Ca2+, signaling—

good or bad—would stop if it were not that secondary to PLC activation, a Ca2+

influx pathway is activated. This Ca2+ entry pathway is commonly referred to as

receptor-operated Ca2+ entry or ROCE. An entry pathway similar to ROCE can be

activated also by mere inhibition of SERCA pumps, which causes gradual emptying

of the stores and is referred to as store-operated Ca2+ entry or SOCE. This emptying

is associated with the appearance of a highly Ca+2 selective, Ca2+ release activated

current, ICRAC, the electrophysiological correlate to SOCE. This chapter deals with

TRPC channels—transient receptor potential canonical channels—as structural

components of ROCE channels, their functional relationship and interaction with

SOCE channels formed by ORAI proteins, and the multiple roles in physiology and

pathophysiology (health and disease) that TRPC channels have been found to have.

2 SOCE and ICRAC Are Mediated by Both ORAI-Based
Channels and TRPC-Based Channels

With the discovery of ORAI (Vig et al. 2006; Feske et al. 2006; Zhang et al. 2006)

and the finding that when expressed together with the endoplasmic reticulum

(ER) Ca2+ sensor STIM, this gives rise to very large store depletion-activated

currents with the bonafide characteristics of CRAC currents (Peinelt et al. 2006),

Soboloff et al. 2006; Mercer et al. 2006), the previous interest in the roles and

functioning of TRPC channels as molecular participants of SOCE and CRAC

channels waned in the minds of many. The reasons for this were twofold:

(1) when expressed in model cells, TRPCs had given rise to mostly nonselective

cation channels with variable Ca2+ selectivity over Na+, none more than 10:1, most

less 3:1, whereas CRAC channels are highly Ca2+ selective, and (2) store depletion

was not a good trigger, if at all, for TRPC activation.

However, one TRPC stood out, TRPC1, which, even if nonselective, is activated

by store depletion. This was shown in one series of reports, in which thapsigargin

was found to activate a store-operated current or channel (SOC) recorded in the

whole-cell configuration of the patch clamp technique from cells transfected with

the TRPC1 cDNA (Ong et al. 2007). Interestingly, TRPC1 SOC activity was

augmented by expression of STIM1, and this required ORAI1 (Cheng

et al. 2008), indicating that the TRPC1 machinery interacted with the ORAI

machinery. In support of store depletion being a regulator of TRPC1, single-

channel SOC currents with slope conductances of approximately 2pS were

recorded from cell-attached and inside-out membrane patches of cells exposed to

BAPTA-AM to deplete their Ca2+ stores, and these SOCs were absent in cells from

Trpc–/– mice (Shi et al. 2012). At the biochemical level, STIM1 was discovered to

gate not only ORAI channels but also TRPC1 channels, providing a link between
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Fig. 1 Functional interaction of ORAI with TRPCs as seen in tests for SOCE. Store-operated Ca2+

entry is defined as the Ca2+ entry seen upon addition of CaCl2 to the extracellular milieu of cells

in which internal stores have been depleted in the absence of external Ca2+ by inhibition of SERCA

pumps without activation of a PLC enzyme. SOCE was assessed in control HEK-293 cells and in
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store depletion and TRPC1 (Zeng et al. 2008). Gating of TRPC1 and ORAI1 by

STIM1 differed in that that of TRPC1 occurs by an electrostatic mechanism

involving the polybasic C-terminus of STIM and the AspAsp, AspGlu or Glu/Glu

(DD, DE or EE) sites next to the TRPC’s EWFKAR motif (TRP box) (Zeng

et al. 2008), whereas gating of ORAI channels by STIM1 occurs at ORAI sites

interacting with STIM’s SOAR (Stim-Orai-Activation Region, Yuan et al. 2009) or

CAD [for CRAC Activation Domain, Park et al. (2009)].

Independent studies confirmed the existence of functional interactions between

TRPCs and ORAI. Thus, when ORAI was expressed in cells with unpaired TRPC

channels, but not in control cells not expressing an excess of TRPCs, it promoted a

robust increase in store-operated Ca2+ entry (SOCE) (Liao et al. 2007; Fig. 1);

ORAI1 expression also facilitated recording of CRAC currents (Liao et al. 2008),

and under resting conditions, it silenced spontaneous activity of the unpaired

TRPCs (Liao et al. 2007). These findings suggested that TRPCs and ORAIs interact

at a functional level and possibly also at the physical level. This concept was then

supported further by the fact that expression of Orai1[R91W] behaved as a domi-

nant negative element (dnORAI) inhibiting not only SOCE elicited by inhibition of

SERCA pumps but also Gd3+-resistant ROCE and OAG-stimulated Ca2+ entry in

cells overexpressing TRPC3, one of the OAG-activated TRPCs. SOCE channels

and ICRAC, activated without participation of PLC-activating stimuli, are inhibited

by 0.5–1.0 μM Gd3+. As in the above-mentioned ROCE experiment, the ORAI

channels were inhibited by Gd3+; the ROCE channel(s) inhibited by the dnORAI1

can safely be assumed to be TRPC channels (Fig. 2). In the OAG experiment, the

Ca2+ entry inhibited by the dnORAI1 occurred without store depletion, depended

on overexpression of one of the OAG-responsive TRPCs, and was therefore also

mediated by a TRPC channel (Liao et al. 2009) and not by an ORAI channel which

requires, for its assembly, the molecular orchestration of STIM clusters engendered

by store depletion (Luik et al. 2006; Wu et al. 2006).

3 Structural Considerations

ORAIs, of which there are three, are membrane proteins with four transmembrane

(TM) domains. Biochemical studies on the structure of ORAI1 in resting cells and

after activation by STIMs found ORAI1 to exist as dimers and the assembled

CRAC channel to be dimers of dimers (Penna et al. 2008). Scoring of the inhibitory

effect, another dnORAI1, the pore-dead mutant of ORAI1 (ORAI1[E106Q]), on the

CRAC channel activity of wild-type ORAI1 transfected as concatenated dimers,

trimmers, and tetramers also led to the conclusion that the ORAI1-based CRAC

�

Fig. 1 (continued) HEK cells that stably expressed TRPC1 (T1-7 cells), TRPC3 (T3-9 cells),

TRPC6 (T6-11 cells), and TRPC7 (T7-2 cells), into which non-inhibitory amounts of myc-tagged

ORAI1 expression plasmids had been transfected 48 h before imaging (adapted from Liao

et al. 2007)
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channel is an ORAI1 tetramer (Mignen et al. 2008). To the surprise of many, if not

all, the crystal structure of ORAI—Drosophila ORAI—showed it to be assembled

as an hexamer formed of three dimers (Hou et al. 2012; Fig. 3a). ORAI1 can

Fig. 2 Functional interaction of ORAI with TRPCs as seen in tests for ROCE. Receptor-operated

Ca2+ entry is defined as the Ca2+ entry seen upon addition of Ca2+ to the extracellular milieu of

cells in which a Gq-coupled G protein receptor agonist had been used to stimulate PLCβ activity in
the absence of extracellular Ca2+. The intracellular Ca2+ transient had been allowed to run its

course—release of Ca2+ from the ER and reduction of cytosolic Ca by the action of PMCA and

SERCA pumps. Top two panels: ROCE elicited by V1a receptor stimulation is inhibited by Gd3+

in HEK 293 cells but not in T3-H1 cells which stably overexpress TRPC3. Bottom panel: ROCE
was assessed in HEK-293 cells transfected with the V1a receptor expression plasmid, a eYFP-

STIM1 expression plasmid, with or without a plasmid driving the expression of ORAI1[G98A], a

dominant negative mutant of ORAI1
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b.i

b.ii

Fig. 3 Models of ORAI (a)

and TRPCs (b). (a)

Hexameric ORAI (PDB:

4HKR, Hou et al. 2012). (b-i),

Tetrameric TRPC3

reconstructed from cryo-

electron micrographs

(adapted from Mio

et al. 2007). (b-ii), Tetrameric

voltage-gated K+ channel

(PDB: 2R9R, Long

et al. 2007) as surrogate for

that of a TRPC channel
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therefore be expected to coexist in three formats—dimer, tetramer, and hexamer—

of which the relative abundance depends on the interaction with activated STIMs

and the level of expression, with hexamers being favored in cells overexpressing

ORA1, a situation that may mimic the artificially high concentrations at which

proteins are set up to drive their crystallization.

Glycosylation scanning of the transmembrane topology of TRPC3 showed it to

pass the membrane six times with cytosolic N- and C-termini akin to voltage-gated

K+ channels (Vannier et al. 1998) but lacking the voltage sensing Arg- and Lys-rich

TM4 of voltage-gated K+ channels. Voltage-gated K+ channels are tetramers (e.g.,

Long et al. 2007; PDB: 2R9R; Fig. 3b-ii). Analysis of cryo-electron micrographs of

TRPC3 expressed in HEK293 cells by Mio et al. (2007) (Fig. 3b-i) confirmed the

generally held assumption that assembled TRPCs channels are tetramers. The most

plausible model of a tetrameric TRPC channel is thus one resembling that of

voltage-gated K+ channel, shown in Fig. 3b-ii.

4 Complexity in the Subunit Composition of TRPCs

There are seven TRPC genes in the nonhuman mammalian genomes and six in Old

World monkeys and human genomes in which TRPC2 is a pseudogene. Of the

seven (six) TRPCs, most cells and tissues express between three and four forming

heteromeric complexes that vary with cell type and approach used to determine the

subunit composition. The degree of TRPC subunit complexity was well

documented by the subunit analysis of SOC channels in vascular smooth muscle

cells (VSMCs) in which selective peptide-directed antibodies were added to

medium bathing inside-out membrane patches in which SOCs had been activated

by store depletion. As illustrated in Fig. 4, single-channel SOCs in mesenteric

artery SMVCs are immunoneutralized by either anti-TRPC1 or anti-TRPC5 when

derived from wild-type mice but only by anti-TRPC5 in Trpc1–/–mice, in which the

unpaired TRPC5 channel appeared with properties that differed from those seen in

the WT SOC and were those expected from TRPC5 expression in model cells (Shi

et al. 2012). The likely TRPC subunit makeup of SOCs in WT mesenteric artery

VSMCs is that of a heteromeric tetramer formed to TRPC1 and TRPC5. When the

same analysis was applied to VSMCs from coronary artery and portal vein using

four antibodies, anti-C1, anti-C5, abti-C6, and anti-C7, all SOCs were immunoneu-

tralized by ant-C1 and anti-C5 (Fig. 4b–d), but anti-C6 immunoneutralized also

coronary artery VSMC SOCs (Fig. 4b), whereas portal vein SOCs were

immunoneutralized by anti-C7, but not anti-C6 (Fig. 4d). Thus, what appears to

be similar cell types, vascular smooth muscle cells, show differences at the level of

TRPC channel makeup. Although anti-C6 did not affect mesenteric artery VSMCs,

this does not mean that the difference is due to expression or not of the Trpc6 gene,
because similar studies on single-channel currents activated by angiotensin II,

instead of store depletion, showed presence of TRPC6-based cation currents in

these cells (Shi et al. 2010).
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c

d

Fig. 4 Heterogeneous TRPC subunit makeup of vascular smooth muscle store-operated channels

(SOCs). Vascular smooth muscle cells were patched in the cell-attached configuration of the patch

clamp technique (C/A patches), their SOCs activated by treatment with the SERCA pump inhibitor

cyclopiazonic acid (CPA) in the cell, and patches excised to expose the cytosolic aspect of the

membrane patches [inside-out patches (I/O patches)]. The indicated antibodies were then added to

test for their inhibitory activity. Washout restored activity and immunogenic peptides neutralized
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Given that similar cell types assemble TRPC channels with a different subunit

makeup, it stands to reason that the complexity in any given cell type cannot be

predicted and has to be assumed to be unknown unless explicitly tested for. It also

stands to reason that phenotypes that may develop upon single- or double-gene

disruptions may differ with the cell type under study.

5 Dependence of TRPC’s Channel Function on ORAI

The fact that ORAI1[R91W] inhibits OAG-activated TRPC (TRPC3 or TRPC6)

raised the interesting possibility that whereas “pure” CRAC channels—activated by

store depletion in the absence of PLC activation—are ORAI tetramers or hexamers,

the ORAI dimers may play dual roles: structural CRAC channel subunits assembled

into an active ion channel and regulatory subunits of TRPC-based channels. In this

view a TRPC-based channel is formed of four TRPC molecules and four ORAI

dimers. One corollary of this view is that the functioning of a TRPC channel

depends on ORAI: “No ORAI, no channel-competent TRPC”.

ORAI1 has been knocked out in two laboratories and it is possible to prepare

Orai1–/– embryonic fibroblasts (ORAI1 KO MEFs). We used 35-cycle RT-PCR

analysis of ORAI1 KO MEF RNA and found the MEFs to express both STIM genes

(Stim1 and Stim2) and the remaining Oraii2 and Orai3 genes. Whereas wt MEFs

express Trpc1, Trpc2, and Trpc6, the ORAI1 KO MEFs express Trpc1, Trpc2, and
Trpc4 and therefore have an altered gene expression profile. In tests for ROCE and

SOCE, we found that ORAI1 KO MEFs have essentially no SOCE or ROCE

responses when challenged with thapsigargin to activate their SOCE or with a

Gq-coupled GPCR agonist to activate their ROCE, respectively (Fig. 5). These

experiments are in agreement with the view that TRPCs depend on an ORAI, because

ROCE should not have been interferedwith by the loss of ORAI1, as ORAI and TRPC

channels should have been able to operate independently of each other. Consistent

with this view, TRPC1 and ORAI1 co-immunoprecipitate (Ong et al. 2007).

The results with ORAI1 KO MEFs are interesting in that they indicate that

endogenous levels of ORAI2 and ORAI3 cannot compensate for loss of ORAI1.

Yet overexpression of ORAI2 or ORAI3 in ORAI1 KO MEFs reconstitutes SOCE,

albeit to a lower extent (Fig. 5, top panel). ORAI1 is thus the dominant protein in

setting SOCE and ROCE activities of a cell, and ORAI2 and ORAI3 can replace

ORAI1 to varying degrees that may differ from cell to cell. In vivo studies with

Orai1 KO mice reached similar conclusions (Vig et al. 2008; Gwack et al. 2008;

Kim et al. 2011).

�

Fig. 4 (continued) the inhibitory effects of the corresponding antibodies. The heteromeric

composition of the TRPCs activated by store depletion was concluded to be C1/C5 for cells

from mesenteric artery, C1/C5/C6 for cells from the coronary artery, and C1/C5/C7 for cells from

the portal vein. Panel (a) was adapted from Shi et al. (2012), and panels (b), (c), and (d) were

adapted from Saleh et al. (2008)
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6 To What Extent Is ORAI Function Dependent on a TRPC?

Whereas TRPCs appear to depend on ORAI, the answer to the converse question is

unknown. Another unknown, related to the previous, is in how many formats

ORAIs may adopt. Taken together the evidence discussed so far may suggest that

ORAI molecules exist in one of four configurations (Fig. 6): (1) as a non-active

dimeric precursor of (2) tetrameric and (3) hexameric ORAI-only channels and

(4) in association with TRPCs, where they act as regulatory subunits of TRPC

channels. In turn, TRPCs may exist in one of two configurations: (a) inactive

tetramers, often located within the cells and trafficking to the cell surface in

response to an external stimulus (e.g., Chaudhuri and Colles 2008), and (b) active

TRPC-ORAI hetero-multimers in the plasma membrane. ORAI dimers may or may

not have changed conformation upon binding to TRPCs.

Fig. 5 ROCE and SOCE are

critically dependent on ORAI.

Left Panel: ROCE in WT and

ORAI1 KO mouse embryonic

fibroblasts (MEFs) activated

by a transfected M5 mACh

receptor. Right panel: SOCE
in ORAI1 KO MEFs

transfected with an empty

pCMV expression vector

(no ORAI) and with pCMV

directing the expression of

myc-tagged human ORAI1,

ORAI2, or ORAI3
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The central roles of ORAIs in Ca2+ signaling downstream of PLC activation

became evident early on, as a missense mutation of Orai1, ORAI1[R91W], was
found to be the molecular cause of a familial severe combined immune deficiency

(Feske et al. 2006). Thus, loss of ORAI leads to strong phenotypes, which was how

ORAI was discovered: RNAi-mediated suppression of Orai1 caused loss of SOCE,
and homozygous Orai1 KO mice tend to die perinatally; do not procreate and have

impaired mast cell, T cell, and B-cell function, suffer from hair loss; and have

stunted growth (Vig et al. 2008; Gwack et al. 2008; Kim et al. 2011). Since ORAIs

have not been expressed and/or studied in cells proven null for all seven TRPCs, the

a

c

d e

b

Fig. 6 Models of molecular makeup of CRAC and TRPC channels. (a) Cartoon of an ORAI dimer

based on the crystal structure of the hexameric trimer of dimers ORAI (PDB 5HKR, Fig. 3). Blue
circle, pore lining TM1, CC, coiled coil formed of the C-termini of the two monomers. The SOAR/

CAD interacting domains located on the ORAI CC region. Mutations that disrupt the CC structure

impede activation by STIM. (b) Hypothetical channel-competent ORAI tetramer with Ca2+ atom

in its pore. (c) Cartoon of hexameric ORAI channel with Ca2+ in its pore. (d) Inactive tetrameric

TRPC complex. (e) Channel-competent TRPC-tetramer with four ORAI dimers bound to it. It is

hypothesized that ORAI tetramers and hexamers are CRAC channels and that the [TRPC]4-

[ORAI2]4 complex is a CRAC-like SOC, whereas nonselective ROCs are TRPC tetramers with

less than four ORAI dimers
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question whether perhaps the channel-competent ORAI1 tetramer may coexist and

depend with a TRPC-tetramer cannot be answered at this time. In contrast, loss of

any one or two of the TRPCs does not compromise normal growth nor does it

interfere with procreation. The difference presumably lies in that there are only

three ORAIs with one, ORAI1, being dominant, whereas there are seven TRPCs

and loss of one or two can be compensated by the remaining TRPCs. This is not to

say that loss of TRPCs do not bring about distinct phenotypes.

7 Phenotypic Changes in TRPC KO Mice Reveal a Broad
Spectrum of Physiological and Pathophysiological Roles
for TRPCs

All mouse Trpc genes have been disrupted as reported in Dietrich et al. (2007) for

Trpc1, Stowers et al. (2002) for Trpc2, Hartmann et al. (2008) for Trpc3, Freichel
et al. (2001) for Trpc4, Phelan et al. (2013) for Trpc5, Dietrich et al. (2005) for

Trpc6, and Perez-Leighton et al. (2011) for Trpc7, and the literature is replete with

functional roles for TRPCs in health and disease stemming from studies on the

TRPC KO mice. As detailed in Table 1, these roles span from neuronal to smooth

and skeletal muscle, the immune system, inflammation, cardiac hypertrophy, path-

ologic remodeling of endothelial cells in response to static stretch, wound healing,

and myogenic tone and blood pressure regulation. They also include specialized

systems such as vomeronasal pheromone sensing (TRPC2), light responses initiated

by melanopsin in intrinsically photosensitive retinal ganglion cells (ipRGCs) that

project to the suprachiasmatic nucleus to entrain circadian rhythms (TRPC6 plus

TRPC7), normal touch (TRPC3 plus TRPC6), and auditory neurotransmission

(TRPC3). Independent studies of human mutations and syndromes have pointed

to a role of TRPC6 in normal glomerular filtration in renal kidney (Reiser

et al. 2005; Winn et al. 2005) and raised the involvement of a TRPC in a host of

other syndromes that are outside of the scope of this review. The phenotypic

changes ascribed to loss of TRPC function listed in Table 1 are primarily those

seen in knockout mice, though there are also some phenotypic changes listed as

seen in cultured cardiac myocytes [TRPC3 and TRPC6; Onohara et al. (2006)] and

organotypic cultures of cerebral resistance artery segments denuded of their endo-

thelial cell layer (Welsh et al. 2003). In skeletal muscle, TRPC1 has been shown to

counteract muscle fatigue (Zanou et al. 2010), to aid in muscle regeneration (Zanou

et al. 2012). In a model of dopaminergic neurons, TRPC1 was shown to aid in

maintenance of ER Ca2+ homeostasis and in so doing to counteract the effects of

neurotoxin-induced ER stress and development of the unfolded protein response

(Selvaraj et al. 2012), relevant in the context of Parkinson’s disease development.

Gain-of-function mutations of TRPC6 are responsible for familial forms of focal

segmental glomerulosclerosis in man (Winn et al. 2005; Reiser et al. 2005), and a

gain-of-function mutation of Trpc3 in mice is responsible for the “Moonwalker”

ataxia caused by loss of Purkinje cells (Becker et al. 2009). The “Moonwalker”

phenotype develops in mk/+ mice; the mwk/mwk genotype is embryonic lethal.
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Table 1 Examples of roles of TRPC channels (nonselective calcium-permeable cation channels)

as seen from different points of view

Biochemical roles

NFAT activation—Calcineurin (CaN) activation by Ca–calmodulin (CaCaM)

(Seth et al. 2009; Poteser et al. 2011)

TRPC1;

TRPC3

TLR4-CD14 signaling—MLCK (CaCaM) (Tauseef et al. 2012) TRPC6

NFkB activation in endothelial cells (ECs)

by GPCR—CaMKKβ (CaCaM) in ECs (Bair et al. 2009) TRPC4

by LPS—MLCK (CaCaM) MyD88-IRAK4-MLCK complex in ECs (Tauseef

et al. 2012)

TRPC6

TNFα signaling—CaMKII (CaCaM) in monocytes (Smedlund et al. 2010) TRPC3

CaN activation by CaCaM—NFAT (Poteser et al. 2011) TRPC3

CaMKKIIβ activation by CaCaM in activation of NFkB (Bair et al. 2009) TRPC4

CaMKII activation by CaCaM—TNFα signaling—CaCaM-CaMKII (Tano and

Vazquez 2011)

TRPC3

MLCK activation by CaCaM—activation of NFkB by LPS (Tauseef et al. 2012) TRPC6

cGMP-independent signaling of the ANP receptor GC-A (membrane guanylyl

cyclase A) (Klaiber et al. 2011)

TRPC3–C6

Physiological roles

Agonist-induced Ca-mediated neurotransmitter release from dendrites (Munsch

et al. 2003)

TRPC4

Synaptic transmission and motor control; slow EPSCs (Hartmann et al. 2008) TRPC3

Neuronal after depolarization (Stroh et al. 2012) TRPC1–C4a

Plateau potentials in hippocampal CA1 pyramidal neurons (Tai et al. 2011) TRPC5

Control of vascular tone (Welsh et al. 2003; Dietrich et al. 2005) TRPC6

Endothelial cell NO-EDRF (endothelium-derived relaxing factor) generation—

vascular smooth muscle relaxation (Freichel et al. 2001)

TRPC4

Endothelial cell NO-independent EDH (endothelium-dependent

hyperpolarization—vascular smooth muscle relaxation (Senadheera et al. 2012)

TRPC3

Endothelial cell migration—wound healing, fibroblast transdifferentiation (Davis

et al. 2012)

TRPC6

Static stretch response of endothelial cells—stretch-ATR1-Gq-TRPC-Ca-ET1-

ANP-GC-A-cGMP-PKG-zyxin-gene transcription (Suresh Babu et al. 2012)

TRPC3

Intestinal motility regulation by vagus (Tsvilovskyy et al. 2009) TRPC4

+TRPC6

Cold transduction in the peripheral nervous system (Zimmermann et al. 2011) TRPC5

Exocrine secretion (saliva) (Liu et al. 2007) TRPC1

Efferocytosis and survival signaling in macrophages (Tano et al. 2011) TRPC3

Normal touch (Quick et al. 2012) TRPC3-C6a

Light entrainment by ipRGCs (melanopsin signaling) (Xue et al. 2011) TRPC6-C7a

Innate immunity (LPS-induced NFkB activation) (Tauseef et al. 2012) TRPC6

Platelet activation by thrombin plus collagen-related peptide—PS exposure

(Harper et al. 2013)

TRPC3–C6a

Short-term postsynaptic memory—burst firing-induced after depolarization

(Phelan et al. 2012)

TRPC1–C4a

(continued)

1068 Y. Liao et al.



Gain-of-function phenotypes are rare however. An explanation of this may come

from studies with gain-of-function mutations in TRPC4 and TRPC5, which when

expressed in HEK cells caused their death due to Ca2+ toxicity. Cell death was

reduced by buffering extracellular Ca2+ to below 1 μM (Beck et al. 2013).

An analysis of the molecular basis for the phenotypes described to loss of TRPCs

points to two mechanisms (Fig. 7): (1) TRPCs cause the collapse of the membrane

potential owing to their nonselective cation channel property, and (2) TRPCs

directly mediate Ca2+ entry. In many cell types the membrane depolarization

triggers additional Ca2+ entry either by activation of voltage-gated Ca2+ channels

or as a consequence of Na+ influx driving reverse mode Na+/Ca2+ exchange, by the

Na+/Ca2+ exchangers (NCX1–3). In neurons, TRPC activation may of course

trigger action potentials as is the case in ipRGCs. The opposite may also occur.

In cells expressing Ca2+-activated K+ channels (SKca, IKca, BKca), the Ca2+

entering through the TRPC causes hyperpolarization of the cell, as happens in

endothelial cells (endothelium-derived hyperpolarization or EDH), which may

thus contribute to vascular smooth muscle relaxation in those vessels in which the

endothelium is connected to the surrounding smooth muscle layer by

myoendothelial gap junctions (Sandow et al. 2002). The EDH response to stimuli

that activate the Gq-PLC pathway in endothelia sums to the production of EDRF

(NO) by CaCaM-activated soluble nitric oxide synthase, a response shown to be

due to Ca+2 entering through TRPC4, as it is impaired in TRPC4 KO mice (Table 1;

Freichel et al. 2001).

Table 1 (continued)

Pheromone signal transduction in vomeronasal sensory neurons (Stowers

et al. 2002); lost in evolution between New and Old World monkeys and man

(Liman and Innan 2003)

TRPC2

Sound transduction and auditory neurotransmission (Wong et al. 2013) TRPC3

In disease (pathophysiological roles)

Cardiac hypertrophy induced by Ang II (Onohara et al. 2006) TRPC3

+TRPC6

Cardiac hypertrophy induced by transverse aorta constriction (TAC) (Seth

et al. 2009)

TRPC1

Albuminuria associated with Ang II-induced cardiac hypertrophy (Eckel

et al. 2011)

TRPC6

Epileptogenic postsynaptic regenerative plateau potentials (Phelan et al. 2012) TRPC1–C4a

Calcium toxicity in secretory epithelia (Kim et al. 2011) TRPC3

Neuronal excitotoxicity (Phelan et al. 2012) TRPC1–C4a

Neurotoxin-induced ER stress response and ER calcium homeostasis (Selvaraj

et al. 2012)

TRPC1 loss

Proinflammatory in murine allergic asthma (Yildirim et al. 2012) TRPC1

Most of the roles listed here were deduced from studying phenotypes developed in the

corresponding knockout mice or cells
aLikely operating as obligatory heteromeric channels
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Concluding Remarks

The fact that TRPC activation has a component driven by store depletion (via

STIM)—an argument that was limited to TRPC1 in this article, but may also

apply to other TRPCs whose presence allows for increased SOCE by fortifica-

tion with ORAI (Fig. 1)—would predict that at some point, consequences of

pharmacological manipulation of ORAI would overlap with consequences aris-

ing from pharmacological manipulation of TRPCs. In this context, it is interest-

ing that loss of TRPC3 or inhibition of TRPC3 by the TRPC3-selective

antagonist Pyr3 ameliorate cerulein-induced acute pancreatitis (Kim

et al. 2009) as does inhibition of ORAI1 in a model of store depletion

(thapsigargin)-induced pancreatitis (Gerasimenko et al. 2013). TRPC3, as

TRPC1, is gated by STIM1 (Zeng et al. 2008), and both models of pancreatitis

are based on prolonged increases in intracellular Ca2+.

Signaling in response to ORAI and TRPC activation downstream of PLC

activation and store depletion is summarized in Fig. 7. ORAI is placed next to

TRPCs and does not distinguish between the regulatory roles of ORAI dimer

independent of the CRAC activity of the assembled ORAI channel. The resolu-

tion of the relative roles of the different configurations of ORAI and how they

regulate TRPCs awaits the results from further investigations. The dependence

of a functional TRPC channel on an ORAI is supported by experimental data,

several of which were presented in this review. The inverse, to what extent

ORAI channels may or may not operate in the absence of a TRPC will require

the creation of TRPC-null cell line. We (our laboratory) are well on the way in

creating such a cell line. So far we have found that MEFs lacking TRPC1/2/3/5/6

(TRPC4 and TRPC7 remaining) have unaltered SOCE.
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activate PLCs and deplete

intracellular Ca+2 stores

1070 Y. Liao et al.



References

Bair AM, Thippegowda PB, Freichel M, Cheng N, Ye RD, Vogel SM, Yu Y, Flockerzi V, Malik

AB, Tiruppathi C (2009) Ca2+ entry via TRPC channels is necessary for thrombin-induced

NF-kappaB activation in endothelial cells through AMP-activated protein kinase and protein

kinase Cdelta. J Biol Chem 284:563–574. doi: 10.1074/jbc.M803984200. Epub 2008 Nov 6

Beck A, Speicher T, Stoerger C, Sell T, Dettmer V, Jusoh SA, Abdulmughni A, Cavalié A, Philipp
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Abstract

Drug-like compounds that exert biological activity towards TRP channels are

either being used as cell biological tools or further developed into pharmacolog-

ical lead structures aiming at therapeutic use in diseased states. Although drug-

likeliness is not easy to predict, common rules include a relatively low molecular

weight, physicochemical constraints, and the absence of known reactive or

otherwise toxic groups. Small molecules that exert a biological activity to

block, activate, or modulate TRP channels are intensely sought. Such tool

compounds may be useful to assign native currents to a certain TRP channel

and to validate the channel as a candidate target for future pharmacological

intervention. Depending on the TRP channel isotype, these activities have

reached different levels, with only few TRP channels modulators already

being clinically tested in humans, whereas other compounds only underwent a

preliminary validation. For some TRP channels, reliable low molecular weight

inhibitors are not yet available. Hence, further efforts need to be undertaken in
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order to explore the physiological impact and possible therapeutic potential of

TRP channel targeting with drug-like compounds.

Keywords

Cation channel blockers • Compound screening • Hit optimization • Medicinal

chemistry • Lead compound development • Chemical biology • Proof-of-principle

preclinical tests • Clinical trials

1 Introduction

Owing to the plethora of cellular functions that have been demonstrated to rely on

the functional activity of members of the TRP channel superfamily in health and

disease, their pharmacological modulation appears highly desirable. Apart from

possible future therapeutic use, isotype-specific modulators are being developed as

chemical tools to identify as yet unrecognized physiological or pathophysiological

functions of TRP channels at the tissue, organ, or organismic level. Therefore, both

academia and the private sector have stepped up their efforts to develop potent and

selective TRP channel modulators. These modulators may either activate or inhibit

the channel activity in an agonist-/antagonist-like fashion by occupying the binding

site of a physiological activator, or they may modulate the channel gating via

allosteric mechanisms.

Like many cell surface receptors, the ligand- or second-messenger-gated TRP

channels typically feature binding sites for low molecular weight compounds that

bear the potential to identify competitive ligands that exert lower, no, or inverse

intrinsic activity. In addition, the ion-permeable pore itself, including vestibules or

fenestrations of the channel protein, offers cavities that may accommodate specifi-

cally tailored small molecules, plugging into the permeation pathway. Finally,

allosteric binding sites may be located on the channel protein and prevent or

enhance the channel gating by its physiological activator(s). Since many TRP

channels are regulated or influenced by cellular signaling cascades, modulators of

upstream receptor classes add yet another level of complexity to the possibilities of

TRP channel targeting. Such indirect regulatory concepts will not be reviewed

herein.

Before capitalizing on drug-like low molecular weight compounds, it should be

mentioned that macromolecular modulators provide valuable tools to study TRP

channel functions at least at the cellular and tissue/organ level. Antibodies that have

been raised against epitopes within the third extracellular loop (E3) of TRP

channels have been demonstrated to exert biological activity by blocking the

respective TRP channel’s ion-conducting activity (Naylor and Beech 2013; Xu

et al. 2005b). Likewise, RNA interference-based knockdown of TRP channel

expression, e.g., by specific siRNA, has successfully been applied in numerous

studies. Since antibodies, siRNA, aptamers, antisense oligonucleotides, or
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heterologously expressed dominant negative TRP channel constructs do not repre-

sent drug-like compounds, these approaches are not covered herein. Also, the

widespread modulation of many cation channels, including TRP channels, by

lanthanides or divalent heavy metal cations should be mentioned, but is not within

the focus of this contribution.

2 Historically Known TRP Channel-Modulating Compounds

Several activators of nonselective cation entry have been known long before TRP

channels have been identified as the responsible molecular target. Chemically

defined activators of TRPV1 as well as of some other sensory TRP channels exert

or mimic specific sensory qualities and are traditionally being used as spices or are

included as additives in cosmetics and ointments to treat a variety of ailments.

Capsaicin or related vanilloids (e.g., N-vanillylnonanamide) are ingredients in

topically applied creams or patches to relieve pain. Likewise, capsaicin is

intravesically instilled to treat neurogenic bladder disorders. Last but not least,

the adverse pain-inducing property of capsaicin-containing pepper spray is being

utilized as a biological warfare agent in the context of self-defense or as tear gas in

riot control.

Cooling compounds such as menthol, icilin, or others have been used long before

it became clear that TRPM8 mediates the responses to these chemical surrogates

that mimic cold temperatures. Numerous activators of the TRPA1 channel, a

multivalent irritant sensor, have been known and used prior to the identification

and recombinant expression of the TRPA1 gene product. These include ingredients

of mustard oil (allyl isothiocyanate) or cinnamon (cinnamaldehyde) but also acro-

lein, a cystitis-inducing toxic metabolite of cyclophosphamide. Capsaicin and

menthol were instrumental in performing expression cloning strategies and to

validate the functional activity of identified candidate gene products, revealing

TRPV1 and TRPM8 as the first hot- (Caterina et al. 1997) and cold-sensing

(McKemy et al. 2002; Peier et al. 2002) “thermo-TRPs.” Of note, several optimized

compounds that have been generated later on are based on the original

pharmacophore of such long known modulators.

In contrast to chemical activators of TRP channels that mimic sensory cues,

channel blockers, antagonists, and allosteric inhibitors per se typically do not elicit

perceivable sensations. Therefore, with only few exceptions, small molecules with

drug-like properties that inhibit or block a given TRP channel with reasonable

potency and specificity have not been available until recently. Only in the case of

the capsaicin-sensitive cation conductance in nociceptive neurons, an open pore

blocker (ruthenium red) and a competitive inhibitor (capsazepine) were recognized

to counteract capsaicin-induced responses almost a decade before the molecular

cloning of TRPV1 (Urban and Dray 1991; Wood et al. 1988). Since ruthenium red

blocks numerous channel entities, however, it cannot be considered a selective tool

or even a drug.
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Several compounds were long known to inhibit nonselective cation currents or

store-operated Ca2+ entry (SOCE). Most of them have neither been identified

applying a molecularly defined target molecule nor have been secondarily validated

as selectively acting drugs by applying an array of TRP channels. They include the

poorly selective modulators SKF96365, LOE-908, 2-APB, and several fenamates

(Table 1). Consequently, results that have been achieved applying such poorly

validated compounds require a cautious interpretation. The pyrazole compound

YM-58483 (now referred to as BTP2 or Pyr2) has initially been demonstrated to

inhibit ICRAC (Ishikawa et al. 2003), but later on, inhibition of TRPC3 and TRPC5

(He et al. 2005) and potentiation of TRPM4 activity (Takezawa et al. 2006) have

been demonstrated to take effect at similar concentrations. Only after optimization

of this compound, the successors Pyr3 (Kiyonaka et al. 2009) and Pyr10 (Schleifer

et al. 2012) act as TRPC3-prevalent inhibitors. Although not identified in a

hypothesis-free, unbiased manner, these optimized compounds now fulfill the

requirement to be validated on an array of TRP channels and may be grouped

within the first-generation TRP channel inhibitors.

Table 1 Poorly selective drug-like TRP channel blockers

2-APB 10–

50 μM
C1/C2/C3/C5/C6/C7

SOCE/InsP3R

Bootman et al. (2002), Maruyama

et al. (1997), Strübing et al. (2001), Xu

et al. (2005a)

2-APB analogs >5 μM V6

SOCE

Hofer et al. (2013)

SKF96365 1–

100 μM
0.6 μM

C1–7/V2/M8

CaV1–3

Halaszovich et al. (2000), Inoue

et al. (2001), Juvin et al. (2007), Okada

et al. (1999), Singh et al. (2010)

Flufenamic acid 1–

100 μM
C3/C4/C5/C6(a)/C7/

V1/V3/V4/M2/M3/M4/

M5/A1(a)/P2

Guinamard et al. (2013), Hill

et al. (2004a), Inoue et al. (2001), Lee

et al. (2003)

N-

(p-amylcinnamoyl)-

anthranilic acid

1.7–

20 μM
C3/C6/V1/M2/M8 Bari et al. (2009), Harteneck

et al. (2007), Kraft et al. (2006)

KB-R7943 0.5–

1.4 μM
0.09–

0.12 μM

C3/C5/C6

hERG/IKr/NCX1

Cheng et al. (2012), Iwamoto

et al. (1996), Kraft (2007)

BTP2/Pyr2 0.01–

10 μM
M4�C3/C4/C5/C6/

SOCE

Ishikawa et al. (2003), Kiyonaka

et al. (2009), Takezawa et al. (2006)

Norgestimate 3–

14 μM
C3/C5/C6 Miehe et al. (2012)

Progesterone 6–

18 μM
C3/C4/C5/C6/M3 Majeed et al. (2012), Miehe

et al. (2012)

W-7 5–

80 μM
TRPγ> calmodulin/C6/

M2/M3>V4

Harteneck and Gollasch (2011)

Sigma-1 rec.

ligands

6–

100 μM
C5/M2/M3 Amer et al. (2013)

(a) augmentation/activation of channel activity

1080 M. Schaefer



3 Identification of TRP Channel Modulators by Screening
Technologies

Since no crystal structures of TRP channels are available so far, rational drug design

and structure-guided docking are not readily applicable. Instead, medium- or high-

throughput screening technologies are indispensable for identifying novel

TRP-modulating compounds in an unbiased manner. In most cases, stably

transfected cell lines that either constitutively or inducibly overexpress a certain

TRP channel ensure a favorable signal-to-noise ratio, which is a prerequisite for

assay miniaturization and automation. Screening technologies that are applicable to

TRP channels include fluorescent or luminometric indicator dyes, autofluorescent

indicators, or automated patch clamp recording of ionic currents (Miller

et al. 2011b). Due to the favorable assay reliability and scalability, fluorescent

depolarization or Ca2+ indicator dyes are most frequently used in the screening of

TRP channel modulators. Current technological progress with plate reader or

imaging devices as well as the increasing availability of well-established cell

lines and cost-saving assay miniaturization assisted by liquid handling robotics

now allows scientists to embark on screening approaches not only in the commer-

cial sector but also in academia. Equally important are new developments in the

composition and availability of compound libraries in the public sector. An increas-

ing number of chemically diverse, focused, or target-specified libraries are

established either at academic screening centers or associated institutions. In

addition, some companies give access to part of their libraries within the context

of consortia, following private–public-partnership models to speed up the develop-

ment process by obtaining initial target hit combinations that can either serve as a

starting point for hit optimization and lead definition or may be instrumental for

target validation.

The robustness of screening assays is critically determined by the availability of

strong and reliable activators. Although indirect activation mechanisms (e.g., via

receptor stimulation) may be employed, hits that are initially identified may not act

at the level of the ion channel itself. For example, when stimulating TRPC channels

via a muscarinic receptor, numerous drug-like molecules that bear anticholinergic

activities will give rise to false-positive results and thereby increase the experimen-

tal burden during subsequent hit validation and characterization. Therefore, if

available, direct channel activators are preferably being used. As an example, the

direct activation of recombinantly expressed TRPC3, TRPC6, and TRPC7 by

diacylglycerols provided a less error prone screening method compared to indirect

stimulation via endogenous or recombinantly expressed phospholipase C-coupling

receptors (Urban et al. 2012).

Despite hints that release from PIP2-mediated block can activate TRPC5 and the

TRPC4α splice variant (Otsuguro et al. 2008; Trebak et al. 2009) or that PKC- and

PI3-kinase-dependent signaling pathways may contribute to the activation of

TRPC1-bearing heteromeric channel complexes (Saleh et al. 2009), the direct

physiological activators of TRPC1, TRPC4, and TRPC5 have not yet been unam-

biguously identified. Alternatively, heavy metal cations, such as La3+, Gd3+, Pb2+,
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or Hg2+, efficiently potentiate or stimulate TRPC5 activity (Jung et al. 2003;

Sukumar and Beech 2010; Xu et al. 2012). Since the mode of channel activation

may be critical for the identification of inhibitors, artificial activation modes bear

the risk to overlook molecules that effectively inhibit the respective channel in

more physiological settings or may yield modulators whose activity is restricted to

the artificial mode of channel regulation. Accordingly, inhibition of TRPC5 by

propofol has been shown to be effective upon TRPC5 stimulation with Gd3+, but

not when TRPC5 is activated by lysophosphatidylcholine (Bahnasi et al. 2008).

In the case of TRPM2, stimulation by hydrogen peroxide or by N-methyl-

N0-nitrosoguanidine induces a PARP-1-dependent signaling cascade that results

in the formation of ADP-ribose that in turn binds to and activates TRPM2 (Song

et al. 2008). Consequently, screening hits will include compounds with antioxidant/

antinitrosative activities as well as inhibitors of the PARP-1/PARG-pathway. Using

the screening assay proposed by these authors, we have identified a large number of

molecules that attenuated or blocked the hydrogen peroxide-induced and TRPM2-

dependent Ca2+ signal, but none of them acted at the level of TRPM2 itself (Hill &

Schaefer, unpublished results). In some cases, artificial channel activators have

been identified that may be used in screening assays. Paradoxically, TRPV1,

TRPV2, or TRPV3 can be activated by the otherwise poorly specific TRP channel

inhibitor 2-APB (Chung et al. 2004; Hu et al. 2004). For TRPV4, GSK1016790A

has been developed as a selective and highly potent activator (Thorneloe

et al. 2008; Willette et al. 2008) that was later instrumental in screening,

identifying, and optimizing TRPV4 inhibitors, e.g., in WO 2012/174340 A1

(Thorneloe et al. 2012). TRPM3 activation by pregnenolone sulfate or by nifedipine

appears to be direct (Wagner et al. 2008). In TRPV5 and TRPV6, a high level of

basal activity (Hoenderop et al. 1999; Peng et al. 1999) may suffice to set up a

screening for inverse agonists, blockers, or allosteric inhibitors. In addition,

activating channel mutations that cause calcium overload-induced cell death

(Beck et al. 2013) might be rescued by pharmacological inhibitors, providing an

appealing strategy for screening assays.

Taken together, TRP channel modulator screening is feasible both in the public

and commercial sector, but specific attention should be paid to the design of the

assay and the applied TRP channel activator. In some cases, novel direct TRP

channel activators, constitutive activity, or activating channel mutations may be

helpful to set up or optimize the screening methods.

4 Drug-Like TRP Channel-Modulating Compounds

4.1 Canonical TRP Channels

Compounds that are developed and validated applying molecularly defined test

systems represent the first and following generations of TRP channel modulators.

Despite the fact that TRPC1 was the first molecularly cloned mammalian TRP

channel, no reliable blockers are available so far. In fact, it is intensely discussed
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whether TRPC1 alone can or cannot form an ion channel. Since TRPC1 regulation

has been linked with store-operated Ca2+ entry (SOCE), inhibitors of SOCE such as

a series of quinazoline compounds were assumed to act via TRPC1

(Wu et al. 2011), but direct evidence for inhibition of TRPC1 currents is lacking.

Inhibition of ionic currents through heteromeric TRPC1:TRPC5 complexes by

2-APB has been demonstrated (Strübing et al. 2001), but this compound is neither

specific nor potent. TRPC2, a cation channel that is highly expressed in the

pheromone-sensing neuroepithelium of the vomeronasal organ, and functional in

rodents, is also susceptible to inhibition by 2-APB (Lucas et al. 2003), but specific

inhibitors of this channel are not known.

As a result of first screening projects, targeting TRPC channel isoforms, partially

selective inhibitors have been identified (Table 2). In an academic high-throughput

approach, ML204 (4-methyl-2-piperidinoquinoline) has been identified as a potent

TRPC4-prevalent inhibitor (Miller et al. 2011a) that displays an IC50 of about 1 μM
to block TRPC4β and a 19-fold selectivity with respect to TRPC6. TRPC5, the

closest relative of TRPC4, is also inhibited by ML204, but the potency has not been

exactly determined. Within a screening for bioactive molecules that act on TRPC3/

TRPC6 channels, norgestimate and progesterone have been shown to inhibit

TRPC3, TRPC5, and TRPC6 (Miehe et al. 2012). Progesterone also inhibits

TRPC4 and TRPM3 channels (Majeed et al. 2011a, 2012; Miehe et al. 2012). In

addition, the concentrations that are required to block TRPC6 are relatively high

(3–100 μM), and progesterone is known to block many other channel entities as

well (Kelley and Mermelstein 2011). Thus, other biological activities of

progesterone-like compounds will presumably prevail when applied for longer

time periods in vivo or in more complex test systems. Other TRPC channel

inhibitors that exert a low potency and limited selectivity include niflumic acid;

DIDS and ML204, acting on TRPC4 (Miller et al. 2011a; Walker et al. 2002);

KB-R7943 (Kraft 2007); bromoenol lactone (Chakraborty et al. 2011); and

amiloride (Inoue et al. 2001). Direct inhibition of TRPC5 by hydroxylated stilbenes

has been demonstrated (Naylor et al. 2011), but the selectivity of this effect has not

been worked out.

First TRPC6-prevalent inhibitors were identified in an academic screening,

applying a library of chemically diverse drug-like compounds (Urban

et al. 2012). Although the selectivity of a β-carboline compound 8009-5364 to

block TRPC6 compared to its closest relative TRPC3 did not exceed a factor of

3, the finding that TRPC7, TRPV1, TRPA1, and TRPM2 were only weakly

suppressed or entirely unaffected by this compound was encouraging. A

5-substituted indolinone (5408-0428) displayed an even better discrimination

within the TRPC3/6/7 subfamily but also inhibited members of other TRP channel

subfamilies.

First TRPC blockers that have been developed by pharmaceutical industry have

recently been disclosed in patents. They include 2-(amino)-thiazole-4-carboxamide

compounds as TRPC3/TRPC6 blockers developed by GlaxoSmithKline (WO 2012/

037349), reaching a potency in the nanomolar range and an up to 10-fold selectivity

for TRPC6 compared to TRPC3 (Washburn et al. 2013). Unfortunately, further lead
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development was abandoned due to pharmacokinetic constraints consisting in rapid

metabolism, high plasma protein binding (Seo et al. 2014), and either low oral of dual

TRPC3/TRPC6 blockers that have been shown to exert antifibrotic activity in a

cadiac pressure overload model in vivo bioavailability or a loss of potency. A series

of aminoindanes has been recently filed in a patent by Sanofi (WO 2011/107474).

With a stated IC50 of 12 nM to block TRPC6-mediated Ca2+ entry, the compound

4-({(1R,2R)-2-[(3R)-3-aminopiperidin-1-yl]-2,3-dihydro-1H-inden-1-yl}oxy)-3-

chlorobenzonitrile is the most potent TRPC6 blocker so far. The selectivity profile

and pharmacokinetics of the Sanofi compound, however, have not been disclosed

so far.

With the exception of orally applied ML204 that has been tested for a modula-

tion of pain-related behavior after intracolonic mustard oil infusion (WO 2013/

Table 2 Drug-like blockers acting on TRPC channels

Compound EC50 Selectivity Application References

TRPC1

–

TRPC2

–

TRPC3

Pyr3 0.7–

0.8 μM
C3/C3:C6>C4/C5/C6/C7/

M4

In vivo (i.p.) Kiyonaka

et al. (2009)

Pyr10 0.7 μM C3>C4/C5/C6/SOCE In vitro Schleifer

et al. (2012)

2-(Amino)-thiazole-

4-carboxamides

0.01–

1 μM
C3¼C6 In vitro WO 2012/

037349 A2

TRPC4

ML204 1 μM C4>C5�C6/V1/V3/M8/

A1

In vitro and

in vivo (oral)

Miller

et al. (2011a)

WO 2013/

090722 A1

TRPC5

–

TRPC6

8009-5364 3–

5 μM
C6>C3>A1�C7/M2/V1 Ex vivo Urban

et al. (2012)

5408-0428 3–

11 μM
C6¼M2>A1>V1>>C3/

C7

Ex vivo Urban

et al. (2012)

Aniline-thiazoles

GSK2332255B and

GSK2833503A

0.01–

1 μM
C3¼C6 In vitro and in

vivo (s.c.)

WO 2012/

037349 A2

Seo et al.

(2014); Washburn

et al. (2013)

Aminoindanes 12 nM n.d. In vitro WO 2011/

107474

TRPC7

–

n.d. not determined
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090722 A1), biological activities of selective first-generation TRPC channel

blockers have not yet been demonstrated in animal models in vivo. To further

validate TRPC channels as therapeutic targets and to gain insight into possible

experimental therapies, improved compounds with tolerable toxicity and

reasonably well-characterized pharmacokinetic properties are urgently needed.

4.2 Vanilloid Receptor-Related TRP Channels

Phylogenetically, the TRPV family consists of the TRPV1–TRPV4 subgroup of

heat-sensing, nonselective cation channels and the constitutively active channels

TRPV5 and TRPV6, which display a Ca2+-selective conductance. A block of

inward currents by extracellularly applied ruthenium red is a common feature of

all TRPV channels, although TRPV6 block requires substantially higher

concentrations than that of other TRPV channels (Hoenderop et al. 2001). A highly

potent but only partial (25–34 %) inhibition of TRPV6 by 27- and 13-meric

peptides that have been derived from the C-terminal sequence of soricidin has

been demonstrated (Bowen et al. 2013). The selectivity of the TRPV6-inhibitory

macromolecules has not been probed. Thus, there is still no specific drug-like

activator or inhibitor known for TRPV2, TRPV5, and TRPV6. By contrast, owing

to their relevance for pain sensation, the preclinical and clinical development of

TRPV1, TRPV3, and TRPV4 modulators has rapidly advanced (Table 3). Focused

pharmaceutical development has provided lead structures for clinical use as TRPV1

agonists and antagonists (Table 4). In addition, potent and selective TRPV3 and

TRPV4 modulators have been disclosed, providing valuable tools for probing the

physiological and potential clinical relevance of these channels in vitro and in vivo.

4.2.1 TRPV1-Targeting Drug-Like Compounds
Obviously, the heat-, acid-, and capsaicin-activated TRPV1 channel has immediately

attracted the interest of pharmaceutical industries. The wealth of known direct

TRPV1 activators includes the pungent spices capsaicin, piperine, and gingerol, or

anandamide and other lipid mediators, but also spider and jellyfish toxins (Vriens

et al. 2009). The highly potent TRPV1 channel ligand resiniferatoxin was also

instrumental in setting up binding assays to prove direct interaction of TRPV1

modulators with the channel protein. Interestingly, a highly potent TRPV1 antago-

nism by the lipid mediators resolvin D2 and resolvin E1 may provide an endogenous

mechanism for tuning or terminating inflammatory hyperalgesia (Park et al. 2011). In

addition to the competitive capsaicin antagonist capsazepine, which acts in the low

micromolar range, tool compounds that selectively inhibit TRPV1 at submicromolar

concentrations are commercially available (Kaneko and Szallasi 2013; Vriens

et al. 2009). They include A 784168, ABT-102, AMG517, BCTC, JNJ 17203212,

5-iodo-resiniferatoxin, AMG 9810, SB 366791, SB 452533, and others.

TRPV1 inhibitors rapidly made their way into early clinical trials (see Table 4).

Systemically applied inhibitory compounds such as AMG517 from Amgen or

AZD-1386 from AstraZeneca revealed that global TRPV1 inhibition leads to a
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Table 3 Drug-like TRPV channel modulators (excluding clinically tested TRPV1 inhibitors)

Compound EC50 Selectivity Application References

TRPV1 activators (selection)

Capsaicin 10–

700 nM

V1�V2–V6 In vitro Caterina et al. (1997)

Resiniferatoxin 0.16–

30 nM

Mouse V1> human

V1> rat V1

In vitro Caterina et al. (1997)

Anandamide 1.1 μM n.d. In vitro Smart et al. (2000)

5S/12S/15S-HPETE 9–10 μM n.d. In vitro Hwang et al. (2000)

Piperine 38 μM n.d. In vitro McNamara

et al. (2005)

Olvanil 9–19 nM n.d. In vitro Smart et al. (2000)

TRPV1 inhibitors (selection)

5-Iodo-

resiniferatoxin

4 nM In vitro Wahl et al. (2001)

Capsazepine 50–

280 nM

In vitro

In vivo

Caterina et al. (1997),

Surowy et al. (2008)

Resolvin D2 0.1 nM V1¼A1 In vivo

(intrathecal)

Park et al. (2011)

BCTC 6–35 nM V1>M8/MOR

(Novascreen)

In vitro

In vivo

Behrendt

et al. (2004),

Valenzano

et al. (2003)

Agatoxin AG489 0.3 μM n.d. In vitro Kitaguchi and Swartz

(2005)

ABT-102 5–7 nM V1�V3/V4/M8/A1 In vitro

In vivo

Surowy et al. (2008)

TRPV2 activators

2-APB 60–

190 μM
Mouse V2> rat

V2� human V2

In vitro Hu et al. (2004),

Juvin et al. (2007)

Cannabidiol 3.7 μM n.d. In vitro Qin et al. (2008)

Probenecid 32 μM V2�V1/V3/V4/M8/

A1

In vitro Bang et al. (2007)

TRPV3 activators

2-APB 28 μM V3>V1/V2 In vitro Chung et al. (2004),

Hu et al. (2004)

Camphor ~2 mM V3/M8 In vitro Moqrich et al. (2005)

Eugenol ~1 mM In vitro Xu et al. (2006)

Thymol ~1 mM In vitro Xu et al. (2006)

Carvacrol >500 μM M7(i)/TRPL(i)>V3 In vitro Xu et al. (2006)

Incensole acetate 16 μM V3>V1/V2/V4 In vitro Moussaieff

et al. (2008)

Farnesyl

pyrophosphate

131 nM V3�V1/V2/V4/M8/

A1

In vivo

(intradermal)

Bang et al. (2010)

TRPV3 inhibitors

Hydra comp. #64 0.2-

0.3 μM
V3�V1/V4/M8/A1 In vivo (i.p.) WO 2006/122156 A2

(continued)
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Table 3 (continued)

Compound EC50 Selectivity Application References

Hydra comp. #82 0.2–1 μM V3�V1/V4/M8/A1 In vivo (i.p.) WO 2007/056124 A2

GRC 15133 0.25 μM V3�V1/V4/M8/A1 In vivo (i.p.)

GRC 17173 0.18 μM V3�V1/V4/M8/A1 In vivo (oral)

GRC 15300 ? V3�V1/V4/M8/A1 In vivo (oral)

Cyclobutyl and

cyclopentyl comp.

0.1–1 μM ? In vivo (oral) WO 2013/062964 A2

TRPV4 activators

4α phorbol esters 0.2–

0.4 μM
V4�V1/V2/V3 In vitro Klausen et al. (2009),

Watanabe

et al. (2002)

Epoxyeicosatrienoic

acids

0.1–1 μM n.d. In vitro Watanabe

et al. (2003)

Bisandrographolide

A

1 μM V4�V1/V2/V3 In vitro Smith et al. (2006)

GSK1016790A 5 nM V4>V1 In vivo Thorneloe

et al. (2008), Willette

et al. (2008)

RN-1747 0.8 μM V4>M8(i)�V1/V3 In vitro Vincent et al. (2009)

TRPV4 inhibitors

GSK2193874 2–40 nM n.d. In vivo Huh et al. (2012),

Thorneloe

et al. (2012)

HC-067047 17–

133 nM

V4>M8/hERG>C5/

V1/V2/V3/V5/V6/M7

In vivo (i.v.;

i.p.)

Everaerts

et al. (2010)

RN-1734 2.3 μM V4�V1/V3/V8 In vitro Vincent et al. (2009)

GSK205 0.6 μM n.d. In vitro Phan et al. (2009)

RN-9893 50–

120 nM

V4>V1/V3/M8 In vivo (oral) Vincent and Duncton

(2011)

TRPV5 inhibitors

Econazole 1.3–

300 μM
n.d. In vitro Landowski

et al. (2011), Nilius

et al. (2001)

TRPV6 inhibitors

Econazole 190 μM V6/V5 In vitro Landowski

et al. (2011)

Miconazole 200 μM V4�V6>V5 In vitro Landowski

et al. (2011),

Watanabe

et al. (2003)

TH-1177 and

derivatives

90–

900 μM
SOCE�V6¼V5 In vitro Haverstick

et al. (2000),

Landowski

et al. (2011)

Soricidin-derived

peptides SOR-C3;

SOR-C27

14–

65 nM

Partial 25–34 %

TRPV6 inhibition;

selectivity n.d.

In vivo (i.v.;

i.p.)

Bowen et al. (2013)

(i) inhibitory action, n.d. not determined
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Table 4 Selection of interventional clinical trials involving TRPV1-targeting drugs

Compound Sponsor Indication Application

Study code/

reference

TRPV1 activators

Capsaicin patch,

Qutenza®
Acorda,

Astellas

Postherpetic neuralgia Dermal Marketed

Capsaicin spray,

Sinol-M®
Sinol Allergic rhinitis Intranasal NCT00825656

Zucapsaicin

civamide

Winston

Laboratories

Osteoarthritis Cream NCT00077935

NCT00995306

Postherpetic neuralgia Patch NCT00845923

Episodic cluster

headache

Intranasal NCT00033839

NCT00069082

NCT01341548

Resiniferatoxin NIDCR Pain in advanced cancer Intrathecal NCT00804154

TRPV1 inhibitors

AMG517 Amgen Phase I/tooth extraction Oral Gavva

et al. (2008)

AZD-1386 AstraZeneca Osteoarthritis Oral multiple NCT00878501

Tooth extraction Oral single NCT00672646

Heat-/capsaicin-induced

pain

Oral single NCT00692146

Posttraumatic and

postherpetic neuralgia

Multiple oral

doses

NCT00976534

SB-705498 GSK Migraine (acute) NCT00269022

Tooth extraction Oral single NCT00281684

Chronic cough Oral NCT01476098

Rectal pain Single dose NCT00461682

Allergic rhinitis Intranasal NCT01424397

NCT01424514

Nonallergic rhinitis Intranasal NCT01439308

JNJ-39439335

(mavatrep)

Johnson &

Johnson

Osteoarthritis Oral single, oral

multiple

NCT00933582

NCT01343303

Heat-induced pain Single oral dose NCT01006304

DWP-05195 Daewoong Postherpetic neuralgia Oral NCT01557010

XEN-D0501 Provesica Overactive bladder

SYL-1001 Sylentis Ocular pain Topical NCT01776658

PAC-14028 Amorepacific

Corporation

Heat tolerance Single and

multiple oral

dosing

NCT01264224

NIDCR National Institute of Dental and Craniofacial Research, GSK GlaxoSmithKline
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mild but undesirable increase in the body temperature (Gavva et al. 2008; Krarup

et al. 2011). Since TRPV1 inhibition lowers the sensitivity to noxious heat, this

state can be associated with an increasing risk of scalding injury (Brederson

et al. 2013). Due to these problems, the therapeutic value of systemic TRPV1

inhibition is still under debate, and further development of AMG 517, but also of

GRC 6211 (Glenmark/Eli Lilly), and of NGD-8243 (Neurogen/Merck) has been

stopped or suspended. More recent data indicate that hyperthermia in humans

receiving TRPV1-inhibiting drugs may be transient (Othman et al. 2013). Several

clinical trials currently investigate the topical or systemic use of TRPV1 inhibitors

in neuropathic pain, ocular pain, pruritus, chronic cough, and atopic dermatitis

(Kaneko and Szallasi 2013; Premkumar and Abooj 2013). In addition, TRPV1-

inhibitory (e.g., XEN-D0501 from Provesica) and TRPV1-activating compounds

(e.g., resiniferatoxin) are clinically tested for the treatment of overactive bladder.

The mechanistic concept behind the use of TRPV1 activators for relieving pain

states is mostly based on the assumption that long-lasting TRPV1 activation may

lead to a depolarization block of nerve terminals or even causes the ablation of

peripheral nerve terminals (Bishnoi et al. 2011; Jeffry et al. 2009). The topically

applied rapid delivery capsaicin patch Qutenza® (formerly NGX-4010) is the only

approved TRP channel-targeting drug today. It may be used to treat neuropathic

pain, including postherpetic pain and HIV-associated pain (Mou et al. 2013), pre-

sumably by inducing a long-lasting desensitization of TRPV1-bearing nerve

endings (Derry et al. 2009). A TRPV1-activating cis-capsaicin (zucapsaicin or

civamide) is still awaiting approval for the treatment of neuropathic pain and

osteoarthritis. Additional envisaged indications include cluster headache and

migraine.

4.2.2 TRPV2-Targeting Drug-Like Compounds
Chemical tools to activate TRPV2 include the promiscuous modulator 2-APB,

probenecid, and cannabinoid derivatives (Bang et al. 2007; Hu et al. 2004; Qin

et al. 2008). Tranilast has been described to inhibit TRPV2 (Hisanaga et al. 2009),

but a detailed characterization of this effect is not available.

4.2.3 TRPV3-Targeting Drug-Like Compounds
Despite its predominant expression in keratinocytes, TRPV3 may also contribute to

pain sensation or inflammation-induced hypersensitivity via the release of paracrine

mediators, such as ATP, prostaglandins, or arachidonic acid (Mandadi et al. 2009).

Its expression in DRG neurons at lower levels has been shown (Frederick

et al. 2007). Its contribution to heat perception in mice has been proposed (Moqrich

et al. 2005), but this finding was not confirmed in another study (Huang et al. 2011).

Unfortunately, the currently available chemical activators of TRPV3 are either

poorly selective (e.g., 2-APB) or exert a low potency of about 20 μM to 100 mM,

precluding their reliable systemic use in vivo. Nonetheless, TRPV3 is increasingly

recognized as a possible target for pain therapy (Grubisha et al. 2013; Premkumar

and Abooj 2013). Specific blockers of TRPV3 have been identified and optimized

by Hydra Biosciences, Glenmark, and Abbvie (formerly Abbott). As a result, lead
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compounds with nanomolar potency and good selectivity with respect to other

sensory TRP channels have been achieved and tested in preclinical models of

neuropathic pain. While some compounds did not seem to be orally bioavailable,

lead candidates such as GRC 15300 (Glenmark, now in licensed by Sanofi Aventis)

are. As to today, the important in vitro and preclinical data are only partially

disclosed in the patents, and the inhibitors are not made available for the public.

Therefore, important tools are missing, and independent evidence for possible

beneficial and adverse effects cannot be achieved. A major concern comes from

the fact that TRPV3 is also important for the regulation of epidermal keratinocyte

proliferation and differentiation regulation (Cheng et al. 2010).

4.2.4 TRPV4-Targeting Drug-Like Compounds
TRPV4 is a remarkable example of how drug-like small molecules can contribute to

clarifying physiological and pathophysiological roles of their target protein. The

first-known modes of TRPV4 activation included not only hypoosmolaric stress and

heat but also phorbol esters and epoxyeicosatrienoic acids (EET) as naturally

occurring and endogenous mediators (Guler et al. 2002; Strotmann et al. 2000;

Watanabe et al. 2002, 2003). A direct and selective TRPV4 activation could be

achieved by several compound classes, including bisandrographolide A,

GSK1016790A, and RN-1747. Originating from a screening hit that was a known

cathepsin inhibitor (Vincent and Duncton 2011), the development of a highly

efficient, superagonist-like TRPV4 activator GSK1016790A yielded a compound

that, upon i.v. administration in mice, rats, and dogs, caused acute and lethal drop of

blood pressure (Willette et al. 2008). This response was not observed in TRPV4�/�

mice, indicating an on-target effect of the superagonist, and confirming the impor-

tant role of TRPV4 in the regulation of endothelium-dependent vasorelaxation

(Nilius et al. 2003). Similarly, intravesical instillation of GSK1016790A caused

bladder overactivity only in wild-type, but not in TRPV4-deficient, mice

(Thorneloe et al. 2008). Interestingly, further chemical modification of

GSK1016790A by introducing a steric hindrance into the otherwise maintained

chemotype resulted in compounds with inhibitory properties (WO 2009/111680).

Although this scaffold was intensely explored by more than 300 chemical

variations (Vincent and Duncton 2011), another scaffold was developed by

GlaxoSmithKline (WO 2011/119701 A1) and further modified. The highly potent

TRPV4 inhibitor GSK2193874 has then been demonstrated to prevent pulmonary

edema and vascular permeability in acute and chronic heart failure models ex vivo

and in vivo (Thorneloe et al. 2012). Considering the widespread expression of

TRPV4 and its involvement in multiple channelopathies (Nilius and Voets 2013),

future work will have to demonstrate whether pharmacological targeting of TRPV4

indeed opens new therapeutic avenues.

4.2.5 TRPV5- and TRPV6-Targeting Drug-Like Compounds
Modulators of the Ca2+-selective channels TRPV5 and TRPV6 include the poorly

selective antifungal drug econazole (Nilius et al. 2001). Attempts to design

2-APB-related compounds with TRPV6-selective activity were undertaken, but
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only minor improvements could be achieved (Hofer et al. 2013). Chemical varia-

tion of another SOCE-inhibitor, TH-1177 (Haverstick et al. 2000), yielded a

compound that displayed a moderate potency to inhibit TRPV6 (IC50¼ 90 μM)

but a TRPV6:TRPV5 selectivity of about fivefold (Landowski et al. 2011).

4.3 Melastatin-Related TRP Channels

The founding member of the TRPM channel family, TRPM1 (or melastatin), is

highly expressed and physiologically activated via a mGluR6-mediated cascade in

on bipolar cells of the retina (Morgans et al. 2009; Shen et al. 2009). Like its closest

relative TRPM3, TRPM1 can be activated by micromolar concentrations of the

steroidal compound pregnenolone sulfate (Lambert et al. 2011; Wagner et al. 2008)

(Table 5). At present more selective drug-like activators or inhibitors are not

available for TRPM1. Like TRPM1, TRPM3 is responsive to pregnenolone sulfate

but can also be activated by temperatures above 30 �C or by 10–50 μM
concentrations of nifedipine (Vriens et al. 2011; Wagner et al. 2008). Activation

by D-erythro-sphingosine has been described (Grimm et al. 2005) but may not reach

the effectivity of the other activators (Wagner et al. 2008). Poorly selective TRPM3

inhibitors include progesterone and mefenamic acid (Klose et al. 2011; Majeed

et al. 2012). Interestingly, a PPARγ receptor-independent inhibition of TRPM3 by

the antidiabetic drug rosiglitazone has been shown (Majeed et al. 2011b), although

it should be mentioned that this effect requires about 300-fold higher concentrations

than its agonism on PPARγ. By screening a library of natural compounds, a set of

citrus fruit or fabaceae-derived flavonoids has been shown to inhibit TRPM3. Their

IC50 to inhibit TRPM3-mediated ionic currents and Ca2+ entry is in the range of

0.3–2 μM (Straub et al. 2013b). Compared to other sensory TRP channels, the

selectivity of the flavonoid-type TRPM3 inhibitors was promising. The flavanone

chemotype was further explored by identifying liquiritigenin and isosakuranetin as

highly potent and selective TRPM3 blockers. With an IC50 of 50–120 nM

(depending on the assay), isosakurantin is the most potent drug-like TRPM3

inhibitor so far, allowing the in vivo application to confirm the role of TRPM3 as

a heat-sensing ion channel (Straub et al. 2013a; Vriens et al. 2011).

As mentioned above, drug-like molecules that interfere with TRPM2 are diffi-

cult to establish. The physiological activators ADP-ribose and cyclic ADP-ribose

are membrane impermeable, and other direct TRPM2 activators are not available so

far. When activated by hydrogen peroxide-triggered pathways, inhibition of

TRPM2 can be achieved by a wealth of compounds with antioxidant properties or

by drugs that impede on the PARG/PARP pathway, whose activity is critically

required for the formation of the ultimately activating molecule ARD-ribose.

Nonetheless, a small set of drug-like compounds is also inhibitory when TRPM2

is directly activated by intracellularly perfused ADP-ribose. They include the

antimycotic drugs econazole and clotrimazole, as well as the poorly specific

blockers N-(p-amylcinnamoyl)-anthranilic acid, flufenamic acid, and 2-APB.

Despite the demonstration that the membrane-permeable compound 8Br-ADP-
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Table 5 Drug-like modulators of TRPM channels

Compound EC50 Selectivity Application References

TRPM1 activator

Pregnenolone sulfate n.d. M3¼M1 In vitro Lambert et al. (2011)

TRPM2 activators

ADP-ribose 90 μM n.d. In vitro Perraud et al. (2001)

Cyclic ADP-ribose 10–

100 μM
n.d. In vitro Kolisek et al. (2005)

TRPM2 inhibitors

8Br-ADP-ribose ~100 μM M4�SOCE In vitro Partida-Sanchez

et al. (2007)

Econazole, clotrimazole <3 μM n.d. In vitro Hill et al. (2004b)

TRPM3 activators

Pregnenolone sulfate 12–

23 μM
M3�V4/V6/M2/

M7/M8

In vitro Wagner et al. (2008)

d-Erythro-sphingosine 12 μM M3�C3/C4/C5/V4/

V5/V6/M2

In vitro Grimm et al. (2005)

Nifedipine ~30 μM CaV1.2(i)>CaV1.4

(i)�M3/KV1.5(i)

In vitro Wagner et al. (2008)

TRPM3 inhibitors

Rosiglitazone 12 μM M3>C5(a)/KIR6 In vitro Majeed et al. (2011b),

Yu et al. (2012)

Mefenamic acid 6.6 μM M3�C6/V4/M2 In vitro Klose et al. (2011)

Naringenin, hesperetin,

ononetin, eriodictyol

0.3–

2 μM
M3�V1/M8/A1 In vitro Straub et al. (2013b)

Liquiritigenin,

isosakuranetin

50–

500 nM

M3�V1/M8/A1 In vitro

In vivo

Straub et al. (2013a)

TRPM4 inhibitors

Glibenclamide 1 μM M4/CFTR/SUR In vitro

In vivo

Demion et al. (2007),

Schattling et al. (2012),

Wei et al. (2001)

9-Phenanthrol 16–

23 μM
M4>M5 In vitro Grand et al. (2008)

TRPM5 inhibitors

Triphenylphosphine

oxide

12–

30 μM
M5>V1/M4b/A1 In vitro Palmer et al. (2010)

(3,4-Dimethoxy-

benzylidene)hydrazides

0.4–

0.6 μM
n.d. In vitro WO 2008/097504 A2

TRPM6 inhibitors

Sphingosine 0.6 μM M6/M7 In vitro Qin et al. (2013)

TG-100-115 7.9 nM Inhibits M6 kinase

activity¼ PIK3C2G/

PIK3CG/PIK3C2B

In vitro Davis et al. (2011)

TRPM7 inhibitors

Waixenicin A 0.02–

7 μM
M7�M2/M4/M6/

ICRAC

In vitro Zierler et al. (2011)

(continued)
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ribose can inhibit TRPM2 activation when applied at high micromolar

concentrations (Partida-Sanchez et al. 2007), specifically acting and highly potent

TRPM2 inhibitors are lacking.

Table 5 (continued)

Compound EC50 Selectivity Application References

NS8593 1.6–

5.9 μM
KCa2.1–

2.3>M7>M3

In vitro Chubanov et al. (2012)

Sphingosine, N,

N-dimethyl-D-erythro-

sphingosine

0.3–

0.6 μM
M6/M7 In vitro Qin et al. (2013)

Fingolimod (FTY720) 0.7 μM n.d. In vitro Qin et al. (2013)

AA861, MK886,

NDGA

~10 μM Lipoxygenase

inhibitors

In vitro Chen et al. (2010a)

Nafamostat mesilate 14–

200 μM
n.d. In vitro Chen et al. (2010b)

Carvacrol 300 μM M7/TRPL/V3(a) In vitro Parnas et al. (2009)

TRPM8 activators (selection)

Menthol 0.02–

7 μM
M8/A1 In vivo Peier et al. (2002)

Icilin 0.2 μM M8/A1 In vitro

In vivo

Chuang et al. (2004),

Ramachandran

et al. (2013)

Camphor 4.5 mM M8/V3 In vitro Selescu et al. (2013)

Geraniol, eucalyptol,

hydroxycitronellal

6–

20 mM

n.d. In vitro Behrendt et al. (2004)

Frescolat ML 3.3 μM n.d. In vitro Behrendt et al. (2004)

TRPM8 inhibitors

Capsazepine 18 μM V1>M8 In vitro Behrendt et al. (2004)

AMTB 59 nM n.d. In vivo

(i.v.)

Lashinger et al. (2008)

Tetrahydroisoquinolines 56 nM M8�V1/V3/V4/A1 In vivo

(oral)

Tamayo et al. (2012)

Diaryl-phosphonates 64 nM M8�V1 In vivo

(i.p.)

Matthews et al. (2012)

2,5-Disubstituted

benzimidazoles

3–20 nM n.d. In vivo

(oral)

Calvo et al. (2012),

Parks et al. (2011)

Arylglycines 5–20 nM n.d. In vivo Zhu et al. (2013)

Carboxamide

compounds

9 nM M8�V1/V3/V4/A1 In vivo

(oral)

Chaudhari et al. (2013)

2-(Benzyloxy)benz-

amides

19–

60 nM

n.d. In vitro Brown et al. (2013)

BCTC 0.8 μM V1>M8 In vitro Behrendt et al. (2004)

PBMC 0.4–

0.6 nM

M8�V1/A1 In vivo

(s.c., i.p.)

Knowlton et al. (2011)

(a) augmentation/activation, (i) inhibitory activity, n.d. not determined
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The closely related TRPM4 and TRPM5 channels show a similar mode of Ca2+-

dependent activation and monovalent-selective permeability. For TRPM4, an acti-

vation by nanomolar concentrations of the pyrazole compound BTP2 (Takezawa

et al. 2006) and inhibition by 9-phenanthrol (Grand et al. 2008) have been observed.

In addition, TRPM4 has been reported to physically interact and form a complex

with Sur1, the sulfonylurea receptor 1 (Woo et al. 2013). Accordingly, TRPM4

currents can be inhibited by the sulfonylurea receptor ligand glibenclamide when

applied at 50–100 μM concentration (Demion et al. 2007), an effect which may

explain biological activities of the antidiabetic drug that are unrelated to regulation

of KIR channels, the canonical interaction partner of Sur1. Highly potent and

selective inhibitors are not available to date. Drug-like molecules that can activate

TRPM5 are not known. Likewise, inhibitory compounds are poorly established.

Triphenylphosphine oxide has been shown to inhibit heterologously expressed and

native TRPM5 in vitro (Palmer et al. 2010) with an apparent affinity in the mid

micromolar range. Highly potent TRPM5 blocker is not publicly available,

although a series of (3,4-dimethoxy-benzylidene)hydrazides, displaying a claimed

submicromolar potency to inhibit TRPM5 currents, have been recently published in

a patent (WO 2008/097504 A2).

TRPM6 and TRPM7 are large channel proteins that additionally feature a kinase

domain at their large cytosolic C-terminus. They can form heterooligomeric

complexes and are activated by low intracellular Mg2+ or Mg-ATP concentrations.

Owing to their dual domain organization, they are also referred to as chanzymes.

No specific drug-like inhibitors of TRPM6 channel activity are known. However, a

potent inhibition of TRPM7 and TRPM6 (or heteromeric TRPM6:TRPM7

complexes) by sphingosine has been observed (Qin et al. 2013) and may represent

an endogenous regulatory mechanism. Of note, a recent large-scale kinase profiling

study revealed that the phosphoinositide-3-kinase inhibitor TG-100-115 also

inhibits the kinase activity of TRPM6 with an IC50 of 7.9 nM (Davis et al. 2011).

Interestingly, the TRPM6 kinase was among the least frequently hit kinases within

the screen.

Like for TRPM6, no drug-like direct activator of TRPM7 is known. Due to its

widespread expression and possible importance in regulating tumor progression

and cancer cell motility (Chen et al. 2013b), considerable efforts have been

undertaken to identify drug-like inhibitors of TRPM7. Like TRPM6, TRPM7 can

be inhibited by submicromolar concentrations of sphingosine but also by

fingolimod (FTY720; IC50¼ 0.7 μM) (Qin et al. 2013). Waixenicin A, a natural

compound isolated from a soft coral Sarcothelia edmondsoni, has been isolated and

identified as a potent inhibitor that cooperates with intracellular Mg2+ to block the

TRPM7 pore (Zierler et al. 2011). Less potent TRPM7 inhibitors include the

lipoxygenase inhibitors NDGA, AA861, and MK886, which require about 10 μM
concentrations, carvacrol (300 μM), which also inhibits TRPL and activates TRPV3

(Parnas et al. 2009), and nafamostat mesilate, which exerts only a poor potency in

the presence of physiological extracellular concentrations of divalent cations (Chen
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et al. 2010b). From a current view, waixenicin A, NS8593, and sphingosine

derivatives may represent the most promising candidates for further optimization

and TRPM7 inhibition in vivo.

The cold receptor TRPM8 is activated by temperatures lower than 18 �C or by

compounds that confer a sensation of cold on the skin or in the mouth, such as

menthol (Peier et al. 2002). TRPM8 activators include naturally occurring

compounds, such as geraniol/lemonol, eucalyptol/1,8-cineole, hydroxycitronellal,

and many semisynthetic or synthetic “cooling compounds” (Behrendt et al. 2004;

Sherkheli et al. 2010). Notably, an oral formulation of 1,8-cineol (Soledum®) is

marketed as cough reliever and considered in COPD and allergic airway disease

(Worth et al. 2009; Worth and Dethlefsen 2012). The TRPM8-activating

“supercooling” drug icilin, which can also activate TRPA1 (Story et al. 2003),

has been shown to exert anti-inflammatory effects in mouse models of colitis

(Ramachandran et al. 2013). A possible antinociceptive effect of TRPM8 activators

and inhibitors is intensely studied. Like for TRPV1, topical application of TRPM8

activators may relieve pain by indirect mechanisms, and several clinical trials are

currently being initiated. They include the use of menthol and L-camphor to treat

osteoarthritic knee pain or shoulder pain (NCT01565070, NCT01827306) or of

menthol in chemotherapy-induced peripheral neuropathy (NCT01855607). By

contrast, TRPM8-inhibiting compounds have not proceeded to clinical trials so

far. TRPM8 inhibitors with or without proven oral bioavailability have been

developed by several companies (see Table 5). Some of them display nanomolar

potency, oral bioavailability, and effects in preclinical proof-of-concept tests, e.g.,

in the “wet dog shake” assay, monitoring shivering responses upon systemic

application of the TRPM8 activator icilin. Only few of these novel compounds

are commercially available.

4.4 Drug-Like Compounds Targeting TRPA1

Being activated via covalently binding cysteine-modifying agents (Hinman

et al. 2006), by lipid peroxidation products (Trevisani et al. 2007) and a plethora

of irritants (Strassmaier and Bakthavatchalam 2011), TRPA1 is presumably the

most promiscuous receptor within the TRP channel family. Activation of TRPA1

by cold temperatures is discussed and may be species specific (Chen et al. 2013a).

In fluorometric assays applying Ca2+ or voltage indicator dyes, additional interfer-

ence may originate from the exposure to ultraviolet or visible light, which directly

or via photosensitizer-mediated generation of reactive oxygen species leads to

TRPA1 activation (Bellono et al. 2013; Hill and Schaefer 2009). Tear gas

components such as acrolein also strongly activate TRPA1 (Bautista et al. 2006).

Thereby a wealth of electrophilic or colored compounds can directly or indirectly

activate TRPA1. Known therapeutic drugs that activate TRPA1 include

cannabinoids (Jordt et al. 2004), chlorpromazine (Hill and Schaefer 2007), apomor-

phine (Schulze et al. 2013), oxaliplatin (Zhao et al. 2012), chloroquine (Than

et al. 2013), etodolac (Inoue et al. 2012), desflurane (Mutoh et al. 2013), and
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auranofin (Hatano et al. 2013), only to mention a few. The reference activator allyl

isothiocyanate (Jordt et al. 2004) may bear some problems when used in high-

throughput assays. Therefore, PF-484018, a potent (EC50¼ 23 nM on human and

97 nM on rat TRPA1), non-electrophilic TRPA1 activator has been developed

(Ryckmans et al. 2011).

A more challenging task is to develop pharmaceutical TRPA1 inhibitors. With

an IC50 of 5–6 μM, the screening hit HC-030031 identified by Hydra Biosciences

was the first robustly acting TRPA1 inhibitor (McNamara et al. 2007). The closely

related Chembridge-5861528 compound was applied in vivo (i.p.) to demonstrate

its impact on pain-related behavior in diabetic rats (Wei et al. 2009). A

cinnamaldehyde-related inhibitory AP18 compound reached an IC50 of 3–4.5 μM
and displayed selectivity for TRPA1 compared to TRPV1–TRPV4 and TRPM8

(Petrus et al. 2007). Further development of this chemotype led to A-967079, the

first drug-like TRPA1 inhibitors reaching a submicromolar potency of 67 nM and

289 nM on human and rat TRPA1, respectively (McGaraughty et al. 2010). AZ465

is a species-selective inhibitor of human, but not mouse TRPA1, showing ex vivo

biological activity on the stimulated CGRP release from human dental pulp

(Nyman et al. 2013). First clinical trials are now being initiated with TRPA1-

inhibiting compounds. GRC17536 (Glenmark) is currently being tested in a phase

II study for beneficial effects in diabetic peripheral neuropathy (NCT01726413).

Considering the proposed roles of the irritant-sensing TRPA1 in pain, airway

diseases, cough, itch, and inflammation, more drug development activities and

clinical trials will surely follow soon.
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Abstract

Transient receptor potential (TRP) ion channels have been detected in neurons

that are part of the neural network controlling reproductive physiology and

behavior. In this chapter we will primarily take a look at the classical/canonical

TRP (TRPC) channels but will also examine some other members of the TRP

channel superfamily in reproductive (neuro)endocrinology. The referenced data

suggest that different TRP proteins could play functional roles at different levels

of the reproductive pathway. Still, our understanding of TRP channel involve-

ment in (neuro)endocrinology is quite limited. Due to their mechanism of

activation and complex regulation, these channels are however ideally suited

to be part of the transduction machinery of hormone-secreting cells.
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1 Introduction

The hypothalamus–pituitary–gonadal (hpg) axis ensures central control of repro-

duction in vertebrates (Gore 2002). Starting with the onset of puberty, gonadotropin-

releasing hormone (GnRH) neurons in the anterior hypothalamus release GnRH in

short pulses into the hypophyseal portal vasculature from axon terminals at the

median eminence. Pulsatile GnRH release increases in frequency and amplitude

during the female reproductive cycle (Sisk et al. 2001). GnRH binds to the GnRH

receptor (GnRHR) specifically expressed on gonadotrope cells in the anterior pitui-

tary gland to regulate production and release of the two gonadotropins, luteinizing

hormone (LH) and follicle-stimulating hormone (FSH) (Jeong andKaiser 2006). LH

and FSH in turn act on the gonads to regulate steroidogenesis and reproductive

function. Steroid hormones, e.g., estradiol, progesterone, and testosterone, produced

by the gonads feed back onto both the pituitary and the hypothalamus.

To ensure reproductive success, GnRH neurons need to integrate different inputs

indicating optimal conditions for reproduction (Fig. 1). GnRH neurons are part of a

complex neural network and are connected to many different neurons in a variety of

brain areas (Boehm et al. 2005; Yoon et al. 2005; Herbison 2006). Signals known to

modulate the reproductive axis range from external chemosensory cues such as

pheromones (Chamero et al. 2012) to metabolic hormones such as leptin (Chehab

1996) and insulin (Bruning et al. 2000). How GnRH neurons integrate these

different inputs is not well understood. Specifically the molecular and ionic

mechanisms underlying the physiological activation of GnRH neurons and their

adjustment to different hormonal stages are just beginning to emerge. Recently,

transient receptor potential (TRP) ion channels have been identified in GnRH

neurons and in other cells of the neural network controlling reproductive physiol-

ogy and behavior. Canonical or classic TRP channels (TRPC channels) are one of

the three TRP subfamilies known to mediate receptor-operated and store-operated

Ca2+ entry and are divided into four subfamilies (TRPC1, TRPC2, TRPC4/5, and

TRPC3/6/7, respectively) on the basis of sequence homology and functional

similarities (Venkatachalam and Montell 2007; Clapham et al. 2001). These

channels are ideally suited to be part of the transduction machinery of hormone-

secreting cells due to their mechanism of activation and complex regulation.

2 TRPC Channel Distribution in the Brain

TRPC channel expression in the central nervous system (CNS) is generally not well

documented and even less so for specific nuclei, let alone individual neuronal

populations in heterogeneous brain regions like the hypothalamus. This lack of
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information is partly due to low expression levels and to the scarcity of available

antisera specific for these channels. Furthermore, most of the commercial antisera

against TRPC channels have not yet been validated in tissues prepared from the

corresponding TRPC knockout mice. Using quantitative RT-PCR, human TRPC

(hTRPC) mRNA expression has been observed in discrete brain areas (Riccio

et al. 2002). hTRPC1 mRNA was found to be ubiquitously expressed with the

highest expression levels reported in the cerebellum and also in the pituitary gland.

hTRPC3mRNAwas mainly localized to the basal ganglia as well as to the pituitary.

hTRPC4 and hTRPC6mRNA was detected at low levels all over the brain, whereas

hTRPC5 mRNA was found to be highly expressed in all brain areas except for the

basal ganglia. hTRPC7 mRNA expression seemed to occur mainly in the pituitary.

In rat, TRPC4 and TRPC5 channels seem to be the most prominently expressed

TRP channels in the brain (Fowler et al. 2007). TRPC5 expression in the hypothal-

amus was also confirmed in mice (Riccio et al. 2009) and is independently

documented in the Allen Brain Atlas (http://mouse.brain-map.org). Thus far, only

one study demonstrating TRPC5 immunostaining in the lateral amygdala used

corresponding tissue from a TRPC5-deficient mouse strain as a control for the

specificity of the immunocytochemistry (Riccio et al. 2009). Information about the

cellular resolution of TRPC mRNA and protein expression is essentially missing in

non-layered multifunctional brain areas such as the hypothalamus, where different

nuclei contain multiple distinct hormone-secreting neuronal populations. In addi-

tion, it is often unclear which cell type expresses the TRP channels: glia, neurons,

tanycytes, or even elements of the CNS vascular system. Therefore, determining the

distribution of TRP channels with single cell resolution, in particular in brain areas,

which are of pivotal importance to the homeostatic regulation of different body

Fig. 1 GnRH neural circuitry. GnRH neurons integrate different inputs to optimize reproductive

success. Input signals range from external chemosensory cues such as pheromones to internal

hormonal cues. Secreted GnRH binds to the GnRH receptor (GnRHR) expressed on gonadotropes

in the anterior pituitary gland to regulate production and release of gonadotropins. In addition to

impinging onto the hypothalamus-pituitary-gonadal axis, GnRH-secreting fibers contact GnRH

receptor neurons (GnRHR neurons) in various different brain areas (Wen et al. 2011)
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functions via the neuroendocrine system, could be a first but fundamental step in

understanding their physiological function.

3 TRP Channel Expression in (Neuro)Endocrine Cancer Cell
Lines

The presence of TRP channels in several immortalized cell lines commonly used in

reproductive physiology research has been described. A major limitation of these

cell lines is that the available models are almost invariably poor representations of

cells found in intact tissues. Therefore, it is not always clear whether TRP channel

expression in these cells is indeed real and reflects a physiological role in vivo or

whether they express TRP channels because of their genetic reprogramming caus-

ing an infinite number of cell divisions. In addition, cancer-derived cells contain

various genomic rearrangements possibly leading to chromosome instability

(Landry et al. 2013). The characteristics of immortalized and cancer-derived cells

can thus change with every passage, but most authors do not indicate this informa-

tion in their publication, which may cause problems in comparing or verifying the

obtained results. In addition to being quite valuable in cancer research, the major

benefit of using cell lines is that they offer an infinite supply of cells that are capable

of self-replication in standard cell culture medium compared to finding a limited

number of neurons which are often hard to identify in multifunctional organs.

All investigated TRPC channels (i.e., TRPC1, C3, C4, C5, and C6) have been

detected in both the GN11 and the GT1-7 cell lines (Dalmazzo et al. 2008;

Krsmanovic et al. 1999; Ariano et al. 2011). Both cell lines have been used as

models to investigate GnRH neuron cell biology. While GT1-7 cells are thought to

represent mature hypothalamic GnRH-secreting neurons, GN11 cells are more

immature and display some migratory activity. Perhaps not surprisingly, these

cell line data are in stark contrast to a study analyzing TRP channel expression in

genetically tagged primary GnRH neurons prepared from a transgenic mouse strain,

in which these neurons can be identified due to their simultaneous expression

of GFP. Primary GnRH neurons were found to contain different combinations

of TRPC channel transcripts. These data suggest that different subpopulations of

GnRH neurons express individual combinations of TRPC channels (e.g., C1/C4/C6

or C3/C4/C7) (Zhang et al. 2008). Similar combinatorial TRP channel expression

patterns were also found in other native neurons (Sergeeva et al. 2003; Qiu

et al. 2010, 2011). Unfortunately, TRPC2 expression in GnRH neurons was not

analyzed in this study (see below).

Further down in the reproductive pathway, Ca2+-activated nonselective cationic

currents that could be mediated by TRP channels have also been described in

gonadotrope cells of the anterior pituitary gland (Vergara et al. 1997). Information

about signaling in primary gonadotropes is still somewhat limited. Previous

experiments to characterize GnRH-/GnRHR-induced signal transduction

mechanisms were largely carried out in gonadotrope-like carcinoma cell lines,

since it was not possible to study living primary gonadotrope cells in situ until
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recently (Wen et al. 2008). These account for only<15 % of the hormone-secreting

cells of the anterior pituitary and are morphologically not easy to distinguish from

other cell types. The mRNA for TRPC1, TRPC3, TRPC5, and TRPC7 has been

identified in human pituitary cells (Riccio et al. 2002). TRP channel expression in

primary gonadotropes, which have become amenable for isolation via FACs

(Hoivik et al. 2011), awaits experimental analysis at different hormonal stages.

4 TRPC Function in the Central Control of Mammalian
Reproduction

GnRH neurons receive information about olfactory signals both generated in the

vomeronasal organ (VNO) and in main olfactory epithelium (Boehm et al. 2005;

Yoon et al. 2005). Processing of chemosensory cues in the nose relies on TRP

channel function at various levels (Munger et al. 2009, Zufall 2014). Of particular

interest is a mouse strain deficient for TRPC2, which is predominately expressed in

sensory neurons of the VNO (Leypold et al. 2002; Stowers et al. 2002; Liman

et al. 1999). These cells are thought to be specialized in the detection of

pheromones. Trpc2�/� mice show some striking alterations in a range of social

behaviors including loss of male-male and maternal aggression, defective territorial

marking, and enhanced courtship behaviors of mutant males toward other males

(Stowers et al. 2002; Leypold et al. 2002). Furthermore, TRPC2 deletion in female

mice caused male-like sexual and courtship behaviors (Kimchi et al. 2007). These

data have been interpreted to indicate that chemosensory inputs act in wild-type

females to repress male behavior and to suggest the existence of specialized neural

circuits underlying male-specific behaviors in the normal female mouse brain

(Kimchi et al. 2007; Spors and Sobel 2007; Shah and Breedlove 2007). However,

the various behavioral abnormalities described in these genetically modified

animals differ strikingly from those described after surgical disruption of

vomeronasal function (VNX) (Keverne 2002). What could account for these

behavioral differences? First, the two experimental approaches differ in the time

point of the functional VNO removal. An alternative and perhaps more simple

explanation is that TRPC2 may be expressed in a subset of neurons controlling

reproductive physiology and behavior. While male-typical sexual behavior of

female Trpc2�/� mice was reported to be independent of the adult female endo-

crine status, testosterone levels in ovary-intact Trpc2�/� females were signifi-

cantly elevated (Kimchi et al. 2007). In another study adult testosterone treatment

rather than VNO signaling was observed to enhance male-typical sexual behavior

in female mice (Martel and Baum 2009), raising the possibility that TRPC2

deficiency may have influenced the reproductive axis at another level of the neural

circuitry.

In addition to external input onto the reproductive axis, reproductive function is

modulated by an array of neuronal inputs, which ultimately adjust the neuronal

activity of the GnRH secreting terminals in the brain. For example, a variable set of

hormones is involved in the control of reproduction that are part of either the
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reproductive axis itself, like the gonadal hormones (estradiol), or signaling

pathways that determine energy balance (leptin, insulin, nutrition) and stress

(corticotropins). However, GnRH neurons themselves do express receptors neither

for estrogen (Radovick et al. 2012) nor for leptin or insulin (Divall et al. 2010; Elias

2012), highlighting the importance of other neurons in the neural circuits

controlling reproduction in integrating these signals. One pivotal player in this is

a population of hypothalamic neurons that produce the neuropeptide kisspeptin, a

potent activator of GnRH neurons (Han et al. 2005). These cells have recently been

shown to relay information about estradiol to GnRH neurons during maturation of

the female reproductive axis (Mayer et al. 2010). An exciting alternative to repro-

ductive axis modulation via hormone receptor activation has been brought up in a

recent study reporting that TRPC channels may be directly regulated by steroid

hormones. TRPC3, C5, and C6 activity can be inhibited by synthetic and natural

steroids (Miehe et al. 2012), suggesting common features between TRP channels

that might be susceptible for direct steroid action and therefore interfere with or

adjust reproductive physiology depending on the hormonal status of the animal.

5 Mechanisms of Activation and Complexity in Regulation

TRPC channels can be activated by G-protein-coupled receptors (GPCRs) via

phospholipase C (PLC). However, there is variability in the mechanisms coupling

PLC activity to channel stimulation. TRPC channels may be activated by either

(1) Ca2+ from internal stores via IP3 activity, (2) diacylglycerol (DAG), or (3) its

metabolites, polyunsaturated fatty acids (PUFAs). The dependence of TRPC activ-

ity on store depletion is still controversial in some cases. Of the various TRPC

channels, TRPC1 is the best characterized channel to contribute to store-operated

Ca2+ entry (Cheng et al. 2011). TRPC5 has been reported to bind to STIM1 and

suggested to function as a store-operated channel (Worley et al. 2007), but has also

been shown to be activated independent of store depletion (Schaefer et al. 2000;

Okada et al. 1998). The majority of the evidence regarding activation and regula-

tion relies unfortunately on deletion of TRPC isoforms or their silencing by

antisense or siRNA in heterologous expression systems. Conditional gene targeting

experiments will be needed to confirm these results in primary cells in vivo. Native

TRPC2 channels present in the mouse olfactory system are activated exclusively by

DAG and not by either IP3, or Ca
2+ stores or the PUFA arachidonic acid, supporting

a role for PLC activity and DAG in vivo (Lucas et al. 2003).

On the other hand, the signaling pathway suggested in kisspeptin receptor

(GPR54)-expressing GnRH neurons seems to involve the activation of a cSrc

tyrosine kinase, which is proposed to directly modulate TRPC4 channel activity

(Zhang et al. 2013). Binding of kisspeptin to the kisspeptin receptor GPR54 leads to

activation of Gq in these cells (Zhang et al. 2013). The phytoestrogen genistein, a

general tyrosine kinase inhibitor (Akiyama et al. 1987), as well as the more specific

kinase inhibitor PP2 suppressed the kisspeptin-induced TRPC current in GnRH

neurons. Interestingly, genistein on itself can directly interact with estrogen
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receptors and causes effects similar to those of the hormone estrogen (Kuiper

et al. 1998). The reported genistein effects could therefore depend on the presence

of estrogen receptors in these neuroendocrine cells. Similar effects of PP2 on

estrogen receptors have not been reported. In contrast, genistein enhances

TRPC5-mediated Ca2+ influx in TRPC5-overexpressing HEK cells (Wong

et al. 2010). The potentiation of this Ca2+ influx was shown to be independent of

estrogen receptors or PLC. It thus seems that tyrosine phosphorylation of TRP

family members can result in altered channel activity; however, the link between

these two events is still unclear. In favor of the idea is a study showing that two

tyrosine residues in the C-terminus of hTRPC4 can be phosphorylated following

epidermal growth factor receptor stimulation in cell lines (Odell et al. 2005).

Another alternative pathway may involve Src-family tyrosine kinase phosphoryla-

tion of PLCγ (Liao et al. 1993; Sato et al. 2003), which may then again hydrolyse

PIP2 into DAG and IP3. Moreover, TRPC5 has been labeled a lipid ionotropic

receptor as well as a non-genomic steroid sensor due to the regulation of TRPC5

activity by lysophosphatidylcholine and its modulation of channel activity by

steroids, respectively (Majeed et al. 2011; Flemming et al. 2006). TRPC1 and

TRPC3 have also both been indicated to be modulated by Src-family tyrosine

kinase (Vazquez et al. 2004; Gervasio et al. 2008).

Understanding of the endogenous activators and function of many TRPC

channels is still limited and may depend on the subunit composition or complex

signaling environment (Strubing et al. 2001; Beech 2007). TRPC5 can form

heterotetrameric complexes with TRPC1 or TRPC4 (Strubing et al. 2001; Hofmann

et al. 2002; Meis et al. 2007) and the presence of these subunits has been described

in the amygdala and hypothalamic areas (Fowler et al. 2007; Qiu et al. 2011; Meis

et al. 2007). It is however not yet clear if these TRPC channels are found within the

same neurons. Single cell RT-PCR analyses of genetically labeled GnRH neurons

suggest combinatorial TRPC channel expression (Zhang et al. 2008). Therefore, the

data imply that subunit co-expression patterns might be regional and cell-type

specific. Furthermore, the dependence of neuroendocrine cells on the hormonal

state of an individual may even alter the presence or abundance of TRP channel

expression.

6 What Might Be the Function of TRPC Channels
in Neuroendocrine Cells?

Neurons typically fire action potentials having a variable range of either single

spikes (tonic firing) or high-frequency bursting. Dependent on the resting mem-

brane potential, a persistent inward current induces a more depolarized membrane

potential and can cause either an increase in the occurrence or prevent the genera-

tion of action potentials. TRPC activity- stimulating hormones such as leptin and

kisspeptin have been proposed to depolarize their target cells in the CNS ensuring a

sustained activation of the neurons (Zhang et al. 2008, 2013). These induced

plateau potentials can drive burst-firing behavior, which could depend on TRPC
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activity (Phelan et al. 2013). Neurons firing action potentials in bursts are proposed

to increase the reliability of communication between neurons. Decreasing the

interval between the action potentials within a burst will enlarge the combined

postsynaptic potential (Izhikevich et al. 2003; Lisman 1997) and therefore facilitate

neurotransmitter release. Modulating the firing behavior via changed TRPC activity

could thus enhance or decrease communication between neurons, possibly

interfering with the physiological activity of the neuroendocrine network. Unfortu-

nately, information on potential perturbations of the reproductive axis in the

different TRPC-deficient mouse strains generated this far (see Birnbaumer 2014)

is quite limited. Ultimately, TRPC channel function in individual neuroendocrine

cells will need to be addressed via conditional gene targeting.

7 What About Other TRP Channels?

This question is still hard to answer since not many have investigated the various

TRP channels in relation to reproductive physiology. Interesting other candidates

next to the TRPC channels are TRPM3, TRPM8, TRPV4, and TRPV6. These

channels have been either proposed or described to be regulated by steroids or

steroid receptor activity and could be up- or downregulated to influence reproduc-

tive physiology. Steroid hormones affect TRPM8, TRPV4, and TRPV6 expression

in prostate epithelial cells (Bidaux et al. 2005) and mammary gland epithelial cells

(Jung et al. 2009; Bolanz et al. 2008), respectively. Changes in neuronal activity

due to changes in the expression of ion channels are known to occur during the

female reproductive cycle and might take place during stress-induced aggressive

behaviors affecting the male (Arbogast 2008; Roepke et al. 2007).

TRPM3 is expressed in several brain areas, mainly in oligodendrocytes and

during development in some neurons (Hoffmann et al. 2010). Using calcium

imaging techniques and electrophysiological whole-cell recordings, TRPM3 is

described to be directly activated by pregnenolone sulfate (Wagner et al. 2008).

Moreover, this channel can be modulated by various other steroid hormones,

including progesterone, 17ß-estradiol, and dihydrotestosterone (Majeed

et al. 2011). Other TRP channels, like TRPM4/M5 and TRPV1 immunoreactivity,

have been documented in the supraoptic and paraventricular nucleus (Teruyama

et al. 2011; Sharif Naeini et al. 2006). In this latter region, GnRH target neurons,

which express the GnRH receptor (GnRHR), are present (Wen et al. 2011),

suggesting additional promising TRP channel candidates for manipulating repro-

ductive physiology and behavior in vertebrates.
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Abstract

Venoms are evolutionarily fine-tuned mixtures of small molecules, peptides, and

proteins—referred to as toxins—that have evolved to specifically modulate and

interfere with the function of diverse molecular targets within the envenomated

animal. Many of the identified toxin targets are membrane receptors and ion

channels. Due to their high specificity, toxins have emerged as an invaluable tool

set for the molecular characterization of ion channels, and a selected group of

toxins even have been developed into therapeutics. More recently, TRP ion

channels have been included as targets for venomous toxins. In particular, a

number of apparently unrelated peptide toxins target the capsaicin receptor

TRPV1 to produce inflammatory pain. These toxins have turned out to be

invaluable for structural and functional characterizations of the capsaicin
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receptor. If toxins will serve similar roles for other TRP ion channels, only future

will tell.

Keywords

Toxin • Vanillotoxin • DkTx • Capsaicin receptor • TRPV1 • TRP ion channel

1 Introduction: Venom Biology

In the animal kingdom, venoms are chiefly used either as part of a predatory

strategy to paralyze, capture, and kill prey or as a defense mechanism to ward of

predators and/or competitors (Evans and Schmidt 1990).

Additional functions have been proposed, and some insect venom ingredients

may serve chemical communication (Speed et al. 2012).

Venoms from spiders, snakes, cone snails, fish, and scorpions are complex

cocktails of salts, nucleotides (e.g., ATP), free amino acids, neurotransmitters,

polyamines, peptides and proteins. From a pharmacological viewpoint, the latter

two toxin groups, peptides, and proteins have attracted the most interest and have

been invaluable to dissect and probe the biology of their targeted receptors. A few

selected toxins have also inspired drug development (described in the following

sections), and there is likely more to be expected in the future.

The astounding specificity, selectivity, and potency of many of the identified

toxins for their molecular targets are owed to sophisticated adaptive mechanisms of

diversification and expansion of selected toxins and toxin families (Blumenthal and

Seibert 2003; Han et al. 2008; Lynch et al. 2006; Terlau and Olivera 2004;

Lewis and Garcia 2003; Phui Yee et al. 2004; Twede et al. 2009).

The toxin profiles of different venoms are highly diverse. Diversity is not only

found when comparing venoms of different species but a great deal of variability

can also be observed when comparing individuals of a given species (Speed

et al. 2012). The utility of such variability within a given species is not entirely

clear and is not understood if this form of variability represents “ecological noise”

or has adaptive evolutionary significance, potentially reflecting adaptation to

different habitats.

Despite peptide toxin variability and complexity, there are common principles

dictating the nature of structural building blocks and scaffolds. One structural

motif, which is shared by many spider, scorpion and cone snail toxins, is the

so-called inhibitor cysteine knot (ICK) fold of peptide toxins that are typically

comprised of a total of 25–50 residues (Daly and Craik 2011). A hallmark of ICK

toxins are the presence of 6 cysteine residues that form intramolecular disulfide

bridges, constraining the toxin into a knot-like structure. The ICK fold is among the

most abundant toxin motifs, and ICK toxins are estimated to account for 105–106

unique toxin sequences (Craik et al. 2001; Zhu et al. 2003). Thus, the ICK motif can

be considered an “evolutionary vetted” scaffold that provides stability and
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protection against proteolytic cleavage and reducing environments when injected

into another animal. Additionally, the ICK fold allows for high variability in the

inter-cysteine loops that govern target receptor-specific interaction sites (Craik

et al. 2001).

Spacing of cysteine residues appears to be important for productive folding, and

therefore the number of naturally occurring cysteine patterns found in toxins is

limited. The loops in between cysteine residues comprise regions of highly variable

amino acid composition, which confer specificity to discrete target ion channel and

receptor types. Given the relatively conserved nature of cysteine-residue position, it

is suggested that they share a common evolutionary origin (Conticello et al. 2001).

This raises the question of how the hypervariable regions in between cysteine

residues are generated. A few studies, mainly carried out on fish-hunting cone

snails, the so-called conotoxins, have been conducted. These studies suggest

that a highly mutagenic molecular replication mechanism is at play, similar to

the DNA-Polymerase V in bacterial stress-response mutagenesis (Conticello

et al. 2000). At the same time macromolecules binding to cysteine-encoding

codon triplets have been postulated to protect and conserve cysteine patterns of

the toxin protein product (Conticello et al. 2000; Duda and Palumbi 1999; Olivera

et al. 1999). While such a scenario is attractive and could explain the high diversity

of cysteine-knot toxins, components of such a mutagenic replication machinery or

molecules binding to specific DNA or RNA triplets have not been identified from

venom ducts. Future studies are required to unveil and characterize this putative

mechanism and reveal whether it can be exploited to generate pharmacologically

relevant toxin libraries in vitro.

It has been proposed that the ICK motif has emerged from a simpler, ancestral

toxin fold, encompassing only two disulfide bonds, the so-called disulfide-directed

β-hairpin (DDH) (Escoubas and Rash 2004; Smith et al. 2011; Wang et al. 2000).

While the DDH motif is found in many proteins and in most phyla, direct

evidence for molecular evolution from DDH to ICK motif was lacking until

recently, when a scorpion toxin was identified and shown to adopt to this previously

hypothetical DDH fold (Smith et al. 2011). By comparisons of ICK structures with

that of the newly identified DDH toxin, it has been found that the two central

disulfide bridges of ICK toxins nicely align with the DDH disulfides, suggesting

that the “outer” solvent exposed additional disulfide, that closes the ring of the ICK

motif, has emerged later during evolution (Fig. 1).

While many venoms can cause inflammatory pain as a consequence of severe

tissue damage, some venoms can produce a robust perception of pain without

eliciting appreciable trauma or damage. As illustrated below, venoms of the latter

category have been found to directly engage and hijack ion channels and receptors

of nociceptive sensory neurons, among them TRP ion channels. Likely, this serves

to deter and avert predators and competitors by inflicting a painful and memorable

experience. This parallels the mechanisms adopted by numerous plant species to

deter predatory mammals through the production of chemical irritants (such as

capsaicin or isothiocyanates) that also target TRP channels on sensory neurons of

the pain pathway (Basbaum et al. 2009).
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2 Toxins of Venomous Organisms in Ion Channel Research
and Medical Therapy

A lot of the knowledge on ion channel structure and function (ligand or voltage-

gated) was elucidated using specific purified or synthesized peptide toxins

(Catterall 1986; Norton and Olivera 2006; Terlau and Olivera 2004; Tsetlin 1999).

The Tarantula toxin, Hanatoxin, for instance, helped to pave the way for

structure-function analysis of potassium and sodium ion channels. Other known

examples include tetrodotoxin (TTX) from tetraodon pufferfish and saxitoxin

(STX) from shellfish (Llewellyn 2006) for blocking sodium channels. Both toxins

have revealed valuable information about the way neurons communicate with each

other. α-bungarotoxin and other α-neurotoxins from Elapidae and Hydrophidae
snakes were used to provide the first identification of nAChRs (Hucho et al. 1996;

Lena and Changeux 1998), and α-bungarotoxin is still used as the most reliable

Fig. 1 Overlay of the newly identified ancestral DDH toxin (U1-LITX-Lw1a, red) with homolo-

gous ICK toxins (gray). Homologous spider ICK toxins include (a) guangxitoxin, (b) GsMTX-4,

(c) Hainantoxin-I, (d) Purotoxin, and (e) κ-hexatoxin-Hv1c. The two central disulfides of the ICK

toxins shown in gray tubes overlap with the two disulfides of DDH (gold tubes). Additional ICK
disulfides are shown in blue. (f) Graphical representation of the DDH and ICK motifs, with the

disulfides and β-sheet of the DDH motif shown in orange and green, respectively. The third

disulfide necessary for the formation of the ICK motif is shown in blue. (Adopted with permission

from Smith JJ. et al. 2011, PNAS, Vol. 108, 26, 10478–10483.)
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pharmacological tool to study neuromuscular blockage. Furthermore, α- and

β-neurotoxins from scorpions have been used to modulate sodium channels by

delaying inactivation (α), or shifting the membrane potential dependence (β)
(Bosmans and Tytgat 2007; Zuo and Ji 2004). The high degree of specificity with

which venom peptides bind to different ion channel families as well as to other

membrane receptors (including voltage-gated sodium (Nav), calcium (Cav), and

potassium (Kv) ion channels and ligand-gated receptors such as nicotinic acetyl-

choline receptors (nAChRs), N-methyl-D-aspartate (NMDA), and G-protein cou-

pled receptors (GPCRs)) make them ideal tools to study biophysical properties of

target receptors as well as their physiological functions in vivo. Additionally, their

high degree of specificity makes them suitable for manipulating the activity of

selective cell subtypes. These properties (specificity/selectivity and high biological

activity) that make toxins effective venoms are also what make them so valuable for

medical applications. Many venom toxins target the same molecules that need to be

controlled during diseases. A specific therapeutic area in which peptide toxins have

already proven their potential includes, for instance, the treatment of chronic pain in

humans by ω-conotoxin MVIIA (commercialized as Prialt) (Miljanich 2004; Staats

et al. 2004; Zamponi et al. 2009). Snail venom peptides called conantokins are

being tested with some success against epileptic seizures (Jimenez et al. 2002).

Both, conotoxins and conantokins, are evaluated in studies of Alzheimer’s and

Parkinson’s diseases, depression, and nicotine addiction (Moriguchi et al. 2012;

Ragnarsson et al. 2002). In 2005, a venom component of Gila monster, called

Exenatide (Byetta), was approved by the US Food and Drug Administration for the

management of type 2 diabetes mellitus (Bond 2006). This peptide stimulates the

secretion of insulin in the presence of elevated blood glucose levels. The sea

anemone holds great potential for treating autoimmune diseases such as multiple

sclerosis, rheumatoid arthritis, psoriasis, and lupus (Chi et al. 2012). For instance,

Stichodactyla toxin (ShK) blocks Kv1.1 and Kv1.3 channels and is currently in

phase 1 human trials for the treatment of autoimmune diseases. Eastern green

mambas possess toxins that impair blood circulation and could be life saving to

heart patients; Cenderitide, a fusion of a key peptide of the venom with a peptide

from cells of human blood vessels, is intended to lower blood pressure and reduce

fibrosis in a failing heart (Martin et al. 2012; von Lueder et al. 2013). Interestingly,

ASIC channels are important targets by various venomous toxins. These include

the sea anemone toxin, APETx2, that diminishes postoperative pain (Diochot

et al. 2004), as well as psalmotoxin 1 (PcTx1) of the Trinidad chevron tarantula

and Black mamba toxin peptides (Mambalgins) targeting ASIC channels with great

potential to be effective new analgesics in the treatment of chronic pain (Diochot

et al. 2012; Mazzuca et al. 2007). Moreover, a drug based on an anticoagulant toxin

in the saliva of the vampire bat is now in clinical trials to test its potential to dissolve

blood clots of stroke patients. It was found that the thrombolytic activity of the toxin

exceeds that of conventional treatments, extending the time window for treatment

from currently 4 to potentially 9 h (Liberatore et al. 2003; Medcalf 2012; Reddrop

et al. 2005).
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3 Toxins: Mode of Action

The mode of action of toxins will be exemplified on Kv channels, which have been

most extensively studied. A number of different mechanisms have evolved for

toxin-mediated modulation of ion channel activity. Among the best studied

examples are two major groups: The “pore-pluggers” and the “voltage-sensor

modulators.”

“Pore-pluggers” bind to the outer vestibule of the ion conduction pore and

physically block the flow of ions. Well-characterized examples are the scorpion

toxins, charybodotoxin and agitoxin (Miller 1995), which block potassium channels

and were used to identify and probe their pore region (MacKinnon and Miller

1989). The pore domain determines K+ ion selectivity and contains the region that

pore blocking toxins target. In the case of charybdotoxin, a Lys residue on the active

surface of the toxin is “plugged” into the pore of the channel and interacts with

potassium ions bound within the selectivity filter (Anderson et al. 1988; Banerjee

et al. 2013; MacKinnon and Miller 1988; Park and Miller 1992; Rodriguez de la

Vega et al. 2003).

The voltage-sensing domain is a second region of ion channels that is widely

targeted by toxins. The four external arginine (or lysine) residues in S4 are

positively charged and carry most of the gating charge (Aggarwal and MacKinnon

1996; Seoh et al. 1996). Binding to this region induces conformational changes

during gating and thereby influences the gating mechanism by altering the stability

of the closed, open, or inactivated states. Toxins targeting the voltage sensing

domains of Nav channels can block or facilitate channel opening (Bosmans and

Swartz 2010). Extensive studies on the voltage sensor were carried out in Kv

channels. Hanatoxin, a 35-aa three-disulfide bond peptide, is the best-studied

tarantula toxin that targets the voltage sensor and inhibits opening of the Kv channel

by stabilizing the resting conformation of the voltage sensor (Phillips et al. 2005;

Swartz and MacKinnon 1997a, b). As illustrated in Fig. 2 the region where

hanatoxin binds is called the voltage sensor paddle motif (Jiang et al. 2003b), a

helix-turn-helix motif composed of the C-terminal portion of S3, (S3b), and the S4

helix (Alabi et al. 2007; Jiang et al. 2003a; Ruta et al. 2005; Swartz 2008). This is a

mobile region in the voltage-sensing domain that moves in response to changes in

membrane voltage (Alabi et al. 2007; Jiang et al. 2003a, b). It was shown that

paddle motifs are modular components that can be swapped between ion channels

with a voltage-sensing domain without losing their functional properties (Alabi

et al. 2007; Bosmans et al. 2008). The paddle motif is an important pharmacological

target in ion channels because various tarantula toxins were shown to interact with

this region (Bosmans et al. 2008; Milescu et al. 2009; Phillips et al. 2005; Lee

et al. 2004). In addition, it was postulated that toxins like hanatoxin partition into

the lipid membrane and bind to the paddle motif from within the bilayer (Lee and

MacKinnon 2004; Milescu et al. 2007, 2009) (See also Fig. 2). This suggests that

the effect of toxins and their interaction with the ion channel is not determined by

the protein alone but by the lipids in the surrounding membrane.
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4 Toxins Modulating TRPV1 Activity

4.1 Vanillotoxins

TRPV1 is predominantly expressed in primary afferent sensory fibers that innervate

the skin and viscera. Originally cloned as the receptor for capsaicin, the pungent

ingredient in red chili peppers (Caterina et al. 1997), TRPV1 has subsequently

emerged as a prototypical molecular nociceptor, participating in the detection of a

wide range of noxious stimuli such as low pH, high temperature, and inflammatory

signaling molecules (Basbaum et al. 2009). Biophysical properties as well as

physiological functions of TRPV1 are described in detail in a previous chapter of

this book.

Pain serves as an important warning system signaling tissue damage and distress

triggering protective reflexes that allow the organism to respond to and escape from

potentially dangerous environments.

Similar to selected plant species, venoms of some animals inflict pain by directly

activating primary afferent sensory fibers, presumably hijacking the pain system, to

deter predators and competitors by causing a memorable discomfort and distress.

Since TRPV1 and its related ion channels TRPA1 and TRPM8 are central to the

pain pathway, a screen was conducted to test whether venoms contain toxins

specifically activating these receptors thus explaining a pain-producing effect of

bites and stings by some venomous species. Out of 22 spider and scorpion venoms,

two distantly related tarantula species, Psalmopoeus cambdridgei and

Fig. 2 Illustration of hanatoxin binding to the voltage sensor of a Kv channel. Hanatoxin, a 35-aa

three-disulfide bond peptide, is among the best-studied tarantula toxin that targets the voltage

sensor domain and inhibits opening of the Kv channel by stabilizing the resting conformation of

the ion channel. The region where hanatoxin binds is the so-called voltage sensor paddle motif, a

helix-turn-helix motif composed of the C-terminal portion of S3, (S3b) and the S4 helix. This

mobile region in the voltage-sensing domain moves in response to changes in membrane voltage.

It has been suggested that Hanatoxin partitions into the lipid membrane and binds to the paddle

motif from within the bilayer. (Adopted with permission from Swartz 2007, Toxicon, Vol.

49, Issue 2, 213-230)
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Ornithoctonus huwena (the latter also known as “Earth Tiger”), robustly and

specifically activated TRPV1 (Siemens et al. 2006). Reiterative reversed-phase

chromatography of Psalmopoeus cambdridgei venom yielded three related peptide

toxins each of which individually promoted TRPV1 activation with different

efficacies in calcium imaging experiments and electrophysiological recordings of

overexpressed or native vanilloid receptor TRPV1. Accordingly, the peptide toxins

were named vanillotoxins (VaTx 1–3). Edman peptide sequencing combined with

mass spectrometry revealed that vanillotoxins consist of 34–35 amino acids that

belong to the extended family of inhibitory cysteine knot (ICK) peptides. Vatxs

were also confirmed to elicit nocifensive behavior in a TRPV1-dependent fashion

and to be present in sufficiently high enough concentrations in the crude venom

(100–1,000 Fold their EC50 values), suggesting that a TRPV1-mediated pain

response can be triggered in envenomated animals in the wild.

ICK toxins are widely recognized as inhibitors of cationic channels and trans-

membrane receptors, exemplified by the detailed analysis of Hanatoxin’s (Hatx1

and 2) interaction with voltage-gated potassium (Kv-) channels (Swartz 2007).

Vanillotoxins were among the first ICKs identified that act as positive modulators

of a cationic channel rather than serving as inhibitors.

To test whether any of the VaTxs additionally exhibit a “classic” inhibitory

function, they were tested on a set of Kv channels. Indeed, it was found that Vatx1

is equally potent as a TRPV1 activator and as a Kv2.1 inhibitor (Fig. 3). Vatx 2 and

3, that are more potent TRPV1 activators than VaTx1, had only minor or no

appreciable activity on any of the tested Kv channels (Siemens et al. 2006). The

diversification of vanillotoxins serves as a rare illustration how one of the most

commonly found scaffolds in venom toxins, the ICK motif, can be adapted to novel

functions. As described above, the Cysteine knot is a very robust, yet at the same

time highly versatile structural scaffold, serving many functions that are acquired

by gene duplication and rapid diversification (Conticello et al. 2001; Sollod

et al. 2005; Kordis and Gubensek 2000). Here, Vatx 1-3 exemplify apparent

evolutionary transition states with graded selectivity for Kv2.1 and TRPV1 ion

channels (Bohlen and Julius 2012). This functional diversity is also reflected in

sequence differences: Among the 3 vanillotoxins, promiscuous Vatx1 is most

similar to Kv inhibitor toxins from related tarantulas (such as the Heteroscodra

maculate toxin HmTx1) while Vatx2 and Vatx3 are progressively dissimilar to

Vatx1 (and for that matter to HmTx1) and at the same time more specific and potent

activators for TRPV1.

Both channel types, Kv and TRP ion channels, are believed to be structurally

related and share similar membrane topology, tetrameric organization, and to a

limited degree also voltage sensitivity. Given this similarity, one would intuitively

speculate that VaTx1 is likely to bind to a similar region within Kv2.1 and TRPV1

ion channel polypetides. Surprisingly, directed mutagenesis as well as use of

chimeric TRPV1 channels encompassing domains of toxin-insensitive frog

TRPV1 and toxin-sensitive rat TRPV1 showed that this is not the case (Bohlen

et al. 2010). While VaTx1 inhibits Kv channels by binding to the voltage sensor

domain (the third and fourth transmembrane helices) (Fig. 2) much like other
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extensively studied ICK toxins (Catterall et al. 2007; Swartz 2007), the toxin

instead recognizes the pore domain (the fifth and sixth transmembrane helices)

within TRPV1 protein (Bohlen et al. 2010) (Fig. 4). Opposite to Vatx1, it appears

that VaTx2 and 3 have evolutionary refined their binding specificity in favor of a

TRPV1 interaction.

There are several examples of toxins that have acquired new functionalities over

time and others appear to be in the middle of such a transitioning process having

adopted bifunctionality, such as huwentoxin-XI, which has acquired both trypsin

and Kv channels’ inhibitory activity (Fry et al. 2009; Yuan et al. 2008).

As such, the different vanillotoxins could be considered evolutionary

intermediates transitioning between paralyzing (Kv channel inhibiting) and pain-

inducing (TRPV1 activating) toxin functionalities.

4.2 Double-Knot Toxin

Although the chromatographic profile of the active ingredient in Ornithoctonus
huwena venom suggested that it was also proteinacious in nature, with a mass of

8,522 Da it appeared unusually large for an ICK peptide.

Due to paucity of material and its rather large size, a different strategy was

employed to disclose its nature. A partial sequence was obtained by de novo peptide

sequencing. The peptide sequence information was used to design degenerate

primers for subsequent PCR cloning of the full-length cDNA encoding the mature

toxin from venom gland tissue (Bohlen et al. 2010). The O. huwena toxin had no

apparent homology to any of the three vanillotoxins, suggesting that the TRPV1-

activating toxins of the two tarantula species had independently evolved through

convergent evolution. Closer analysis revealed that, most strikingly, the toxin
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Fig. 3 Vatx1 can act both, as an activator of TRPV1 and an inhibitor of Kv2.1. Left: dose–
response analysis by whole-cell voltage-clamp recording of TRPV1-expressing oocytes (180 mV)

revealed EC50 values of 11.9� 1.4, 2.53� 0.02 and 0.32� 0.09 μM for VaTx1 (blue), VaTx2
(green), and VaTx3 (black), respectively. Right: toxin-mediated inhibition of Kv2.1 (at 0 mV) was

assessed in oocytes. The full dose–response is shown for VaTx1 (IC50¼ 7.4� 1.9 μM). Error bars

represent s.e.m.; n> 3 trials for each toxin concentration. (Adopted with permission from

Siemens, J. et al. 2006, Nature, Vol 444)
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consisted of tandem repeats of two individual ICK motifs and was therefore named

“double knot toxin” (DkTx, Fig. 4). Presumably, DkTx has evolved from a gene

duplication event that conjoined the two individual ICK motifs into a single open

reading frame.

This unusual structural arrangement is paralleled by nearly irreversible activa-

tion of its target receptor TRPV1. A series of experiments led to the conclusion that

the two covalently connected ICK lobes have bivalent properties, resulting in

exceptionally high avidity for its multimeric target TRPV1, similar to antibody-

like binding properties. Indeed, robust and long-lasting activation of TRPV1

correlated with specific, nearly irreversible direct physical interaction of DkTx

with the ion channel, as deduced from binding studies (Bohlen et al. 2010).

Multimerizing ligands as a means to increase their effectiveness is a well studied

and exploited phenomenon in pharmaceutical chemistry. There are numerous

examples were multivalent strategies have proven extremely useful and result in

enhanced kinetic parameters and drastically increased affinities of pharmacophores

(Bohlen and Julius 2012). The mode of action of such multivalent ligands can be

categorized into three different modes: polyvalency (targeting multiple receptors

distributed over a larger surface), hetero-multivalency (targeting discrete epitopes

of a given receptor), and homo-multivalency (targeting identical binding sites on

different subunits of a multimeric complex). Initial estimations accounting for

DkTx linker length estimations accounting for DkTx linker length as well as the

presumed dimensions of homo tetrameric TRPV1 channels suggest that homo-

multivalency is the likeliest scenario for a TRPV1–DkTx mode of interaction.

Theses findings are corroborated by subsequent structural analysis of a DkTx-

TRPV1 protein complex (Cao et al. 2013). Single channel recordings of TRPV1

in the presence of DkTx are in agreement with this interpretation: irreversible

Fig. 4 Model of Toxin binding to TRPV1 and Kv channels. Gray bars represent transmembrane

helices, and red dots highlights residues that are crucial for double-knot toxin (DkTx) activation.

In the simplest scenario, the two knots of DkTx bind to two equivalent sites on multiple subunits of

the same channel. Kv channels likely possess the same overall transmembrane topology as TRPV1

but interact with ICK toxins in different ways. For example, charybdotoxin (CTx) binds within the

ion permeation path to block ion flux, and voltage-modulator toxins, such as hanatoxin (HaTx),

target the voltage sensor to modify gating properties (blue and green dots represent mutations that

attenuate CTx and HaTx inhibition, respectively). The single-knot vanillotoxins (VaTx) also

appear to target the S3–S4 helices of Kv channels, but they activate TRPV1 through the pore

region. (Adopted with permission from Bohlen CJ. et al. 2010, Cell, Vol. 141, p. 834–845)
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activity of DkTx is not only observed in macroscopic currents deduced from whole-

cell patch-clamp recordings but have been also recapitulated in single channel

recordings of TRPV1 (Bohlen et al. 2010).

While multivalency is a widespread phenomenon in nature as well as pharma-

ceutical chemistry, it has thus far been rarely observed for toxins. Few reported

examples include sarafotoxin as well as a newly identified tandem ICK toxin from

the yellow sac spider as well as a few selected other examples (Ducancel

et al. 1993; Vassilevski et al. 2010). Given the widespread presence of longer

peptide toxins (>6,000 Da) in scorpion, cone snail, and spider venom (Escoubas

and Rash 2004), it is likely that more tandem repeat ICK toxins will be discovered

in the future.

Other non-covalently linked multimeric toxins have been identified that also

have multivalent properties, such as the highly potent two-component toxin from a

coral snake that activates acid-sensing ion channels (ASICs) (Bohlen et al. 2011).

Interestingly, ASIC activation by MitTx toxin complex also induces pain and

inflammation, again pointing to an adaptation selecting for exploitation of the

pain pathway of a variety of venomous animals inhabiting different environmental

niches.

While the TRPV1 activator DkTx is not the only multivalent toxin, it represents

thus far the clearest case that bivalency can tremendously increase potency as well

as duration of activity compared to individual, monovalent vanillotoxins. DkTx can

be produced in good yields, and researchers are not required to rely on miniature

amounts that can be harvested from spiders (Bae et al. 2012). These properties of

DkTx not only aided in probing biophysical properties and physiological functions

of TRPV1, it also helped to obtain the first high resolution structures in the open

conformation of the capsaicin receptor, or for that matter, of any TRP ion channel

(Cao et al. 2013; see also a previous chapter in this book, highlighting TRPV1

protein structures).

Since natural toxins target a number of medically relevant receptors with high

specificity and have been invaluable tools in basic research that have additionally

also entered the therapeutic stage, a combinatorial approach to generate multivalent

toxins may greatly improve toxin effectiveness and should be explored in the

future.

5 Additional TRPV1-Mediated Toxin Effects

A number of venoms have been found to cause inflammation and pain, either

locally but sometimes also more widespread and distal to the site of the bite or

sting. Certainly, not all of these effects can be attributed to TRPV1 activation, and

other molecular toxin targets of the somatosensory system have been identified that

can mediate painful responses (Bohlen and Julius 2012). Nevertheless, some

additional toxins have been found to target TRPV1, either directly or indirectly.

Among them are a group of polycyclic ether toxins that are produced by marine

dinoflagellates and that are carried by certain reef- and shellfish. Consumption of
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such infested tropical fish can lead to ciguatera fish poisoning (CFP) and neurotoxic

shellfish poisoning (NSP). Common symptoms of acute intoxication include tin-

gling of lips, hands and feet, unusual temperature perception, and burning mouth

syndrome (Cameron and Capra 1993; Heir 2005). Polycyclic ether toxins gambierol

and brevetoxin are derived from CFP and NSP, respectively. Cuypers et al. found

that both toxins can activate TRPV1 (Cuypers et al. 2007). Both toxins appear to be

allosteric modulators of TRPV1 that cannot activate the ion channel on their own

(at least not at the concentrations tested) but instead enhance the effect of capsaicin

or other TRPV1 agonists. Similar results were found with extracts from jellyfish

tentacles that are known to cause a burning pain sensation (Cuypers et al. 2006).

While it cannot be ruled out that these toxins have other molecular targets, it is

likely that they act directly on TRPV1. Interestingly, similar to Vatx 1, Gambierol

not only promoted activation of TRPV1 but also has inhibitory activity on Kv

channels (Cuypers et al. 2008). However, the inhibitory mechanism of Gambierol-

mediated Kv-channel inhibition appears to be different from ICK toxins such as

HaTx or VaTx, and the site of action resides close to the Kv-ion channel pore and

not within the voltage-sensor domain (Kopljar et al. 2009). The site of Gambierol’s

action on TRPV1 has not been determined yet. If Gambierol also constitutes an

adaptive transition state of a toxin that acquired a new function, we can only

speculate. It may turn out informative to test-related polycyclic ether toxins for

their ion channel specificity and to determine structural elements within the poly-

mer that dictate functionality.

Within the pain pathway, TRPV1 cannot only be activated directly by heat or by

interactions with agonists such as endogenous produced lipid intermediates and

protons, but it is also target of several signaling cascades that activate or sensitize

the receptor (Fig. 5). Thus, TRPV1 serves as a molecular integrator (also referred to

as polymodal nociceptor) of inflammatory and noxious signals (Julius and Basbaum

2001; Nieto-Posadas et al. 2011; Tominaga and Tominaga 2005). Intriguingly,

venomous creatures appear to likewise exploit indirect activation and sensitization

mechanisms of TRPV1 to produce a noxious sensation. Bv8, a protein toxin found

in skin secretions of the yellow-bellied frog, Bombina variagata, is a potent

activator of the prokineticin receptor 1 and 2 (PKR 1 and 2). Injection of Bv8

caused a PKR-mediated hyperalgesia that was largely dependent on TRPV1 (Negri

et al. 2006; Vellani et al. 2006). Similar toxins have been identified from other

reptiles as well as spiders, suggesting that nociceptor sensitization through the

manipulation of signaling cascades is more widespread (Fry et al. 2006; Negri

et al. 2007; Schweitz et al. 1990; Szeto et al. 2000; Wen et al. 2005) (Fig. 5).

TRPV1 inhibitory activities have also been found in venoms. Partial TRPV1

inhibition has been observed from tropical sea anemone Heteractis crispa venom.

The polypeptide toxin APHC1 antagonized TRPV1 currents and capsaicin-induced

nocifensive responses in animal models (Andreev et al. 2008).

Two non-peptidic toxins, AG489 and AG505, which attenuate TRPV1 activity

have been isolated from the funnel web spider, Agelenopsis aperta. However, these
toxins appear to inhibit a broad range of different receptors and can also lead to
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TRPV1-independent paralysis of envenomated species (Kitaguchi and Swartz

2005; Skinner et al. 1989).

6 Toxins Affecting Other TRPs

So far, there is only very little information about animal toxins targeting TRP

channels other than TRPV1. However, a few other examples exist and the latter

two illustrate that toxins indirectly affecting TRP channel function can also help to

decipher their physiological roles.

Fig. 5 Toxins targeting TRPV1. TRPV1 detects physical and chemical signals from the environ-

ment, including acidic pH and hot temperatures. Plant-derived irritants, cnidarian extracts, and

toxins from tarantula venommimic these harmful stimuli by promoting TRPV1 activation. TRPV1

is sensitized by phospoholipase C activation triggered by inflammatory signaling molecules such

as bradykinin or ATP that are released downstream from venom lipases, proteases, and kallikreins.

Other toxins, such as Bv8 from frog skin, produce TRPV1 sensitization through direct activation of

GPCRs. (Adopted with permission from Bohlen CJ., Toxicon, 2012, Vol. 60, p. 254–264)
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6.1 TRPV6

TRPV6 is expressed in apical membranes of various tissues including kidney,

intestine, pancreas, and prostate (Nijenhuis et al. 2003a, b; Zhuang et al. 2002).

In the gastrointestinal tract, it is involved in apical entry of calcium ions

(Hoenderop et al. 2005; Zhuang et al. 2002). TRPV6 has been implicated in

tumor development and progression in a number of cancers (Bodding 2007; Nilius

et al. 2007; Santoni et al. 2011). Upregulation of TRPV6 protein levels has been

reported in tumors of ovary, breast, colon, and prostate cancer (Wissenbach

et al. 2001; Zhuang et al. 2002). This indicates that TRPV6 could be a novel

therapeutic target for the treatment of tumors over-expressing the receptor. To

elucidate this further, a recent study made use of the toxin Soricidin isolated from

the saliva glands of the northern short-tailed shrew (Blarina brevicauda) (Peters
et al. 2012). Soricidin is a novel peptide that has been shown to inhibit calcium

uptake via TRPV6 channels. Furthermore, it was shown that two peptide sequences

from the c-terminal domain of soricidin have a high binding affinity for TRPV6 in

ovarian cancer. In the study of Bowen et al. (2013), these two peptide sequences

were conjugated with a fluorescent dye or an magnetic resonance imaging (MRI)

contrast agent which enabled them to monitor the distribution of the peptides

in vivo (Bowen et al. 2013). Imaging tumors over-expressing TRPV6 provides

opportunities for early detection of ovarian cancer. This is especially important

because ovarian cancers are difficult to detect in their early stages, and early

detection could be lifesaving.

6.2 TRPA1

TRPA1 is another TRP channel family member that is indirectly modulated by a

venomous compound. TRPA1 channels are expressed in nociceptive DRG neurons

and are important transducers of pungent or irritating environmental stimuli and

thus play a crucial role in nociception. Similar to TRPV1, the receptor has recently

been implicated in the development of ciguatoxin-induced symptoms (Vetter

et al. 2012). As stated above, Ciguatera fish poisoning is an acute intoxication

resulting from the consumption of tropical reef fishes (Lewis 2006). Symptoms of

this poisoning also include major peripheral sensory disturbances, including a

hypersensitivity to cold (allodynia), which is characterized by intense stabbing

and burning pain in response to mild cooling. Of the different ciguatoxin variants

that exist, P-CTX (Pacific Ocean CTX) is the most potent and thought to be

responsible for the majority of neurological symptoms (Lewis 2001). Interestingly,

Vetter et al. now discovered that Ciguatoxin-induced allodynia is due to indirect

activation of TRPA1 ion channels. Evidence for this is based on heterologously

expressed TRPA1 which could only be activated by P-CTX in the presence of Na

(v) channels, not if expressed individually. Importantly, mice lacking TRPA1

showed a reduction of the effect of CTX on C-fibers and on ciguatoxin-induced

cold allodynia. Furthermore, functional MRI studies revealed that ciguatoxin-
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induced cold allodynia enhanced the BOLD (Blood Oxygenation Level Dependent)

signal, an effect that did not occur in TRPA1-knockout mice. As a consequence of

ciguatoxin-induced activation of voltage-gated sodium channels, TRPA1 channels

are activated at a temperature where they usually would not be activated. Thus,

when ciguatoxins are present, a temperature decrease can lead to activation of

TRPA1 channels, leading to the inappropriate sensation of painful burning. This

may serve as a warning device to alert the body of danger (Voets 2012).

6.3 TRPCs

Bee stings cause persistent pain and swelling around the sting area. The main

peptide of bee venom responsible for pain is the toxin melittin. This toxin activates

different subpopulations of primary nociceptive neurons. It was recently shown that

TRPC channels may represent a possible target by melittin (Ding et al. 2012).

TRPCs are the closest homologs to drosophila TRP channels and are expressed

in the central and peripheral nervous system (Chung et al. 2006; Riccio et al. 2002).

In the DRG, TRPC1, TRPC3, TRPC4, and TRPC6 are most abundant (Kress

et al. 2008). To date, the role of TRPC channels in the somatosensory neurons is

not very well established. Ding et al. (2012) recently postulated a possible role for

this subgroup of TRP channels in somatosensation. For their study they used the

melittin model to induce inflammatory pain (Chen and Lariviere 2010) in rats.

Subcutaneous melittin injection causes persistent pain and pronounced thermal and

mechanical hyperalgesia (Chen et al. 2006; Li and Chen 2004). Melittin was

already shown to indirectly activate TRPV1 (Du et al. 2011). Interestingly, a

subpopulation of neurons positive for TRPC1 and TRPC3 does not express

TRPV1 but is sensitive to melittin (Ding et al. 2011; Kress et al. 2008), suggesting

that TRPV1 is not the only target of this toxin. For this reason, Ding

et al. investigated melittin-induced pain behaviors in the presence of the nonselec-

tive TRPC antagonist SKF-96365. In fact, administration of this blocker prior or

after subcutaneous melittin injection reduced the development of persistent sponta-

neous pain, suggesting that TRPC channels may be involved in mediating the

pathophysiological processes of a bee sting. However, additional experimentation

will be needed to fully elucidate the mechanism of melittin-evoked nociception.

Due to nonselective properties of SKF-96365, it cannot be ruled out that channels

other than TRPCs are at play here.

7 Discussion and Outlook

While it is appealing and intuitive to assume that pain-inflicting toxins provide an

adaptive advantage by averting predatory threats, it is difficult to assess their

physiological role directly in the wild. As a starting point for addressing this

evolutionary aspect, it may be helpful to categorize venomous species into ones

that utilize their venom mainly to capture and kill prey and others that employ their
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toxin cocktails foremost as a defense mechanism. The assumption would be that

venoms used as a defense mechanism may contain pain-inflicting “nocitoxins,”

while predatory species have less or no nocitoxins since it would not provide an

advantage to them. In fact, it may even be disadvantageous to produce a pain

response when prey paralysis is the main purpose of the toxin cocktail. In agree-

ment with this notion, toxin combinations have been found in predators that

suppress the fight-or-flight response in prey (Olivera et al. 1999).

For some species such as spiders, the venom serves multiple functions and is

optimized to encompass both goals of prey capture and chemical defense. In fact,

some components of certain insect venoms may even serve less appreciated roles as

pheromones and in chemical communication (Speed et al. 2012). But clearly,

predatory cone snails chiefly (if not exclusively) use their venom to paralyze and

kill prey and thus may have no adaptive need for nocitoxins. In this regard it is

noteworthy that a cellular screen similar to that published in Siemens et al. (2006)

has also been conducted with venoms of a dozen different cone snail species. In

opposite to spider venoms, this screen did not yield any agonist activity on any of

the three somatosensory TRP ion channels tested, namely TRPV1, TRPA1, and

TRPM8 (David Julius and Jan Siemens—unpublished data). While more compre-

hensive studies are required to obtain conclusive results for the two categories

(prey-capture venoms vs. defensive venoms), these preliminary result argues that in

regard of inflicting a painful sensation, there may be adaptive differences.

For the elaboration of this hypothesis, it is also important to consider the

perspective of the other party involved, that of the predator or competitor. One

particular example illustrates how an adaptive advantage of a pain-inflicting toxin

from certain scorpion species, the Bark scorpions, has been negated by a subsequent

evolutionary adaption of its predator, the Grasshopper mouse. The venom of Bark

scorpions inflicts pain in many mammals such as house mice, rats, and humans by

directly activating voltage-gated Na+ channels. Grasshopper mice express a Na+

channel variant that is inhibited by the scorpion toxin, thereby blocking action

potential propagation and a painful sensation (Rowe et al. 2013). This is an example

of the adaptive “arms race” and illustrates the intricate predator—prey relationship,

even at the level of somatosensory processing.

It may not be surprising that a number of different venom components target

TRPV1, thereby causing a noxious sensation. After all, this is what venoms of many

species have evolved for: to deter predators and competitors. Apparently, this can

easily be achieved by injecting (through bites and stings) a TRPV1 agonist. ASIC

channels are also included as venom targets to produce a noxious sensation (Bohlen

et al. 2011) confirming that nocitoxins are not limited to exclusively targeting

sensory TRP ion channels. On the other hand, it is somewhat surprising that not

more pro-nociceptive toxins have been identified from venomous species that target

other receptors relevant to the pain pathway. A number of plant-derived products

have been found to activate other sensory receptors of the TRP ion channel family

besides TRPV1 (Vriens et al. 2008); however, no additional toxins have been

described for these thus far.
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Why toxins specific for additional TRPs have not yet been identified, we can

only speculate. One trivial explanation is that people have either not searched for

such toxins or no robust cellular assays are available for certain TRPs to test toxin

activity. Another, more provocative, possibility is that either activation or inhibition

of other TRP ion channels does not provide an adaptive advantage to the venom-

producing species since it would neither lead to paralysis/death nor a memorable

nocifensive response. Thus, toxins affecting other TRP channels may not have been

evolutionary selected for.

Yet another possibility is that the gating mechanism of other TRPs may differ

from that of TRPV1 and may not be compatible with toxin bioactivity. Most TRP

ion channels harbor only relatively small extracellular domains that can be accessed

by peptide toxins, which are not able to freely permeate into the cytosol. Binding

sites for TRP channel agonists are primarily located intracellularly, which may

explain why these receptors are only weakly influenced by extracellular peptides.

In this regard the irritant receptor TRPA1 may pose a particular example. This

receptor can be activated by a multitude of different endogenous and exogenous

ligands, including several plant products. Yet, no toxin of a venomous animal has

been described to our knowledge that is either activating or inhibiting this promis-

cuous receptor of the pain pathway. Different to TRPV1, TRPA1 is activated by a

number of reactive substances that covalently modify the channel protein, thereby

resulting in channel opening (Hinman et al. 2006; Macpherson et al. 2007). Reac-

tive molecules, that only have a short half-life, may not be compatible with venoms

that have to be produced and stored for longer periods of time before use and thus

may lose activity fairly easily, particularly in complex venom mixtures. This is

reflected in ICK peptide structures that are optimized for stability even under harsh

conditions, while at the same time binding with high specificity to a range of

different (membrane) receptors and ion channels.

Although ICK toxins contain a number of paired cysteines that potentially could

lead to covalent modification of target receptors such as TRPA1, their oxidative

strength is likely very limited, reflecting the overall ICK stability. More impor-

tantly, peptide toxins have no access to intracellular redox-sensing cysteines on

TRPA1.

Whether other more reactive toxin species exist, future work will show. In this

regard it is worth noting that crude venom of the platypus (Ornithorhynchus
anatinus) harbors ingredients that can activate TRPA1 in cellular assays (David

Julius and Jan Siemens unpublished observation). The venom, which is delivered

by spurs located at the platypus hind limbs, is known to cause excruciating pain

(Mebs 2002). In the same assay, the venom did not activate TRPV1 or TRPM8. Due

to paucity of material and problematic behavior in chromatographic purification

approaches—potentially reflecting reactivity of the putative compound—the

venom ingredient causing TRPA1 activation was never isolated and further

characterized. Whether this venom entity belongs to the peptidic toxin fraction

or—more likely—to the fraction of small toxin molecules, it is thus not known to

date and will require further exploration.
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While chemical reactivity as a mechanism for toxin function is speculative, it is

known that peptide toxins carry a vast array of modifications and their contribution

to receptor specificity, avidity, as well as other toxin properties are largely

unexplored.

Toxins, such as HaTx, have been instrumental in understanding biophysical

parameters and helped paving the way to obtain high-resolution structural informa-

tion of Kv ion channels.

For the first TRP ion channel, the capsaicin receptor TRPV1, detailed structural

information is now available in the closed and the open state (Liao et al. 2013; Cao

et al. 2013). For stabilizing the open conformation and deriving structural details of

the gating mechanisms via cryo electron microscopy, DkTx has played a notewor-

thy role (see also a previous chapter in this book highlighting the TRPV1

structures).

Clearly, based on the success in the biophysical characterization of the capsaicin

receptor and other ion channels, it would be highly beneficial for the TRP channel

field to identify toxins with specificity for other TRP members.
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Abstract

Transient Receptor Potential (TRP) channels are activated by stimuli as diverse

as heat, cold, noxious chemicals, mechanical forces, hormones,

neurotransmitters, spices, and voltage. Besides their presumably similar general

architecture, probably the only common factor regulating them is phosphoi-

nositides. The regulation of TRP channels by phosphoinositides is complex.

There are a large number of TRP channels where phosphatidylinositol 4,5

bisphosphate [PI(4,5)P2 or PIP2] acts as a positive cofactor, similarly to many

other ion channels. In several cases, however, PI(4,5)P2 inhibits TRP channel

activity, sometimes even concurrently with the activating effect. This chapter

will provide a comprehensive overview of the literature on regulation of TRP

channels by membrane phosphoinositides.

Keywords

Phosphoinositides • PIP2 • TRP channel • Phospholipase C • TRPV1

Abbreviations

AASt Arachydonyl-stearyl

AKAP A-kinase anchoring protein

DAG Diacylglycerol

DGS-NTA 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)

iminodiacetic acid)succinyl]

DRG Dorsal root ganglion

ER Endoplasmic reticulum

GPCR G Protein Coupled Receptor

IP3 Inositol-1,4,5-trisphopshate

Kir K+ inwardly rectifying

PI Phosphatidylinositol

PI(4)P Phosphatidylinositol 4-phosphate

PI(4,5)P2 Phosphatidylinositol 4,5-bisphosphate

PI4K Phosphatidylinositol 4-kinase

PIP5K Phosphatidylinositol 4-phosphate 5-kinase

PI3K Phosphoinositide 3-kinase

PLC Phospholipase C

PG Phosphatidyl glycerol

PKC Protein Kinase C

PH Pleckstrin-homology

Pirt Phosphoinositide interacting regulator of TRP
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PM Plasma membrane

TG Trigeminal ganglion

TPC Two-pore channel

TRP Transient Receptor Potential

TRPA TRP Ankyrin

TRPC TRP Classical

TRPL TRP-like

TRPM TRP Melastatin

TRPML TRP Mucolipin

TRPP TRP Polycystin

TRPV TRP Vanilloid

VSP Voltage sensitive phosphatase

1 Introduction

Membrane phospholipids had generally been viewed as passive media that ion

channels are embedded in. The beginning of the end of this view was probably

marked by Donald Hilgemann’s finding that the cardiac Na+/Ca2+ exchangers and

the cardiac KATP channels require the presence of PI(4,5)P2 for activity (Hilgemann

and Ball 1996). There were sporadic publications before this article reported effects

of PI(4,5)P2 on channels or transporters (see Huang 2007 for references), but it was

Hilgemann’s seminal publication that sparked the explosion of interest in this lipid

in the context of ion channel regulation. In 1998 high profile articles from four

different laboratories extended PI(4,5)P2 regulation to several inwardly rectifying

K+ (Kir) channels (Baukrowitz et al. 1998; Huang et al. 1998; Shyng and Nichols

1998; Sui et al. 1998). This was followed by an ever-growing number of

publications showing that a largely unexpected number and variety of ion channels

require PI(4,5)P2 for activity. By now it seems that phosphoinositides are general

regulators of most mammalian ion channels (Hilgemann et al. 2001; Suh and Hille

2008; Gamper and Rohacs 2012).

The first two papers on the phosphoinositide regulation of TRP channels were

published in 2001. Chuang et al proposed that PI(4,5)P2 tonically inhibits the heat-

and capsaicin-activated TRPV1 channels, and breakdown of this lipid upon PLC

activation relieves this inhibition leading to potentiation of TRPV1 activity by

pro-inflammatory agents such as bradykinin (Chuang et al. 2001). Another article

found that PI(4,5)P2 inhibits the drosophila TRPL channel in excised patches

(Estacion et al. 2001). Since the whole subfamily of mammalian TRPCs are

activated downstream of PLC, PI(4,5)P2 being a general inhibitor of TRP channels

was a highly attractive hypothesis. For a while, the general view was that TRP

channels are inhibited by PI(4,5)P2. This started to change when paper after paper

showed that PI(4,5)P2 activates other TRP channels, such as TRPM7 (Runnels

et al. 2002), TRPM5 (Liu and Liman 2003), TRPM8 (Liu and Qin 2005; Rohacs
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et al. 2005), TRPV5 (Lee et al. 2005; Rohacs et al. 2005), and TRPM4 (Nilius

et al. 2006) similar to most other ion channel families. The number of TRP channels

that are influenced by phosphoinositides are growing ever since. It is quite likely

that at least in the 3 major families, most, if not all, members are regulated by

phosphoinositides, with the majority showing a dependence on some of these lipids

for activity, in most cases PI(4,5)P2.

There have been several reviews on the topic published in recent years (Hardie

2007; Qin 2007; Rohacs and Nilius 2007; Nilius et al. 2008; Rohacs 2009). The

field progressed considerably since; here I will give a comprehensive overview of

the literature, incorporating novel findings since the last reviews, but trying to

systematically describe earlier results too. Due to space restrictions, in several

cases I refer to earlier reviews for details where I was not aware of new publications

on PI(4,5)P2 regulation. I will also have no room for extensive discussions on some

of the more complex or controversial regulation themes. I will provide a brief

overview of the general function of the individual channels before discussing their

regulation by phosphoinositides. In some cases the function of the channel is more

complicated, or debated, so these short summaries are unavoidably oversimpli-

fications. The reader is referred to other chapters of this handbook for more detailed

information on individual TRP channels.

2 Phosphoinositide Signaling

PI(4,5)P2 is generated by two phosphorylation steps from phosphatidylinositol

(PI) (Fig. 1). Phosphoinositide 4 kinases (PI4K) catalyze the formation of

phosphatidylinositol 4-phosphate [PI(4)P], which is further phosphorylated by

phosphatidylinositol 4-phosphate 5 kinases (PIP5K). Phosphoinositide 3 kinases

(PI3K) add a phosphate to the 3rd position in the inositol ring and form either

PI(3,4)P2 or PI(3,4,5)P3, which are second messengers in signaling by various

growth factors. Phospholipase C (PLC) enzymes catalyze the hydrolysis of

PI(4,5)P2 and the formation of the two classical second messengers inositol 1,4,5

trisphosphate (IP3) and diacylglycerol (DAG). PI(4)P is also known to be the

substrate for PLC enzymes, even though most PLCs are less active in hydrolyzing

this lipid than PI(4,5)P2. PLCβ isoforms (PLCβ1-4) are activated by G-protein

coupled receptors (GPCRs) that couple to the Gq family of heterotrimeric

G-proteins. PLCγ-s (PLCγ1 and 2) are activated by receptor tyrosine kinases.

PLCδ-s (PLCδ1, δ3, and δ4) do not have obvious activators; these isoforms are

the most sensitive to Ca2+ among the three classical PLC groups, and they can be

activated by Ca2+ influx alone (Allen et al. 1997; Lukacs et al. 2013a). In addition to

the classical PLC-s, newer isoforms have also been cloned more recently (PLCη1
and η2 and PLCε); their regulation is less well understood (Fukami et al. 2010).

Besides their precursor function, and regulation of ion channels, phosphoi-

nositides are important regulators of cytoskeletal organization, membrane traffic,

and general cellular architecture (Saarikangas et al. 2010; Shewan et al. 2011).

1146 T. Rohacs



These other functions of phosphoinositides may also affect ion channel activity; see

the regulation of TRPV1 and TRPC channels.

3 Methods to Study Phosphoinositide Regulation

The methods to study phosphoinositide regulation of ion channels have been

reviewed extensively in several articles (Rohacs et al. 2002; Rohacs and Nilius

2007; Suh and Hille 2008; Gamper and Rohacs 2012); here I will give a brief

overview of the various techniques. Figures 2 and 3 show a compilation of experi-

mental data using a number of techniques discussed here, all demonstrating the

dependence of the activity of TRPM8 on PI(4,5)P2.

3.1 Excised Inside-Out Patches

Perhaps the most often used technique to demonstrate the effects of phosphoi-

nositides is the excised inside-out patch configuration of the patch clamp technique,

which allows access to the inner leaflet of the plasma membrane, where phosphoi-

nositides are located. A common characteristic of PI(4,5)P2 dependent ion channels

is run-down of channel activity upon excision into an ATP free solution; see Fig. 2a

for an example on TRPM8. Run-down of PI(4,5)P2 dependent ion channels is

caused by dephosphorylation of PI(4,5)P2 and PI(4)P by lipid phosphatases

associated with the patch membrane. Agents that chelate endogenous PI(4,5)P2
and other phosphoinositides such as poly-Lysine (Fig. 2a) or anti-PI(4,5)P2
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Fig. 2 Activation of TRPM8 excised inside-out patches and planar lipid bilayers. (a) Represen-

tative trace for recording of TRPM8 currents in large patches in Xenopus oocytes with 500 μM
menthol in the patch pipette from (Rohacs et al. 2005). Left panel shows currents at �100 and

+100 mV, from ramp protocol shown in the middle. Application of 30 μg/ml poly-Lysine and

50 μM diC8 PI(4,5)P2 are indicated with the horizontal lines. (b) Similar excised inside-out patch

measurement from (Yudin et al. 2011), demonstrating the effect of 2 mMMgATP and LY294002.

Right panel shows summary for 300 μM LY294002 that inhibits both PI4K and PI3K and for

10 μM LY294002 that selectively inhibits PI3K. (c) Representative measurement in planar lipid

bilayers with purified TRPM8 from (Zakharian et al. 2009). In the upper trace, first, the TRPM8

protein shows no activity in the absence of menthol and PI(4,5)P2, and then, diC8 PI(4,5)P2 is

applied and then menthol in the continuous presence of PI(4,5)P2. In the bottom trace menthol and

PI(4,5)P2 are applied in the reverse order
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antibody accelerate run-down. When PI(4,5)P2 is applied to the patch, it reactivates

PI(4,5)P2 dependent ion channels (Fig 2a, b). Natural phosphoinositides have a

combination of long acyl chains, arachidonyl-stearyl (AASt) being the most com-

mon. These natural lipids or their synthetic versions such as dipalmitoyl PI(4,5)P2
form micelles in aqueous solutions, and activate channels relatively slowly, and

their effects are usually long lasting, since they accumulate in the patch membrane

(Rohacs et al. 2002). Short acyl chain DiC8 phosphoinositides are easier to handle,

and their effect washes out quickly (Fig. 2a), making it possible to test multiple

compounds in one patch, which can be useful for constructing dose–response

curves or testing phosphoinositide specificity profiles.
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Fig. 3 Inhibition of TRPM8 by reduction of PI(4,5)P2 in intact cells, right panels in a, b and

c show cartoon of the method used. (a) Whole-cell patch clamp measurement from (Daniels

et al. 2009) showing inhibition of menthol-induced RPM8 currents by the pharmacological PLC

activator m-3M3FBS. (b) Inhibition of TRPM8 activity by the rapamycin-inducible 5-phosphatase

from (Varnai et al. 2006). (c) Inhibition of TRPM8 activity by depolarization-induced depletion of

PI(4,5)P2 in ciVSP expressing cells from (Yudin et al. 2011). Left panel shows a measurement with

the active ciVSP, middle panel with an inactive mutant
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Exogenously applied lipids may cause unwanted side effects (Hilgemann 2012).

The effects of endogenous phosphoinositides however can also be studied in

excised inside-out patches, by applying MgATP, which activates endogenous

lipid kinases associated to the patch membrane (Hilgemann and Ball 1996; Sui

et al. 1998). Figure 2b shows an example, where MgATP reactivated the PI(4,5)P2
dependent TRPM8 channels, and the effect was inhibited by LY294002 at

concentrations where it inhibits PI4K-kinases, but not at lower concentrations

where it acts selectively on PI3-Kinases.

Applying PI(4,5)P2 directly to the intracellular leaflet of the patch membrane is

still the state of the art method to demonstrate direct activation by the lipid. Excised

patches however may contain many different proteins, including the lipid

phosphatases and kinases just described, and cytoskeletal elements (Sachs 2010),

which may affect channel activity (Furukawa et al. 1996). Thus demonstrating a

direct effect of phosphoinositides beyond doubt requires techniques based on

purified proteins.

3.2 Techniques on Purified Channel Proteins

Biochemical-binding assays have also been used to demonstrate direct binding of

channel proteins to PI(4,5)P2. There is a plethora of specific techniques; most of

them use isolated cytoplasmic fragments of ion channels (Rohacs 2009; Gamper

and Rohacs 2012). Conceptually, if PI(4,5)P2 acts directly on a channel, it has to

bind to it. If binding of PI(4,5)P2 is demonstrated, however, it does not prove that

the biological effect of PI(4,5)P2 happens through that binding. PI(4,5)P2 has a very

high charge density; thus, it could bind to positively charged protein surfaces, even

if those do not face the plasma membrane in situ.

Perhaps the most convincing evidence for a direct effect of PI(4,5)P2 on a

channel is to study its effect on purified proteins in an artificial membrane

(Zakharian et al. 2009, 2010, 2011; D’Avanzo et al. 2010; Cao et al. 2013b).

Figure 2c shows an example of activation by PI(4,5)P2 on the purified TRPM8

protein. The advantage of using reconstituted protein is that it is probably the

strongest evidence for a direct functional effect of the lipid on an ion channel.

The disadvantage is that the artificial membranes have different lipid compositions

from that of the plasma membrane, and other lipids may modify the effects of

phosphoinositides (Cheng et al. 2011).

3.3 Pharmacological Tools in Intact Cells or Whole Cell Patch
Clamp

The major pathway most likely to decrease PI(4,5)P2 levels in intact cells is

activation of PLC, which often inhibits PI(4,5)P2 sensitive channels. PLC can be

activated by G-protein coupled receptors (PLCβ), Receptor tyrosine kinases

(PLCγ), Ca2+ influx through the channel itself (PLCδ), or a chemical activator
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m-3M3FBS (Fig. 3a). Upon activation of PLC it is often hard to differentiate if the

inhibitory effect is due to PI(4,5)P2 depletion or other downstream pathways such

as PKC.

PI4K can be inhibited by high concentrations of PI3K inhibitors such as

LY294002 or wortmannin. These compounds slowly deplete PI(4)P and conse-

quently PI(4,5)P2 and may inhibit phosphoinositide sensitive ion channels (Rohacs

et al. 2005). Since long treatments are necessary to significantly reduce PI(4,5)P2
levels, many cellular processes may be affected, compounding interpretation. PI4K

inhibitors have also been used to inhibit recovery from channel inhibition after PLC

activation (Suh and Hille 2002; Liu et al. 2005). New more specific PI4K inhibitors

are being developed, but not yet commercially available (Bojjireddy et al. 2014).

3.4 Inducible Phosphatases in Intact Cells or Whole Cell Patch
Clamp

Over-expression of constitutively active lipid kinases and phosphatases can be used

to modify phosphoinositide levels, but those again exert long-term effects on many

cellular functions. For this reason various inducible phosphatases have been devel-

oped to rapidly and specifically dephosphorylate PI(4,5)P2. One group of these

tools is based on the rapamycin-induced heteromerization of FKBP12 and the

mammalian target of rapamycin (mTOR). Using this system, a lipid phosphatase

located in the cytoplasm can be translocated to the plasma membrane with

rapamycin, where it dephosphorylates PI(4,5)P2 to form PI(4)P (Suh et al. 2006;

Varnai et al. 2006). If the activity of an ion channel depends on PI(4,5)P2, but

PI(4)P cannot activate it, translocation of the 5-phosphatase is expected to inhibit it

(Fig. 3b). A novel version of this system was recently developed, where both 5 and

4 phosphatases were linked to FKBP12. This construct, pseudojanin,

dephosphorylates both PI(4,5)P2 and PI(4)P in response to rapamycin (Hammond

et al. 2012). With the combination of these tools, the effects of PI(4,5)P2 and PI(4)P

can be differentiated.

Voltage sensitive phosphatases from ciona intestinalis (ciVSP) or danio rerio
(drVSP) are alternative tools to dephosphorylate PI(4,5)P2 (Okamura et al. 2009).

These naturally occurring membrane proteins remove the 5 phosphate from

PI(4,5)P2 in response to depolarizing voltages. They also dephosphorylate

PI(3,4,5)P3, but the concentration of this lipid in non-stimulated cells is essentially

zero; thus these tools can be assumed to selectively deplete PI(4,5)P2 in most cases.

The advantage of voltage sensitive phosphatases over the rapamycin-inducible

systems is that PI(4,5)P2 depletion is quickly reversible, and it is much easier to

induce graded responses either with smaller or shorter depolarizing pulses. Gener-

ally, the inducible phosphatases are considered the most specific tools in intact cells

to selectively decrease PI(4,5)P2 levels, and they have been used to systematically

clarify the role of phosphoinositides in regulation of various mammalian ion

channel families (Suh et al. 2010; Kruse et al. 2012). The inducible phosphatases

are not physiological however.
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Overall, all of the tools have advantages and disadvantages; only the combined

use of them can bring meaningful conclusion. For Kir and KCNQ channels and

some TRP channels, such as TRPM8 (Figs. 2 and 3), essentially all tools support the

same conclusion, channel activity depends on PI(4,5)P2. There are several TRP

channels however where the different tools support seemingly opposite

conclusions. In some cases most data can be explained with a congruent model,

in some other cases it cannot. Regulation of TRP channels by phosphoinositides is

more complex than Kir and KCNQ channels, and in many cases future work is

required to clarify the picture.

4 General Principles of Phosphoinositide Regulation

We have extensively discussed this topic in two previous reviews in the context of

TRP channels (Rohacs 2007, 2009). The following is a brief summary of the key

concepts, some of which were worked out on the best studied PI(4,5)P2 sensitive

ion channel families, Kir channels and voltage gated KCNQ K+ channels (Kv7.x).

4.1 How Do Phosphoinositides Interact with Ion Channels?

Kir channels were the first ion channel family where PI(4,5)P2 dependence was

demonstrated. The molecular mechanism of PI(4,5)P2 activation is best understood

on these channels. The general view from the beginning was that the negatively

charged head group of PI(4,5)P2 interacts with positively charged residues in the

cytoplasmic domains of the channels (Fan and Makielski 1997; Huang et al. 1998).

Thorough mutagenesis studies later mapped the positively charged residues mainly

to the larger C-terminal domain, but PI(4,5)P2 interacting residues in the smaller

N-terminus were also found (Lopes et al. 2002). Several homology models have

been built based on partial crystal structures (Rosenhouse-Dantsker and Logothetis

2007), when finally in 2011 two co-crystal structures with PI(4,5)P2 were published

(Hansen et al. 2011; Whorton and MacKinnon 2011). Quite remarkably, the

original idea that the interaction of the lipid’s head group with the cytoplasmic

domain(s) of the channel leads to a conformation change opening the channel (Fan

and Makielski 1997) was essentially confirmed, needless to say at a much higher

molecular resolution (Hansen et al. 2011; Whorton and MacKinnon 2011). Since

the overall homology of TRP channels between subfamilies is negligible outside

the transmembrane domains, it is unlikely that such a conserved PI(4,5)P2
interaction-binding site is responsible for the effects of PI(4,5)P2 on TRP channels.

Accordingly, a variety of C- or N-terminal segments have been proposed as

PI(4,5)P2 interacting sites in different TRP channels (Rohacs et al. 2005; Nilius

et al. 2006; Brauchi et al. 2007; Klein et al. 2008; Garcia-Elias et al. 2013).
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4.2 Phosphoinositide Specificity

Kir channels have diverse specificities for phosphoinositides (Rohacs et al. 2003).

Similarly, some TRP channels such as TRPM8 (Rohacs et al. 2005) or TRPV6

(Thyagarajan et al. 2008) are activated relatively specifically by PI(4,5)P2, whereas

others, like TRPV1, are activated by many different phosphoinositides (Lukacs

et al. 2007).

To put the effects of various phosphoinositides in context, we need to consider

their in situ concentrations in the inner leaflet of the plasma membrane. PI(4,5)P2
constitutes up to 1 % of the phospholipids in the plasma membrane; PI(4)P is found

in comparable quantities (Fruman et al. 1998). Their precursor PI constitutes up to

10 % of membrane lipids (Fruman et al. 1998), but it has no effect on most PI(4,5)P2
sensitive channels, and its concentration is not expected to change significantly

upon PLC activation. PI(3,4,5)P2 and PI(3,4)P2, the products of PI3K, may also

activate some PI(4,5)P2 sensitive ion channels, but their concentrations in the

plasma membrane do not reach higher than 0.1 % even in stimulated cells (Fruman

et al. 1998); thus, their effect is likely to be overridden by the much higher

concentration of PI(4,5)P2. Therefore, based on their concentrations the two most

likely phosphoinositides regulating ion channels are PI(4,5)P2 and PI(4)P; both

these lipids are substrates for PLC. In most cases however, PI(4,5)P2 which has a

higher charge density is much more potent than PI(4)P. Some intracellular

channels, such as TRPML1, may be specifically activated by PI(3,5)P2, which is

found mainly in intracellular membranes; see later.

4.3 Relation to Other Channel Regulators

Some TRP channels, such as TRPV5 and 6, are constitutively active, but most

require another stimuli to open. In the case of PI(4,5)P2 dependent TRP channels,

opening happens when both PI(4,5)P2 and the stimulus, such as menthol or cold for

TRPM8, are present. These stimuli often modify the effect of PI(4,5)P2; see below.

4.4 The Role of Apparent Affinity

The resting concentration of PI(4,5)P2 in the plasma membrane is relatively high.

Thus, channels with high apparent affinity for this lipid may be oversaturated, and

physiological decreases in PI(4,5)P2 will not affect their activity significantly.

Channels with lower affinity on the other hand are more likely to be regulated by

physiological changes in PI(4,5)P2 levels. The apparent affinity for PI(4,5)P2 is not

static for several TRP channels; their chemical ligands such as capsaicin or menthol

can increase PI(4,5)P2 affinity (Rohacs et al. 2005; Lukacs et al. 2007).
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4.5 Potential Indirect Effects of Phosphoinositides

The regulation of TRP channels by PI(4,5)P2 is complex, in many cases opposing

effects of the lipid are reported even on the same channel. Phosphoinositides

regulate many cellular processes, including the organization of the cytoskeleton

and membrane traffic (Saarikangas et al. 2010; Shewan et al. 2011). These effects

are mediated by a large number and a variety of PI(4,5)P2-binding proteins (DiNitto

et al. 2003). It is quite likely that some or most of the complexity originates from

other phosphoinositide-binding proteins influencing channel activity (Rohacs

2009). See TRPC and TRPV1 channels for some specific details.

5 TRPM Channels

TRPM channels are the most diverse group in terms of activation mechanisms and

biological function. When their phosphoinositide regulation is concerned, however,

we probably have the clearest picture here. In short, it is quite likely that PI(4,5)P2 is

a common cofactor for members of this group, necessary for activity. There are

variations to this theme, but there is a clear agreement in the literature on the overall

direction of the effect of phosphoinositides. Six out of the eight members have been

reported to be positively regulated by PI(4,5)P2 by now (Table 1).

5.1 TRPM8

The literature on phosphoinositide regulation is most extensive on the cold and

menthol sensitive TRPM8. These channels are expressed in sensory neurons of the

dorsal root ganglia (DRG) and trigeminal ganglia (TG). Their genetic deletion in

mice significantly impaired detection of moderately cold temperatures (Bautista

et al. 2007; Dhaka et al. 2007).

TRPM8 was reported by two different laboratories to be reactivated by PI(4,5)P2
after run-down in excised patches and inhibited by either poly-lysine (Fig. 2a) or

anti PI(4,5)P2 antibody (Liu and Qin 2005; Rohacs et al. 2005). Mutations of

positively charged residues in the highly conserved proximal C-terminal TRP

domain shifted PI(4,5)P2 dose–response to the left, and accordingly, made the

channels more sensitive to inhibition by PLC, as expected from reduced apparent

affinity for PI(4,5)P2 (Rohacs et al. 2005). Later it was also reported that TRPM8 is

reactivated by MgATP in excised patches, and this was prevented by inhibiting

PI4K (Yudin et al. 2011); see Fig. 2b. TRPM8 was the first TRP channel that was

reported to be inhibited by selective reduction of PI(4,5)P2 by rapamycin-induced

translocation of a 5-phosphatase (Varnai et al. 2006); see Fig. 3b, a finding

confirmed by other laboratories (Daniels et al. 2009); see also supplemental mate-

rial in (Wang et al. 2008). Later the voltage sensitive phosphatase ciVSP was also

shown to inhibit the channel (Yudin et al. 2011); see also Fig. 3c. Consistent with

the robust inhibition by two different 5-phosphatases, PI(4)P had very little effect
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on TRPM8 in excised patches (Rohacs et al. 2005). The channel protein was also

purified and reconstituted in planar lipid bilayers (Fig. 2c), where activation by both

menthol and cold depended on the presence of PI(4,5)P2, and PI(4)P could not

support channel activity (Zakharian et al. 2009, 2010). PI(3,4,5)P3 and PI(3,4)P2
were also much less effective both in excised patches (Rohacs et al. 2005) and in

lipid bilayers (Zakharian et al. 2010). These data show that PI(4,5)P2 is a direct

specific activator of TRPM8.

Both menthol- and cold-induced currents display a time dependent decrease, in

the presence of extracellular Ca2+, a phenomenon termed adaptation or desensiti-

zation. It has been shown that both menthol (Rohacs et al. 2005; Daniels et al. 2009)

and cold (Yudin et al. 2011) decrease cellular PI(4,5)P2 levels via Ca2+-induced

activation of PLCδ isoforms. Dialysis of PI(4,5)P2 but not PI(4)P through the

whole-cell patch pipette inhibited desensitization of menthol-induced currents

Table 1 Mammalian TRPM channels

Name Regulation/function Phosphoinositide effects

TRPM1 Mutation causes night blindness in

humans

No phosphoinositide effect reported yet

TRPM2 Activated by ADP ribose Poly-lysine inhibits, and PI(4,5)P2 re-activates in

excised patches (Toth and Csanady 2012)

TRPM3 Heat, pregnenolon sulfate No phosphoinositide effect reported yet

TRPM4 Intracellular Ca2+ activates,

nonselective Ca2+ impermeable

cation channel

PI(4,5)P2 activates in excised patches (Zhang

et al. 2005; Nilius et al. 2006)

TRPM5 Intracellular Ca2+ activates

nonselective Ca2+ impermeable

cation channel

PI(4,5)P2 activates in excised patches (Liu and

Liman 2003)

TRPM6 Mg2+ transporter, mutation causes

human disease

PI(4,5)P2 activates in excised patches,

rapamycin-inducible 5 phosphatase, and ciVSP

inhibits (Xie et al. 2011)

TRPM7 cAMP, shear stress, plays important

roles in development

PI(4,5)P2 activates in excised patches, activation

of PLC inhibits (Runnels et al. 2002).

PI(4,5)P2 is needed for the activity of the cardiac

magnesium-inhibited TRPM7-like channels

(Gwanyanya et al. 2006)

Role of PLC mediated inhibition is challenged

(Takezawa et al. 2004; Langeslag et al. 2007)

TRPM8 Cold, Menthol PI(4,5)P2 activates in excised patches (Liu and

Qin 2005; Rohacs et al. 2005; Yudin et al. 2011)

PI(4,5)P2 depletion inhibits (rapamycin, ciVSP),

plays a role in desensitization (Rohacs

et al. 2005; Daniels et al. 2009; Yudin

et al. 2011)

PI(4,5)P2 but not PI(4)P activates in planar lipid

bilayers (Zakharian et al. 2009, 2010)

PI(4,5)P2 regulates temperature threshold (Fujita

et al. 2013)
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(Yudin et al. 2011). These data together with the clear dependence of channel

activity on PI(4,5)P2 support a model in which Ca2+ influx through TRPM8 induces

depletion of PI(4,5)P2, which limits channel activity, leading to desensitization. A

more recent paper confirmed the role of PI(4,5)P2 depletion in tachyphylaxis, the

decrease in amplitude after repeated agonist applications, but proposed a role for

Calmodulin (CaM) in acute desensitization (Sarria et al. 2011). A recent paper also

implied that PI(4,5)P2 is involved in setting the threshold temperature for TRPM8

(Fujita et al. 2013).

GPCRs activating PLC have also been shown to inhibit TRPM8 (Liu and Qin

2005), but the involvement of PI(4,5)P2 depletion here is much less clear. Both

PKC (Premkumar et al. 2005) and direct inhibition by Gq-alpha (Zhang

et al. 2012b) have been implicated.

In conclusion, it is universally accepted now that the activity of TRPM8 depends

on PI(4,5)P2; see Figs. 2 and 3 for supporting data using a variety of techniques. It is

also clear that activation of PLC either by GPCRs or by Ca2+ influx through the

channel inhibits TRPM8. How much PI(4,5)P2 depletion and other signaling

pathways contribute to this inhibition is less clear; we refer to our recent review

for further details (Yudin and Rohacs 2011).

5.2 TRPM6 and TRPM7

TRPM6 and TRPM7 are closely related to each other; both channels have an

atypical kinase domain at their C-terminus. Loss of function mutations in TRPM6

cause familial hypomagnesemia with secondary hypocalcemia in humans (Walder

et al. 2002). TRPM7 has been proposed to have a variety of functions, but from

knockout studies it appears that this channel has important roles in development

(Jin et al. 2012). Interestingly, despite the relatively restricted disease its mutation

causes in humans, genetic deletion of TRPM6 in mice is also embryonic lethal

(Walder et al. 2009).

TRPM7 was reported to require PI(4,5)P2 for activity (Runnels et al. 2002;

Gwanyanya et al. 2006), and PLC activation was shown to inhibit it (Runnels

et al. 2002). Two articles however challenged the inhibitory effect of PLC activa-

tion (Takezawa et al. 2004; Langeslag et al. 2007). We have discussed this

controversy in more detail previously (Rohacs 2009). TRPM6 was also recently

reported to require PI(4,5)P2 for activity and inhibited by PI(4,5)P2 depletion with

inducible phosphatases (Xie et al. 2011).

5.3 TRPM4 and TRPM5

Both TRPM5 and TRPM4 are Ca2+-activated nonselective cation channels that are

not permeable to Ca2+. TRPM5 is mainly expressed in taste and related tissues,

whereas TRPM4 is more widely expressed. Both channels have been shown to

undergo desensitization to Ca2+ in excised patches, which was restored by the
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application of PI(4,5)P2 (Liu and Liman 2003; Zhang et al. 2005; Nilius et al. 2006).

On TRPM4, the PI(4,5)P2 interaction site was proposed to be a distal C-terminal

cluster of positively charged residues, termed PH-like domain (Nilius et al. 2006).

Regions conforming to the K/R-X3-11-K/R-X-K/R consensus sequence of this

region can be found in most TRP channels either in the C- or the N-terminal

cytoplasmic domains (Nilius et al. 2008). Interestingly, the N-terminal PI(4,5)P2
interacting region recently proposed in TRPV4 also conforms to this consensus

sequence (Garcia-Elias et al. 2013); see later. The role of this sequence motif in

PI(4,5)P2 regulation of other TRP channels remains to be determined.

5.4 TRPM2

TRPM2 is another TRP channel that has an enzyme domain on its C-terminus, an

ADP ribose hydrolase; accordingly, the channel can be activated in excised patches

by ADP ribose. TRPM2 has been implicated in a variety of physiological functions,

such as insulin secretion and immunological responses, but the overall phenotype of

the knockout mouse is quite moderate (Yamamoto et al. 2008). To our knowledge

there is only one publication of examining potential effects of PI(4,5)P2 on TRPM2

(Toth and Csanady 2012). In this work the authors found that run-down of TRPM2

activity in excised patches is not caused by loss of PI(4,5)P2 from the patch

membrane, but rather a collapse of the pore. When poly-Lysine was applied to

excised inside-out patches, however, channel activity was inhibited, and this could

be relieved by application of PI(4,5)P2. It is quite possible that TRPM2 also requires

PI(4,5)P2 for activity, but its affinity to the lipid is quite high; thus loss of the lipid

does not contribute to run-down at high agonist (ADP ribose) concentrations.

6 TRPV Channels

TRPV channels can be divided into two groups, TRPV1–4 are all outwardly

rectifying nonselective Ca2+ permeable cation channels that can be activated by

heat with various thresholds. TRPV5 and 6 on the other hand are Ca2+-selective

inwardly rectifying ion channels that play roles in epithelial Ca2+ transport.

Phosphoinositides have been implicated in regulation of all members of this

subgroup; in most cases PI(4,5)P2 has a positive regulatory role, but inhibition by

PI(4,5)P2 has also been described with or without the presence of concurrent

activating effect (Table 2).

6.1 TRPV1

TRPV1 is activated by heat, capsaicin, low extracellular pH, and a plethora of other

pain-producing agents in sensory neurons. TRPV1 is perhaps the most studied

member of the TRP superfamily; its phosphoinositide regulation is no exception.
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Table 2 Mammalian TRPV channels

Name Regulation/function Phosphoinositide effects

TRPV1 Heat, capsaicin, low pH,

involved in nociception

Positive effects of phosphoinositides:
PI(4,5)P2 activates in excised patches (Stein et al. 2006;

Lukacs et al. 2007; Kim et al. 2008c; Klein et al. 2008;

Ufret-Vincenty et al. 2011; Lukacs et al. 2013b)

Channel activity runs down in excised patches, MgATP

restores activity in a PI4K dependent manner (Lukacs

et al. 2013b)

In addition to phosphoinositides, many other negatively

charged lipids including phosphatidylglycerol and oleoyl-

CoA also activate TRPV1 in excised patches (Lukacs

et al. 2013b)

PI(4,5)P2 inhibits desensitization in intact cells (Liu and

Qin 2005; Lishko et al. 2007; Lukacs et al. 2007, 2013a)

Channel activity is inhibited by combined depletion of

PI(4,5)P2 and PI(4)P using a rapamycin-inducible dual-

phosphatase pseudojanin (Hammond et al. 2012; Lukacs

et al. 2013a)

TRPV1 is inhibited by PI(4,5)P2 depletion with a

rapamycin-inducible 5 phosphatase (Klein et al. 2008;

Yao and Qin 2009).

PI(4,5)P2 enhances thermosensation and thermal

hyperalgesia. Depletion of PI(4,5)P2 by prostatic acid

phosphatase-induced PLC activation inhibits thermal

sensitivity (Sowa et al. 2010)

PI(4,5)P2 sensitivity was proposed to be mediated via a

PI(4,5)P2-binding protein Pirt (Kim et al. 2008a), was

challenged (Ufret-Vincenty et al. 2011)

Negative effects of phosphoinositides:
PI(4,5)P2 may partially inhibit in intact cells (Chuang

et al. 2001; Prescott and Julius 2003; Lukacs et al. 2007,

2013a; Patil et al. 2011)

PI(4,5)P2 inhibits in lipid vesicles (Cao et al. 2013b)

PI(4,5)P2 inhibits via competing for AKAP (Jeske

et al. 2011)

TRPV2 Growth factors activate,

noxious heat activates,

PI(4,5)P2 activates in excised patches (Mercado

et al. 2010)

TRPV3 Heat activates in

keratinocytes

PI(4,5)P2 inhibits in excised patches (Doerner et al. 2011)

TRPV4 Heat, hyposmosis activates PI(4,5)P2 is required for osmotic and heat activation

(Garcia-Elias et al. 2013)

TRPV5 Constitutively active

epithelial Ca2+ channel

PI(4,5)P2 activates in excised patches (Lee et al. 2005;

Rohacs et al. 2005)

TRPV6 Constitutively active

epithelial Ca2+ channel

PI(4,5)P2 activates in excised patches and planar lipid

bilayers (Thyagarajan et al. 2008; Zakharian et al. 2011;

Cao et al. 2013a)

Rapamycin-inducible 5 phosphatase inhibits, PI(4,5)P2
depletion plays a role in Ca2+-induced inactivation

(Thyagarajan et al. 2008)
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Compared to the relatively simple picture with the TRPM family, the regulation of

TRPV1 by phosphoinositides is quite complex and controversial.

There is full agreement in the literature that TRPV1 is activated by phosphoi-

nositides in excised patches. First it was shown that poly-Lysine inhibits, and diC8

PI(4,5)P2 activates both native TRPV1 currents in DRG neurons and recombinant

TRPV1 expressed in F11 cells (Stein et al. 2006). A following article confirmed

these results in recombinant TRPV1 expressed in Xenopus oocytes using both DiC8

and AASt PI(4,5)P2 (Lukacs et al. 2007). The apparent affinity for PI(4,5)P2 was

increased by higher capsaicin concentrations, and accordingly, the velocity of

current run-down was inversely correlated with the concentration of capsaicin in

the patch pipette. The same article also found that all other phosphoinositides

tested, PI(3,4,5)P2, PI(3,4)P2, PI(3,5)P2, PI(5)P, and PI(4)P activated TRPV1.

PI(4)P was less potent than PI(4,5)P2, i.e., its dose–response was shifted to the

right, but the maximal effect was similar to that induced by PI(4,5)P2 (Lukacs

et al. 2007). Similar results have been obtained in excised patches with PI(4)P in

two additional publications (Klein et al. 2008; Ufret-Vincenty et al. 2011). Finally,

an article from a different laboratory studying mainly TRPA1 channels confirmed

the activating effect of PI(4,5)P2 on TRPV1 in excised patches (Kim et al. 2008c).

Results with inducible phosphatases also generally confirm the positive regu-

latory role of PI(4,5)P2, but there is a debate on weather or not PI(4)P contributes to

channel activity in intact cells. Shortly after the first publication with the

rapamycin-inducible 5-phosphatase, it was shown that using this construct, deple-

tion of PI(4,5)P2 via conversion to PI(4)P did not inhibit TRPV1 activity at

saturating capsaicin concentrations, whereas it inhibited TRPM8 (Lukacs

et al. 2007). The lack of inhibition of TRPV1 was explained by the fact that

PI(4)P also activates these channels, whereas TRPM8 is specifically activated by

PI(4,5)P2. Two recent publications using the rapamycin-inducible dual specificity

phosphatase pseudojanin supported this conclusion. First it was shown that

capsaicin-induced TRPV1 currents were inhibited by rapamycin-induced activation

of pseudojanin, which dephosphorylates both PI(4,5)P2 and PI(4)P, but not when

either the 5 or the 4 phosphatase activity was eliminated by mutations (Hammond

et al. 2012). Another article confirmed these results and showed that TRPV1

currents induced by low pH were inhibited by rapamycin in pseudojanin expressing

cells, but they were not inhibited by the specific 5-phosphatase drVSP (Lukacs

et al. 2013a). In contrast to these publications, two articles found that a rapamycin-

inducible 5-phosphatase inhibited capsaicin-induced TRPV1 currents (Klein

et al. 2008; Yao and Qin 2009). The reason for the discrepancy between these

and earlier results is not clear, but the rapamycin-inducible system in these studies

used a different 5-phosphatase from the one used by (Lukacs et al. 2007). Despite

discrepancies on the specific roles of PI(4,5)P2 and PI(4)P, data using excised

patches and inducible phosphatases are consistent with the idea that phosphoi-

nositides are positive regulators or cofactors of TRPV1.

Data in the literature support the idea that the positive regulation by phosphoi-

nositides plays a role in desensitization of TRPV1 currents, in a similar fashion that

was described earlier for TRPM8 (Rohacs et al. 2005). It was shown that
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desensitization of recombinant (Lishko et al. 2007; Lukacs et al. 2007) and native

TRPV1 (Lukacs et al. 2013a) is inhibited by dialysis of either PI(4,5)P2 or PI(4)P

through the whole-cell patch pipette. It was also shown that activation of recombi-

nant (Liu et al. 2005; Lukacs et al. 2007; Yao and Qin 2009) and native TRPV1

channels in DRG neurons (Lukacs et al. 2013a) leads to a depletion of PI(4,5)P2 and

PI(4)P presumably via activation of PLCδ isoforms by the massive Ca2+ influx

through the channels. Phosphoinositide depletion is probably not the only mecha-

nism of desensitization, since neither PI(4,5)P2 nor PI(4)P could fully inhibit

desensitization. Consistent with this, several other mechanisms such as CaM,

calcineurin, and direct binding of ATP to the channel have been proposed to play

roles in desensitization (Mohapatra and Nau 2005; Lishko et al. 2007; Rohacs

2013).

As mentioned earlier however, TRPV1 was first proposed to be inhibited by

PI(4,5)P2 (Chuang et al. 2001) via direct binding to a distal C-terminal lipid

interacting site (Prescott and Julius 2003). It was also proposed that

pro-inflammatory mediators such as bradykinin sensitize TRPV1 to moderate

stimuli via removing this inhibitory effect by PLC mediated PI(4,5)P2 hydrolysis.

This model was mainly based on indirect evidence, and the effects of phosphoi-

nositides were not tested in excised patches. To lend further support to the idea that

PI(4,5)P2 inhibits TRPV1, the same laboratory recently purified the TRPV1 protein

and incorporated it into artificial liposomes. By patch clamping those liposomes,

they showed that the channel was fully active in the absence of phosphoinositides

and that incorporation of PI(4,5)P2, PI(4)P, or even PI inhibited TRPV1 activity or,

more precisely, shifted the capsaicin dose–response curve to the right. Removal of

the distal C-terminal phosphoinositide-binding domain eliminated inhibition by

PI(4,5)P2 (Cao et al. 2013b).

How do we reconcile these two seemingly incompatible views? First of all, the

fact that TRPV1 showed both heat and capsaicin activation in an artificial mem-

brane devoid of phosphoinositides makes it very clear that these lipids are not

necessary for channel activity per se. As mentioned earlier, activation of TRPV1 by

phosphoinositides was not specific to PI(4,5)P2; any other phosphoinositide could

exert similar effects in excised patches (Lukacs et al. 2007). Among Kir channels,

Kir6.2 (KATP) has a similar nonspecific activation profile for phosphoinositides

(Rohacs et al. 2003). Those channels can be activated not only by phosphoinositides

but also by many other negatively charged lipids such as oleoyl-CoA (Rohacs

et al. 2003), phosphatidylserine at high concentrations (Fan and Makielski 1997),

and even the artificial lipid DGS-NTA (Krauter et al. 2001). The liposomes used by

(Cao et al. 2013b) contained high concentrations (~25 %) of phosphatidyl glycerol

(PG), which has a negative charge. One possible explanation for the full activity of

TRPV1 in the complete absence of phosphoinositides is that the high

concentrations of PG satisfied the requirement for negatively charged lipids for

the activity of the channel. Indeed, when PG was tested in excised inside-out

patches, it reactivated TRPV1 currents after run-down when applied at very high

concentrations (Lukacs et al. 2013b). Other phospholipids with single negative

charges, phosphatidylserine (PS) and phosphatidylinositol (PI), could also support
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TRPV1 activity at high concentrations. Similar to KATP channels, oleoyl-CoA and

DGS-NTA also activated TRPV1 (Lukacs et al. 2013b). When the purified channel

was incorporated in planar lipid bilayers consisting of neutral lipids, capsaicin

activation depended on the presence of PI(4,5)P2 (Lukacs et al. 2013b). TRPV1

activity showed ~90 % run-down in excised patches after 5 min in an ATP free

solution, and MgATP reactivated the channel in a PI4K dependent manner. This

shows that phospholipids with single negative charges (PS, PI, and PG) that do not

become dephosphorylated in excised patches contribute to TRPV1 activity 10 % or

less. In conclusion, despite its promiscuous lipid specificity profile, in the context of

the plasma membrane, the major intracellular lipids supporting TRPV1 activity are

PI(4,5)P2 and potentially PI(4)P (Lukacs et al. 2013b).

As to the inhibitory effect of PI(4,5)P2, there are many other data supporting this

idea, most are based on measurements in intact cells or whole-cell patch clamp. We

have found earlier that at low stimulation levels with capsaicin or heat, the

rapamycin-inducible 5-phoshatase potentiated TRPV1 currents both in HEK cell

and in Xenopus oocytes (Lukacs et al. 2007). More recently we found that depleting

PI(4,5)P2 with ciVSP potentiated TRPV1 currents induced by low capsaicin in

Xenopus oocytes (unpublished observation), but neither ciVSP nor drVSP

potentiated TRPV1 currents in a mammalian expression system either with low

capsaicin or low pH (Lukacs et al. 2013a). On the other hand, selective depletion of

PI(4,5)P2 by drVSP potentiated the sensitizing effect of subthreshold and submaxi-

mal concentrations of the PKC agonist OAG (Lukacs et al. 2013a). Dialysis of

PI(4,5)P2, but not PI(4)P, via the whole-cell patch pipette inhibited bradykinin-

induced sensitization, which again is compatible with PI(4,5)P2 being inhibitory.

Based on this and other experiments, we have proposed a model in which GPCR

activation leads to a selective moderate decrease in PI(4,5)P2 levels, which

potentiates the well-known sensitizing effect of PKC (Lukacs et al. 2013a).

The fact that inhibition by PI(4,5)P2 was not detected in excised inside-out

patches by any laboratory argued that any inhibition of TRPV1 by PI(4,5)P2 is

likely to be indirect, i.e., mediated by other cellular components or PI(4,5)P2-

binding proteins. The A-Kinase anchoring protein AKAP150, for example, was

proposed to mediate the inhibitory effect of PI(4,5)P2 (Jeske et al. 2011). Another

PI(4,5)P2-binding protein that was proposed to influence TRPV1 activity is Pirt

(Kim et al. 2008a). This protein, however, was proposed to mediate positive effects

of PI(4,5)P2, and its role has been recently challenged (Ufret-Vincenty et al. 2011).

The finding that PI(4,5)P2 inhibited the purified TRPV1 in artificial membranes

provided strong support for a direct inhibition by phosphoinositides (Cao

et al. 2013b). This, however, may be explained by the recent finding that high

concentrations of PI(4,5)P2 inhibit TRPV1 activity when applied to the extracellu-

lar leaflet in outside-out patches, which is not the physiological location of

phosphoinositides (Senning et al. 2014). Clearly, more work is needed at this

point to understand the mechanism of negative modulation of TRPV1 by

phosphoinositides.

Overall, the author’s view is that TRPV1 requires negatively charged lipids for

activity, and in the cellular context these lipids are PI(4,5)P2 and probably PI(4)P.
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Removal of these phosphoinositides contribute to desensitization upon maximal

pharmacological activation. A concurrent inhibitory effect is also quite likely, and

smaller selective decreases in PI(4,5)P2 levels contribute to sensitization by

pro-inflammatory mediators such as bradykinin (Lukacs et al. 2013a, b; Rohacs

2013).

6.2 TRPV2

TRPV2 was originally proposed to be a noxious heat sensor, with activation

temperatures over 50 �C, but subsequent studies showed that TRPV2-/- mice have

no temperature sensation deficit (Park et al. 2011). At the same time, the knockout

animals had impaired phagocytosis by macrophages (Link et al. 2010). As opposed

to the large number of papers on TRPV1, there is only one publication on TRPV2 in

connection to PI(4,5)P2 (Mercado et al. 2010). This article showed that TRPV2 is

inhibited by poly-Lys and reactivated by DiC8 PI(4,5)P2 in excised patches. It was

also shown that activation of the channel with its chemical agonist 2-APB induced a

depletion of PI(4,5)P2 resulting in desensitization of the channel.

6.3 TRPV3

TRPV3 is activated by moderate heat in keratinocytes. Gain of function mutations

in TRPV3 cause Olmsted syndrome, a rare congenital disorder characterized by

palmoplantar and periorificial keratoderma, alopecia, and severe itching (Lin

et al. 2012). This channel was reported to be inhibited by PI(4,5)P2 in excised

patches and its voltage and temperature dependent gating was potentiated by

hydrolysis of the lipid (Doerner et al. 2011).

6.4 TRPV4

TRPV4 is another temperature sensitive TRP channel, which also acts as an

osmosensor. Mutations in this channel are associated with a variety of human

diseases (Nilius and Voets 2013). A recent report (Garcia-Elias et al. 2013) showed

that activation of this channel in excised patches by heat required PI(4,5)P2. In

intact cells, both osmotic and heat-induced activation was eliminated if PI(4,5)P2
was depleted using a rapamycin-inducible PI(4,5)P2 phosphatase (Garcia-Elias

et al. 2013). Activation by a direct chemical agonist 4α-phorbol 12,13-didecanoate
was not affected by PI(4,5)P2 depletion. Positively charged residues in the

N-terminal cytoplasmic domain (121KRWRK125), located before the ankyrin

repeats and the proline-rich domain, were implied in the effect of PI(4,5)P2.

PI(4,5)P2 depletion increased the distance between the C-terminal ends of the

channel as determined by fluorescence resonance energy transfer, indicating a
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structural rearrangement of the channel upon PI(4,5)P2 binding (Garcia-Elias

et al. 2013).

6.5 TRPV5 and TRPV6

These two channels are highly homologous to each other, but less to other members

of the TRPV family. Unlike any other TRP channels, TRPV5 and 6 are Ca2+

selective, and they display inward rectification. Both are implicated in epithelial

Ca2+ transport, TRPV5 in the kidney (Hoenderop et al. 2003) whereas TRPV6 in

the duodenum (Bianco et al. 2007) and in epididymal epithelia (Weissgerber

et al. 2011).

The activity of both TRPV5 (Lee et al. 2005) and TRPV6 (Thyagarajan

et al. 2008) runs down in excised patches, and they are reactivated by PI(4,5)P2
but not PI(4)P. TRPV6 has also been shown to be reactivated by MgATP in excised

patches, and this effect was inhibited by three structurally different compounds that

inhibit PI4K activity, showing that MgATP in this system acted by providing

substrate for lipid kinases (Zakharian et al. 2011). TRPV6 was also shown to be

activated by PI(4,5)P2 but not PI(4)P in planar lipid bilayers, demonstrating direct

effect on the channel (Zakharian et al. 2011). Consistent with the lack of effect of

PI(4)P, the channel is inhibited by the rapamycin-inducible 5-phosphatase

(Thyagarajan et al. 2008). Ca2+ influx through TRPV6 was also shown to activate

PLC, contributing to channel inactivation (Thyagarajan et al. 2009). CaM has also

been implicated in Ca2+-induced inactivation of both TRPV6 (Niemeyer

et al. 2001; Derler et al. 2006) and TRPV5 (de Groot et al. 2011). CaM was

shown to inhibit TRPV6 in excised patches, which could be alleviated, but not

prevented by excess PI(4,5)P2 (Cao et al. 2013a). CaM and PI(4,5)P2 thus compete

with each other, even though it probably does happen through direct competition, as

proposed for TRPC6 (Kwon et al. 2007) since we could not observe competition in

biochemical-binding experiments. Overall, it is quite likely that PI(4,5)P2 depletion

and CaM cooperatively produce Ca2+-induced inactivation of TRPV6 (Cao

et al. 2013a).

7 TRPC Channels

Mammals have 6 or 7 TRPC channels, depending on the species; in humans TRPC2

is a pseudogene. From the functional point of view, this group is the most homoge-

nous; all members are activated downstream of PLC. There are certainly flavors to

this general theme, but at least on the textbook level we can make this generaliza-

tion. TRP channels were discovered in drosophila, where they play a role in visual

transduction. The channel complex that generates the receptor potential in the

insect eye consists of the TRP and the TRPL channels; both are homologues of

the mammalian TRPC channel, thus they will be discussed here.
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When it comes to their phosphoinositide regulation, this group is probably the

most complicated among the three major families (Table 3). Inhibition by PI(4,5)P2
and relief from inhibition by depletion of this lipid upon PLC activation were

proposed originally as a mechanism playing an important role in activation of

TRPL channels (Estacion et al. 2001). This notion however is controversial; it

may contribute to activation in some cases, but it is certainly not a general

mechanism of opening. What activates TRPCs is not elucidated yet; activation of

TRPC3, 6, and 7 channels by DAG is very well accepted, but there is less agreement

on how other TRPCs are activated. It is quite likely that multiple and diverse

mechanisms converge on most TRPC channels (Putney and Tomita 2011; Rohacs

2013).

Table 3 Mammalian TRPC channels and drosophila orthologues

Name Regulation/function Phosphoinositide effects

dTRPL Activated downstream of

PLC, drosophila vision

PI(4,5)P2 inhibits in excised patches (Estacion et al. 2001)

PI(4,5)P2 activates but PI(4)P and PI inhibits in excised

patches (Huang et al. 2010)

TRPC1 Activated downstream of

PLC

PI(4,5)P2 activates in excised patches, native cells (Saleh

et al. 2009a, b; Shi et al. 2012)

TRPC3 Activated downstream of

PLC, DAG activates

PI(4,5)P2 activates in excised patches, expression system

(Lemonnier et al. 2008)

VSP inhibits (Imai et al. 2012; Itsuki et al. 2012)

TRPC4 Activated downstream of

PLC

TRPC4α but not TRPC4β is inhibited by PI(4,5)P2,

whole-cell patch clamp (Otsuguro et al. 2008)

TRPC4β is inhibited by PI(4,5)P2 depletion (rapamycin-

inducible phosphatase) (Kim et al. 2013)

TRPC5 Activated downstream of

PLC

PI(4,5)P2 activates in excised patches, but inhibits in

whole cell, PI(4,5)P2 depletion may inhibit or activate it

(Trebak et al. 2009)

PI(4,5)P2 inhibits desensitization in whole-cell patch

clamp (Kim et al. 2008b)

PI(4,5)P2 activates in excised inside-out patches in

complex with TRPC1 in native cells, but inhibits in the

absence of TRPC1 (Shi et al. 2012)

TRPC6 Activated downstream of

PLC, DAG activates

PI(4,5)P2 activates in excised patches (expression system)

(Lemonnier et al. 2008)

VSP inhibits (Imai et al. 2012; Itsuki et al. 2012)

PI(4,5)P2 inhibits in excised patches (native smooth

muscle cells) (Albert et al. 2008; Ju et al. 2010)

Extracellular PI(4,5)P2 enhances its activity in platelets

(Jardin et al. 2008)

Calmodulin inhibits by displacing PI(3,4,5)P3 (Kwon

et al. 2007)

TRPC7 Activated downstream of

PLC, DAG activates

PI(4,5)P2 activates in excised patches, expression system

(Lemonnier et al. 2008)

VSP inhibits (Imai et al. 2012; Itsuki et al. 2012)

PI(4,5)P2 inhibits in excised patches, native channels

(Ju et al. 2010)
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7.1 Excised Patch Data

The first publication implying PI(4,5)P2 in this channel family showed that the

drosophila TRPL channel expressed in SF9 cells was inhibited by PI(4,5)P2 in

excised patches (Estacion et al. 2001). The authors proposed that PI(4,5)P2 deple-

tion together with DAG activates dTRPL. This finding fits very well the hypothesis

that PI(4,5)P2 is a general inhibitor of TRP channels and would also provide a

logical activation mechanism for TRPC channels that are also activated down-

stream of PLC. Several years later, however, this finding was challenged, and it was

shown that DiC8 PI(4,5)P2 activated TRPL, whereas PI(4)P and PI inhibited it

(Huang et al. 2010).

Recombinant TRPC channels are often used as models to study channel regula-

tion, since endogenous TRPC currents are often too small to measure reliably.

Recombinant TRPC5 (Trebak et al. 2009) as well as TRPC3, 6, and 7 channels

(Lemonnier et al. 2008) have been shown to be activated by PI(4,5)P2 in excised

patches.

Significant amount of work has been performed in native vascular smooth

muscle cells on phosphoinositide regulation of TRPC channels, reviewed in

(Large et al. 2009). TRPC1 channels were shown to be activated in excised patches

either alone (Saleh et al. 2009b) or in complex with TRPC5 channels (Shi

et al. 2012). These results are consistent with the general activation of recombinant

TRPC channels. On the other hand, native TRPC5 (Shi et al. 2012), TRPC6 (Albert

et al. 2008; Ju et al. 2010), and TRPC7 channels were shown to be inhibited by

PI(4,5)P2 in excised inside-out patches (Ju et al. 2010). These results contradict the

activating effect of PI(4,5)P2 on the same channels studied in expression systems.

7.2 Whole-Cell Patch Clamp Experiments

Recombinant TRPC5 is activated by PI4K inhibition and its activity is reduced by

inclusion of PI(4,5)P2 or PI(4)P in the patch pipette (Trebak et al. 2009). This is

consistent with PI(4,5)P2 depletion contributing to activation. As mentioned earlier

however, the same paper showed that TRPC5 is activated in excised patches;

furthermore, PI(4,5)P2 depletion with a rapamycin-inducible 5-phosphatase

inhibited the channel (Trebak et al. 2009). A general feature of TRPC channel

activation by GPCRs is that after an initial peak, current amplitudes decline

(desensitization). It was shown that inclusion of PI(4,5)P2 in the patch pipette

inhibited desensitization of TRPC5 (Kim et al. 2008b). This is compatible with

the idea that hydrolysis of PI(4,5)P2 initiates TRPC5 channel activation, but the loss

of the lipid limits channel activity on a longer time course.

TRPC4α but not TRPC4β was shown to be inhibited by intracellular dialysis of

PI(4,5)P2. This effect depended on the actin cytoskeleton and was prevented by the

deletion of the C-terminal PDZ-binding motif that links TRPC4 α to F-actin
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through the sodium-hydrogen exchanger regulatory factor and ezrin (Otsuguro

et al. 2008). Intriguingly, TRPC4β was inhibited by a rapamycin-inducible 5 phos-

phatase, and desensitization was inhibited by both PI(4,5)P2 and its

non-hydrolyzable analogue (Kim et al. 2013).

Depletion of PI(4,5)P2 using the voltage sensitive phosphatase drVSP inhibited

recombinant TRPC3, 6, and 7 channels (Imai et al. 2012; Itsuki et al. 2012). The

same study showed that channels desensitized less if endogenous muscarinic

receptors were stimulated than if similar receptors were over-expressed. They

also showed that stimulation of over-expressed receptors lead to a much stronger

decrease in PI(4,5)P2 levels than that induced by endogenous receptors. This is

consistent with the idea that loss of PI(4,5)P2 is a major factor in desensitization

during PLC activation. Accordingly, intracellular dialysis of PI(4,5)P2 slowed the

desensitization of recombinant TRPC3, 6, and 7 channels and endogenous TRPCs

in A7r5 vascular smooth muscle cells (Imai et al. 2012).

7.3 Conclusions

Many TRPC channels have been shown to be activated by PI(4,5)P2 in excised

patches and inhibited by specific inducible phosphatases in intact cells. Depletion of

PI(4,5)P2 may contribute to desensitization of several of them during PLC stimula-

tion. In principle, loss of PI(4,5)P2 may limit channel activity in two different ways.

Since PI(4,5)P2 activates many TRPCs in excised patches, it is possible that it

functions as a cofactor needed for channel activity. It is also possible, however, that

loss of PI(4,5)P2 is limiting channel activity, because there is less substrate for PLC,

thus less activating messenger, for example, DAG, is generated. PI(4)P however is

also a substrate for PLC, even though generally most isoforms are more active in

hydrolyzing PI(4,5)P2 (Fukami et al. 2010). It also has to be noted that much of the

data supporting this desensitization model is performed in expression systems, and

some native channels may behave differently.

An opposing model, in which PI(4,5)P2 is inhibitory, and its depletion

contributes to activation, may be valid for some TRPCs, but it is unlikely to be a

general mechanism. Overall, there are several discrepancies in the literature,

especially between excised patch data on native TRPCs and recombinant ones

(see Table 3). It is possible that endogenous channels assemble with accessory

proteins that modify their function. Given that drosophila visual TRP-s function in a

highly organized local complex (Montell 2012), it would not be surprising if

endogenous mammalian TRPC functioned similarly. TRPC4 and TRPC5 channels

for example are shown to be associated with the phospholipid-binding protein

SESTD1 (Miehe et al. 2010). It has to be noted that when studying endogenous

TRPC channels, it may be difficult to unambiguously identify individual TRPC

channel subtypes in native tissues. Clearly, more work is needed to understand how

phosphoinositides regulate TRPC channels.
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8 Other TRP Channels

8.1 TRPA1

TRPA1 was originally proposed to be a noxious cold sensor. Its activation by cold is

controversial; there are numerous articles claiming that cold temperatures activate

the channel and similar number claiming that cold has no effect. There is full

agreement in the literature that noxious chemicals, such as mustard oil, formalde-

hyde, and compounds in tear gases, activate this channel. TRPA1 is especially

important in the respiratory system for avoiding inhalation of harmful chemicals

(Nilius et al. 2012). The involvement of TRPA1 in pain in humans is demonstrated

by the finding that gain of function mutations of these channels cause Familial

Episodic Pain Syndrome (Kremeyer et al. 2010).

The regulation of TRPA1 by phosphoinositides is complicated (Table 4). The

activity of recombinant TRPA1 channels was found to run down in excised patches

and could be reactivated by PI(4,5)P2 and by MgATP. Run down however became

irreversible after >2 min in ATP free conditions (Karashima et al. 2008). This

behavior of TRPA1 in excised patches was quite similar in our hands

(T.R. unpublished observation). The same study by Karashima et al reported that

mustard oil-induced currents in DRG neurons were inhibited by high

concentrations of wortmannin, where the drug inhibits PI4K. Rapid desensitization

in response to mustard oil was inhibited by supplying PI(4,5)P2 through the patch

pipette, whereas neomycin, which chelates phosphoinositides, accelerated it

(Karashima et al. 2008). These data support a model in which TRPA1 activity

depends on PI(4,5)P2, and its depletion plays a role in desensitization. Consistent

with the proposed dependence of TRPA1 activity on PI(4,5)P2, another study found

that capsaicin-induced cross desensitization of TRPA1 was prevented by dialysis of

Table 4 Other TRP channels

Name Regulation/function Phosphoinositide effects

TRPA1 Mustard oil and other noxious

chemicals

PI(4,5)P2 inhibits heterologous desensitization by

capsaicin (Akopian et al. 2007)

PI(4,5)P2 activates in excised patches, inhibits

desensitization in whole cell (Karashima et al. 2008)

PI(4,5)P2 inhibits sensitization by PAR in whole cell

(Dai et al. 2007)

PI(4,5)P2 inhibits in excised patches in the presence

of PPPi, no effect w/o PPPi (Kim and Cavanaugh

2007; Kim et al. 2008c)

Depletion of PI(4,5)P2 with rapamycin-inducible

phosphatase has no effect (Wang et al. 2008)

TRPML1 Intracellular channel, mutation

causes mucolipidosis

Specifically activated by PI(3,5)P2 (Dong et al. 2010;

Zhang et al. 2012a)

TRPP2 Mutated in polycystic kidney

disease, mechanosensor?

PI(4,5)P2 inhibits, depletion of PI(4,5)P2 by EGF

activates (Ma et al. 2005)
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PI(4,5)P2 through the patch pipette (Akopian et al. 2007). Contrary to these findings

however, two articles reported no effect of PI(4,5)P2 in excised patches (Kim and

Cavanaugh 2007) or inhibition in the presence of inorganic poly-phosphate (Kim

et al. 2008c), which is an intracellular activator of these channels. Another study

found that depletion of PI(4,5)P2 with a rapamycin-inducible 5-phosphatase did not

inhibit TRPA1, while it inhibited TRPM8 (Wang et al. 2008). In conclusion there

are indications that TRPA1 requires PI(4,5)P2 for activity, but there are also

contrary data in the literature, and the regulation of these channels by phosphoi-

nositides may be more complex than a simple dependence on PI(4,5)P2.

8.2 TRPML1

Members of the TRPML subfamily are Ca2+ and Fe2+ permeable nonselective

cation channels located in intracellular membranes. Functional TRPML1 channels

are located in the endolysosomal membranes. Mutations in this channel cause type

IV mucolipidosis in humans. TRPML1 requires the presence of PI(3,5)P2, which is

also specifically located in endolysosomal membranes. Activation by PI(3,5)P2 is

highly specific, and the channels have a very high apparent affinity for this lipid; the

EC50 of TRPML1 for PI(3,5)P2 is 48 nM (Dong et al. 2010). For comparison, the

highest affinity mammalian plasma membrane channels have an EC50 of 5 μM for

Kir2.1 (Rohacs et al. 2002) and 1.3–4.9 μM for TRPV1 depending on the conditions

(Lukacs et al. 2007; Klein et al. 2008). On the low affinity end, KCNQ2/3 channels

have an EC50 of 40-80 μM (Zhang et al. 2003; Li et al. 2005). Intriguingly, a similar

high specificity activation by PI(3,5)P2 was also described for another intracellular

ion channel family, the two-pore TPC1 and TPC2 channels, very distant

homologues of TRP channels (Wang et al. 2012).

One very important function of phosphoinositides is to serve as markers of

identity of various membrane compartments, such as the plasma membrane (PM),

endoplasmic reticulum (ER), Golgi, or endosomes (Shewan et al. 2011). It was

proposed by Hilgemann that a major function of the general dependence of ion

channels on PI(4,5)P2 is to avoid their opening during their passage through the ER

and Golgi, which are devoid of PI(4,5)P2, and selectively open on the arrival in the

PM, which contains this lipid (Hilgemann et al. 2001). An “inverted” version of this

theme was proposed for TRPML1 channels; it was shown that TRMPL1 is inhibited

by PI(4,5)P2, and thus the channels that “accidentally” reached the plasma mem-

brane are inactivated by PI(4,5)P2. PM channels could be activated by either

depleting PI(4,5)P2 or adding excess PI(3,5)P2 (Zhang et al. 2012a).

8.3 TRPP1

TRPP1 (PKD2, Polycystin 2, also called TRPP2 in older nomenclature) is a

member of the TRPP family (Wu et al. 2010). It co-assembles with PKD1, and

loss of function mutations of either proteins leads to autosomal dominant polycystic
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kidney disease. Despite its well-established role in the pathophysiology of this quite

common genetic disorder, its physiological roles and regulation is not very well

understood. TRPP2 is activated by epidermal growth factor, and this was proposed

to proceed via relief from PI(4,5)P2 inhibition upon PLC activation

(Ma et al. 2005).

Conclusions and Future Questions

PI(4,5)P2 modulates many different ion channels. For Kir and KCNQ channels it

has been demonstrated beyond doubt that PI(4,5)P2 is an obligatory cofactor for

the activity of all members of the respective ion channel families. This is based

on results from many different techniques, including excised patches and spe-

cific inducible lipid phosphatases in intact cells, and the results with these

channels are largely in agreement between different laboratories. For Kir

channels high-resolution co-crystal structures of channels with and without

PI(4,5)P2 have recently become available.

By now, there are data in the literature for almost all members of the three

major TRP channel families showing some form of modulation by PI(4,5)P2. On

these channels however, we are very far from a clear picture. In most cases TRP

channel activity depends on PI(4,5)P2, just like for Kirs and KCNQs. It is safe to

say that activation by PI(4,5)P2 via direct binding of the lipid to the channel is a

conserved feature among many members of the three major subfamilies. The

dependence of channel activity on PI(4,5)P2 seems to play a role in desensitiza-

tion via PLC-induced depletion of the lipid for a large number of TRP channels

including some members of all three major subfamilies.

For several TRP channels, inhibitory effects of PI(4,5)P2 were published,

often in contradiction with the presence of an activating effect on the same

channel. Often the different techniques we described gave seemingly noncoher-

ent results. Since this is a recurring theme, it is hard to dismiss them as unreliable

data. Apparently the phosphoinositide regulation of many TRP channels,

TRPV1 and TRPCs for example, is quite complex, and it is likely that some of

the effects of phosphoinositide effects are mediated by other PI(4,5)P2-binding

proteins. Clearly, more work is needed to solve the puzzle of how TRP channels

are regulated by phosphoinositides.

Much is needed also on the structure–function front. Since direct activation

by PI(4,5)P2 was shown for several TRP channels, it is quite likely that the

activating effect of the lipid results from direct binding. From the sporadic

mutations affecting PI(4,5)P2 regulation, no coherent picture is arising about

the binding site. With the recently published side-chain resolution electron cryo-

microscopy structure of TRPV1 however, we can be optimistic about future

progress in understanding the molecular mechanism of phosphoinositide regu-

lation of TRP channels (Liao et al. 2013).
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Abstract

The use of medicinal plants or other naturally derived products to relieve illness

can be traced back over several millennia, and these natural products are still

extensively used nowadays. Studies on natural products have, over the years,

enormously contributed to the development of therapeutic drugs used in modern

medicine. By means of the use of these substances as selective agonists,

antagonists, enzyme inhibitors or activators, it has been possible to understand

the complex function of many relevant targets. For instance, in an attempt to

understand how pepper species evoke hot and painful actions, the pungent and

active constituent capsaicin (from Capsicum sp.) was isolated in 1846 and the

receptor for the biological actions of capsaicin was cloned in 1997, which is now

known as TRPV1 (transient receptor potential vanilloid 1). Thus, TRPV1

agonists and antagonists have currently been tested in order to find new drug

classes to treat different disorders. Indeed, the transient receptor potential (TRP)

proteins are targets for several natural compounds, and antagonists of TRPs have

been synthesised based on the knowledge of naturally derived products. In this

context, this chapter focuses on naturally derived compounds (from plants and

animals) that are reported to be able to modulate TRP channels. To clarify and

make the understanding of the modulatory effects of natural compounds on

TRPs easier, this chapter is divided into groups according to TRP subfamilies:

TRPV (TRP vanilloid), TRPA (TRP ankyrin), TRPM (TRP melastatin), TRPC

(TRP canonical) and TRPP (TRP polycystin). A general overview on the

naturally derived compounds that modulate TRPs is depicted in Table 1.

Keywords

Transient receptor potential agonists • Antagonists • Modulators and Natural

compounds

Abbreviations

ADP Adenosine monophosphate

ADPDK Polycystic kidney disease

Akt v-Akt murine thymoma viral oncogene

CAMKIV Calcium/calmodulin-dependent protein kinase type IV

CGRP Calcitonin gene-related peptide

CHO Chinese hamster ovary

CREB cAMP-responsive element binding protein

DRG Dorsal root ganglion
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HEK293 Human embryonic kidney 293

hTM Human transmembrane domain

mTM Mouse transmembrane domain

ICK Inhibitor cysteine knot

nAChRs Nicotinic acetylcholine receptor

PI3K Phosphoinositide 3-Kinase

PKD Protein kinase D

PLC Phospholipase C

TG Trigeminal ganglion

THC Δ9-tetrahydrocannabinol

TRP Transient receptor potential

TRPA TRP ankyrin

TRPC TRP canonical

TRPM TRP melastatin

TRPP TRP polycystin

TRPV TRP vanilloid

VaTx Vanillotoxins

1 TRPV

The TRPV subfamily is divided into four groups based on structure and function:

TRPV1/TRPV2, TRPV3, TRPV4 and TRPV5/TRPV6. TRPV-1, 2, 3 and 4 are

modestly permeable for calcium (Ca+2), while TRPV5 and TRPV6 are the only

highly Ca+2-selective channels in the TRPV family. TRPV channels are widely

distributed in sensory and non-sensory cells. These channels can be activated by a

diverse range of stimuli (osmotic/mechanical stress, noxious heat and chemical

stimuli). The basic properties and functions of TRPVs demonstrated that some

members of this subfamily are important for the perception of pain, temperature

sensitivity, osmotic regulation and maintenance of Ca+2 homeostasis (Hardie 2007;

Pedersen et al. 2005; O’Neil and Brown 2003; Nilius and Owsianik 2011).

1.1 TRPV1

TRPV1 channel can be activated by a heterogeneous array of naturally derived

products that include dietary compounds and some plant and animal toxins

(Table 1). Of great importance is the activation of TRPV1 by capsaicin (trans-8-
methyl-N-vanillyl-6-nonenamide), the active ingredient of Capsicum species

known as hot chilli pepper (Caterina et al. 1997). Capsaicin belongs to the vanilloid

class with a vanillyl moiety in the chemical structure that seems essential for the

TRPV1 activation (Fig. 1). Early studies showed that the application of capsaicin to
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Table 1 Natural products that modulate TRPs

Compound Origin Target(s) Effects

Capsaicinoids and

related compounds

(Fig. 1)

Capsaicin Capsicum annuum TRPV1 Agonist

Capsiate Capsicum annuum
Capsicum frutescens

TRPV1/

TRPA1

Nonselective

agonist

Dihydrocapsiate TRPV1 Agonist

Nordihydrocapsiate TRPV1 Agonist

Piperine Piper nigrum
Piper longum

TRPV1 Agonist

Eugenol Eugenia
caryophyllata
Ocimum gratissimum
Cinnamomum
zeylanicum

TRPV1/

TRPV3/

TRPA1/

TRPM8

Nonselective

agonist

Resiniferatoxin Euphorbia resinı́fera TRPV1 Agonist

Ginger-derived

products (Fig. 2)

[8]-Gingerol Zingiber officinale TRPV1/

TRPA1

Nonselective

agonist

[6]-Gingerol TRPV1/

TRPA1

[6]-Shogaol TRPV1 Agonist

[10]-Shogaol TRPV1 Agonist

Zingerone TRPV1 Agonist

Paradol TRPV1 Agonist

Phytocannabinoids

(Fig. 3)

Δ9-

tetrahydrocannabinol

Cannabis sativa TRPV2/

TRPA1/

TRPM8

Nonselective

agonist/

antagonist

Δ9-

tetrahydrocannabinolic

acid

TRPA1/

TRPM8

Agonist/

antagonist

Cannabidiol TRPV1/

TRPV2/

TRPA1/

TRPM8

Agonist/

antagonist

Cannabidiolic acid TRPA1/

TRPM8

Agonist/

antagonist

Cannabinol TRPA1 Agonist

Cannabichromene TRPA1 Agonist

Cannabigerol TRPA1/

TRPV2/

TRPM8

Nonselective

agonist/

antagonist

Tetrahydrocannabivarin TRPA1/

TRPV2

Nonselective

agonist

(continued)
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Table 1 (continued)

Compound Origin Target(s) Effects

Unsaturated

dialdehyde

terpenes (Fig. 4)

Polygodial Drymis winteri TRPV1/

TRPA1

Nonselective

agonist

Drimanial TRPV1 Agonist

Isovelleral Lactarius vellereus TRPV1/

TRPA1

Mixed

agonist-

antagonist

Cinnamodial Cinnamosma fragrans TRPV1 Agonist

Cinnamosmolide TRPV1 Agonist

Cinnamolide TRPV1 Agonist

Warburganal Warburgia ugandensis
Warburgia
stuhlmannii

TRPV1 Agonist

Scalaradial Sponges TRPV1 Agonist

Aframodial Aframomum danielli TRPV1 Agonist

Ancistrodial Ancistrotermes
cavithorax

TRPV1 Agonist

Merulidial Fungi TRPV1 Agonist

Drimenol Lactarius uvidus TRPV1 Agonist

Monoterpenes

(Fig. 5)

Carvacrol Origanum majorana
Origanum vulgare

TRPV3/

TRPA1

Agonist

Thymol Origanum vulgare
Thymus vulgaris

TRPV3/

TRPA1/

TRPM8

Agonist

Camphor Cinnamomum
camphora

TRPV1/

TRPV3/

TRPA1/

TRPM8

Mixed

agonist-

antagonist

Umbellulone Umbellularia
californica

TRPA1/

TRPM8

Mixed

agonist-

antagonist

Menthol Mentha piperita
Mentha arvensis

TRPV3/

TRPA1/

TRPM8

Mixed

agonist-

antagonist

1,4-cineole Eucalyptus
polybractea

TRPA1 Agonist

1,8-cineole TRPM8/

TRPA1

Agonist/

antagonist

Carveol Spearmint essential oil

Mentha spicata
TRPV3 Agonist

6-tert-butyl-m-cresol TRPV3 Agonist

Dihydrocarveol TRPV3 Agonist

Borneol TRPV3 Agonist

Perillaldehyde Perilla frutescens TRPA1/

TRPM8

Agonist/

antagonist

Perillaketone TRPA1/

TRPM8

Agonist/

antagonist

(continued)
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Table 1 (continued)

Compound Origin Target(s) Effects

Triprenyl phenols

(Fig. 6)

Grifolin Albatrellus ovinus TRPV1 Antagonist

Neogrifolin TRPV1 Antagonist

Albaconol TRPV1 Antagonist

Scutigeral TRPV1 Agonist

Chalcones (Fig. 7) Cochinchinenin A Dracaena
cochinchinensis

TRPV1 Agonist

Cochinchinenin B TRPV1 Agonist

Loureirin B TRPV1 Agonist

Electrophilic

modulators (Fig. 8)

Allyl isothiocyanate Brassica nigra TRPV1/

TRPA1

Agonist

Cinnamaldehyde Cinnamomum cassia
Cinnamomum
zeylanicum

TRPA1 Agonist

Allicin Allium sp TRPA1 Agonist

Diallyl disulphide TRPA1 Agonist

Ligustilide Angelica sinensis
Ligusticum
chuanxiong
Ligusticum porteri

TRPA1 Agonist

Dehydroligustilide TRPA1 Agonist/

antagonist

Other modulators

(Figs. 9, 10 and 11)

Alpha-spinasterol Vernonia tweedieana TRPV1 Antagonist

Guaiacol Guaiacum officinale TRPV1 Agonist

Methyl salicylate Gaultheria
procumbens

TRPA1 Agonist

Vanillin Vanilla planifolia TRPV3 Agonist

Methyl syringate Kalopanax pictus TRPA1 Agonist

Resveratrol Vitis vinifera TRPV1/

TRPA1

Antagonist

Pinosylvin methyl ether TRPV1 Antagonist

Salidroside Rhodiola rosea TRPM8 Antagonist

Bisandrographolide A Andrographis
paniculata

TRPV4 Agonist

Ginsenoside Rg1 Panax notoginseng TRPV1 Antagonist

Triptolide Tripterygium wilfordii TRPP Agonist

Evodiamine Evodia rutaecarpa TRPV1 Agonist

Nicotine Nicotiana tabacum TRPV1/

TRPA1

Agonist

Yohimbine Pausinystalia yohimbe
Rauwolfia serpentine

TRPV1 Antagonist

Hydroxy-alpha-

sanshool

Zanthoxylum
piperitum

TRPV1 Agonist

Artepillin C Baccharis
dracunculifolia

TRPA1 Agonist

Thapsigargin Thapsia garganica TRPV1 Antagonist

Ricinoleic acid Ricinus communis TRPV1 Agonist

Citral Cymbopogon citratus TRPV3 Agonist

(continued)
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human skin causes an early burning sensation and vasodilatation (Jancsó and

Jancsó-Gabor 1949). The investigations to characterise the action of capsaicin on

sensory neurons revealed that capsaicin was able to depolarise sensory fibres and

cell bodies to produce an increased conductance associated with an enhancement of

Na+ and Ca+2 permeability (Marsh et al. 1987). In this context, the burning pain

sensation produced by capsaicin seems to be related to the influx of cations and the

production of action potentials that propagate to the central nervous system (Bevan

and Szolcsanyi 1990).

Notably, the initial neuronal stimulation by capsaicin of sensory neurons (per-

ceived in humans as a burning sensation) is followed by a lasting refractory state,

traditionally referred to as desensitisation or, under certain conditions, as neurotox-

icity (Jancsó et al. 1977). It has been well known that following a desensitisation

Table 1 (continued)

Compound Origin Target(s) Effects

Incensole acetate Boswellia papyrifera TRPV3 Agonist

Hyperforin Hypericum
perforatum

TRPC6 Agonist

Cnidarian

envenomations

Jellyfish Sea anemone TRPV1 Agonist

Vanillotoxins (VaTx)

1, 2, 3

Psalmopoeus
cambridgei

TRPV1 Agonist

Quinine Cinchona sp. TRPM7 Antagonist

Waixenicin A Sarcothelia
edmondsoni

TRPM7 Antagonist

Fig. 1 Capsaicinoids and related compounds
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process by capsaicin, previously excited neurons become unresponsive not only to a

repeated capsaicin challenge but also to other unrelated stimuli (Szallasi and

Blumberg 1999). Capsaicin desensitisation seems to be a reversible phenomenon,

since skin punch biopsies taken from volunteers exposed to high dose of capsaicin

revealed a fully reversible loss of TRPV1-like immunoreactivity in the dermis

(Malmberg et al. 2004; Kennedy et al. 2010). Currently, it has been reported that

capsaicin desensitisation may involve additional mechanisms besides TRPV1 stim-

ulation, because capsaicin also interferes with mitochondrial electron transport

(Athanasiou et al. 2007). Thus, mitochondrial dysfunction in sensory neurons

could contribute to capsaicin-induced desensitisation (Bley 2013).

1.1.1 Capsaicinoids, Capsinoids and Other Capsaicin-Related
Compounds

1.1.1.1 Capsaicinoids
Capsaicin is the main active component found in chilli peppers (Capsicum
annuum). However, this plant species contains other constituents such as

dihydrocapsaicin, nordihydrocapsaicin, homodihydrocapsaicin and homocapsaicin,

all of which are known as capsaicinoids (Davis et al. 2007; Mueller-Seitz

et al. 2008). It is currently believed that these chemicals are synthesised by the

plant as a defence mechanism against the attack of mammalian herbivores and

fungi (Tewksbury et al. 2006). Capsicum species have been used in culinary and

folk medicine since 7000 BC. Native Americans used Capsicum to cure cramps,

diarrhoea and dyspepsia. The capsaicinoids were used for treating toothache in the

nineteenth century. Folk medicinal uses of capsaicin include appetite stimulation,

treatment of gastric ulcers and rheumatism and restoration of hair growth (Szallasi

1995). In Germany the so-called ABC patch is still used as a registered drug to

apply warmth and thereby to treat lumbago, muscle tenseness and back pain. The

only active ingredient nowadays is capsaicin (C), whereas originally the patches

also contained arnica (A) and belladonna (B).

Currently, a great amount of evidence suggests a wide range of actions for

capsaicinoids such as anticancer (Yang et al. 2010), anti-inflammatory (Choi

et al. 2011) and antioxidant (Henning et al. 2011) properties. Interestingly,

in vivo and in vitro antitumour activities have been attributed to the capsaicinoid

compounds (Surh 2002; Oh et al. 2008; Thoennissen et al. 2010; Yang et al. 2010;

Shirakawa et al. 2008; Amantini et al. 2009). In this context, capsaicin and

dihydrocapsaicin have been reported to repress the growth of various immortalised

or malignant cell lines via the induction of cycle arrest, apoptosis and autophagy

and/or via the inhibition of cellular metabolic activation (Oh et al. 2008; Choi

et al. 2010a, b; Ghosh and Basu 2010). Furthermore, capsaicin is able to inhibit both

in vivo and in vitro growths of tumour cells such as adenocarcinoma, leukaemia and

glioblastoma cells by inducing apoptosis (Hail and Lotan 2002; Lee et al. 2000;

Kang et al. 2003; Ito et al. 2004; Qiao et al. 2005; Mori et al. 2006). In clinical

studies, capsaicin inhibited the growth of leukaemic cells (Ito et al. 2004).

The apoptotic action of the capsaicin is thought to be mediated by target action,

either through a direct pathway independent of TRPV1 or by an indirect pathway
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dependent on TRPV1 (Ziglioli et al. 2009). In the indirect pathway, capsaicin needs

to interact with TRPV1, which in turn leads to an increase in intracellular Ca+2,

triggering early and late elements of apoptosis (Ziglioli et al. 2009). In glioma cells,

capsaicin induces apoptosis, an effect that appears to be mediated by TRPV1 and

involves a complex mechanism characterised by increased Ca+2 influx, p38 activa-

tion, phosphatidylserine exposure, mitochondrial permeability transmembrane pore

opening and mitochondrial transmembrane potential dissipation, caspase 3 activa-

tion and, finally, oligonucleosomal DNA fragmentation (Amantini et al. 2007).

Several studies have investigated the effects of capsaicinoids on cardiovascular

function. In this context, among the cardiovascular actions attributed to the

capsaicinoids are the stimulation of the neurotransmitter release, promotion and

inhibition of platelet aggregation and antioxidant properties. It is now well known

that the cardiovascular system is rich in capsaicin-sensitive sensory nerves, which

play an extensive role in regulating cardiovascular function through the release of

multiple neurotransmitters (Peng and Li 2010; Zvara et al. 2006). Of note, capsai-

cin, through activation of TRPV1, was able to stimulate the release of CGRP, a

neurotransmitter with a protective effect on cardiovascular function (Chai

et al. 2006; Li et al. 2009; Li and Peng 2002; Zhong and Wang 2008; Zhou

et al. 2010; Peng and Li 2010). However, high dose of capsaicin treatment exhausts

CGRP in the nerve endings and displays detrimental effects (Peng et al. 2002).

The first evidence that capsaicin could act on platelet activation was described in

1991 (Hogaboam and Wallace 1991). In this study, capsaicin was inserted into the

plasma membrane of platelets and altered membrane fluidity and/or ionic perme-

ability. In addition, capsaicin and dihydrocapsaicin have been reported to inhibit

platelet aggregation and the activity of clotting factors VIII and IX (Adams

et al. 2009). These data suggest that capsaicinoids could be beneficial in the

prevention or reduction of the incidence of cardiovascular diseases by reducing

platelet aggregation. Otherwise, capsaicin stimulating TRPV1 localised in human

platelets was able to induce the Ca+2 release from intracellular platelet stores and

subsequently contributed to ADP and thrombin-induced platelet activation (Harper

et al. 2009). Therefore, the action of capsaicinoids on platelet activation is contro-

versial and more studies are necessary to address this issue.

There is an increased amount of evidence suggesting that capsaicinoids possess

antiobesity properties (Zhang et al. 2007; Joo et al. 2010; Leung 2008; Cioffi 2007).

It has been reported that both capsaicin and dihydrocapsaicin are able to inhibit

obesity by enhancing energy expenditure and reducing body fat accumulation

effects that were observed in experimental animal models and clinical trials,

probably by altering proteins related to thermogenesis and lipid metabolism in

white adipose tissue (Reinbach et al. 2009; Shin and Moritani 2007; Joo

et al. 2010). Of great interest was the finding that capsaicin prevented adipogenesis

and obesity by activating TRPV1. The activation of TRPV1 increased cytosolic

Ca+2 and prevented the adipogenesis of pre-adipocytes in vitro. The effects of

capsaicin on adipogenesis were attenuated by knocking down TRPV1. Further-

more, capsaicin prevented TRPV1 downregulation during adipogenesis. Finally,

the administration of capsaicin prevented obesity in male wild-type mice, but not in

TRP Modulation by Natural Compounds 1185



TRPV1 knockout mice assigned to the high-fat diet group (Zhang et al. 2007).

Therefore, these data support a potential role of TRPV1 in metabolism regulation

and weight reduction (Cioffi 2007; Nilius and Appendino 2011; Nilius and

Owsianik 2011).

Other relevant properties of TRPV1 have been reported on the gastrointestinal

system. The gastroprotective effects of capsaicinoids have been also demonstrated

in different animal models of gastric mucosal injury induced by hydrochloric acid,

ammonia, ethanol, aspirin or indomethacin (Mozsik et al. 2007; Szolcsanyi and

Bartho 2001). These effects were attenuated by the presence of TRPV1 or CGRP-

selective antagonists. In contrast, the pretreatment with capsaicin, at a single dose

of 50 mg/kg, was found to attenuate the protective effects of rutaecarpine

(a potential agonist of TRPV1) on acetylsalicylic acid-induced gastric mucosal

injury. Otherwise, high doses of capsaicinoids may have detrimental effects on the

gastrointestinal tract by promoting the exhaustion of neurotransmitters and damage

to capsaicin-sensitive sensory nerves (Wang et al. 2005).

1.1.1.2 Capsinoids
Capsinoids are obtained from non-pungent red peppers (Capsicum annuum or

Capsicum frutescens) named CH-19 Sweet (Kobata et al. 1999) and include

capsiate, dihydrocapsiate and nordihydrocapsiate (Fig. 1) (Lang et al. 2009).

These bear a similar structure to capsaicinoids, i.e. an aliphatic hydroxyl group in

vanillyl alcohol with a fatty acid, but with different central linkage among the

groups, yielding an amide in capsaicinoids and an ester group in capsinoids

(He et al. 2009; Barbero et al. 2010; Luo et al. 2011). Although capsinoids have

less pungency than capsaicin, they are also able to activate TRPV1 (Iida

et al. 2003). Capsiate (4-hydroxy-3-methoxybenzyl (E)-8-methyl-6-nonenoate)

was found to activate inward currents in hTRPV1-HEK293 cells with potency

similar to that of capsaicin. The EC50 values for capsiate and capsaicin were,

respectively, 290 nM (1.91, Hill coefficient) and 99.0 nM (1.46, Hill coefficient).

The activation of currents by capsiate was reverted by the TRPV1 antagonist

capsazepine. Moreover, capsiate administration in mice hind paw elicited pain

similar to that induced by capsaicin. These data indicate that capsiate is a TRPV1

agonist and, similarly to capsaicin, is able to excite peripheral nociceptors. How-

ever, TRPV1 receptors in the skin surface, eye or oral cavity of mice are not

sensitive to capsinoids. This is probably because of the high capsinoid lipophilicity

and low molecule stability in aqueous solution (Iida et al. 2003). Capsiate,

dihydrocapsiate and nordihydrocapsiate are also activators of TRPA1 expressed

in HEK293 cells or in mouse DRG neurons, but they are more potent upon TRPV1

than upon TRPA1 (Shintaku et al. 2012). In addition, capsiate exhibited antiobesity

actions, with an effect that is quite similar to that exerted by capsaicin. A direct

evidence of the participation of TRPV1 in the antiobesity activity of capsiate was

demonstrated by Kawabata and colleagues (Kawabata et al. 2009). In this study, the

energy metabolism in wild-type mice, but not in TRPV1 knockout mice, was

increased by capsiate. Currently, capsiate is a commercially available product in

Japan and USA for body weight control (Luo et al. 2011).
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1.1.1.3 Piperine
Piperine (piperinoyl-piperidine, Fig. 1) is an alkaloid found in plants belonging to

the Piperaceae family, such as Piper nigrum (black pepper) and Piper longum (long

pepper). The uses of black pepper in folk medicine include antipyretic and anti-

inflammatory actions, metabolism stimulation, aiding in the absorption of nutrients

and boosting the efficacy of drugs (Szallasi 2005). The initial characterisation of

piperine as a TRPV1 activator was first reported by Szallasi and colleagues by

demonstrating that this compound inhibited the binding of [3H]-RTX in the dorsal

horn of pig spinal cord (Szallasi and Blumberg 1991). Later, Liu and Simon showed

that these compounds evoked similar currents in rat trigeminal ganglion neurons

in vitro (Liu and Simon 1996b). In a more recent study, McNamara and co-workers

concluded that piperine is not only similar to capsaicin in its effects at human

TRPV1 expressed in HEK293 cells but exhibits greater efficacy than capsaicin in

both events of activation and desensitisation of TRPV1 (McNamara et al. 2005).

The reasons for the improved desensitisation-to-excitation ratio of piperine com-

pared with capsaicin are unclear. An attractive hypothesis to explain the pharma-

codynamic differences between capsaicin and piperine is that the latter might be a

better inducer of the dephosphorylation and inactivation of TRPV1 (Vriens

et al. 2009).

1.1.1.4 Eugenol
Eugenol is a phenol compound with a vanillyl moiety (Fig. 1) that can be isolated

from clove or clocimum oil (Eugenia caryophyllata and Ocimum gratissimum) and
cinnamon leaf (Cinnamomum zeylanicum). This compound shows antiseptic,

astringent, hypothermic, myorelaxant, anticonvulsant and dental anaesthetic

actions (Dallmeier and Carlini 1981; Evans 1996). As anaesthetic agent, eugenol,

has been used to toothache, pulpitis and dentin hyperalgesia (Ohkubo and Kitamura

1997; Ohkubo and Shibata 1997). This compound shares several pharmacological

actions with local anaesthetics, including the inhibition of voltage-gated sodium

channels and activation of TRPV1 (Park et al. 2009). The first evidence that

eugenol might be acting on ion channels emerged from electrophysiological studies

showing that eugenol activated Ca+2-permeable ion channels (Ohkubo and

Kitamura 1997). Later, eugenol was reported to induce inward currents in

HEK293 cells transfected with hTRPV1 and TG neurons as well as elevation of

intracellular Ca+2 in the same cells (Yang et al. 2003). By means of in vivo

experiments, it was demonstrated that eugenol possesses anti-nociceptive

properties that are comparable to those of capsaicin (Ohkubo and Shibata 1997).

Recently, it was demonstrated that the subcutaneous injection of eugenol reduced

the thermal nociception and capsaicin-induced thermal hyperalgesia in a dose-

dependent manner in the orofacial area (Park et al. 2009). Both the in vitro and

in vivo actions of eugenol are reversed by capsazepine, demonstrating that its

effects appear to be mediated by TRPV1. However, eugenol is able to active

other TRP channels, such as TRPA1 and TRPM8 (Bandell et al. 2004), being

classified as a nonselective TRPV1 agonist. More information about the modulatory

effect of eugenol upon other TRPs will be discussed in their specific sections.
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1.1.1.5 Resiniferoids
In 1975, Hecker’s research group isolated the active principle of Euphorbia
resinifera, a cactus-like plant native of Morocco (Hergenhahn et al. 1974), and

named it resiniferatoxin (Fig. 1). This compound is a phorbol-related diterpene with

the vanillyl moiety that shows a potent activity on TRPV1. The medicinal use of

dried latex of Euphorbia resinifera refers to its direct application to dental cavities

to mitigate toothache or to suppress chronic pain (Appendino and Szallasi 1997).

Resiniferatoxin mimics most biological response characteristic of capsaicin with a

hundred to several thousandfold higher potency (Szallasi and Blumberg 1990;

Szallasi 1994). In this context, Maggi and co-workers found that resiniferatoxin is

several thousandfold more potent than capsaicin for desensitising contractions of

the isolated rat urinary bladder but similar in potency to capsaicin for contracting

the isolated rat urinary bladder (Maggi et al. 1990). Another property of

resiniferatoxin is the control of pulmonary chemo-reflex, which is desensitised by

this compound without prior excitation but is evoked by capsaicin without

subsequent desensitisation (Szolcsanyi et al. 1990). In patients with urinary bladder

overactivity, intravesical resiniferatoxin improves urinary bladder function (or even

restores continence) without significant irritation and/or toxicity. Therefore,

resiniferatoxin is an attractive alternative to capsaicin in that it achieves lasting

desensitisation without the side effects that complicate capsaicin therapy (Kissin

and Szallasi 2011).

1.1.2 Ginger-Derived Products
In ginger (the rhizomes of Zingiber officinale), several pungent substances are

found such as gingerols ([8] and [6]-gingerol) (main constituents), shogaol,

zingerone and paradol (Fig. 2). Gingerols are highly similar to the shogaols and

paradols with [6]-gingerol differing from 6-paradol only by a single hydroxyl group

at C6 of the alkyl chain (Riera et al. 2009).

The first indication that ginger constituents might participate in sensorial pro-

cesses came from the study carried out by Onogi and colleagues, which

demonstrated that systemic administration of [6]-shogaol produced anti-

nociception in rats, but in a lower intensity than that observed with capsaicin

(Onogi et al. 1992). Later, electrophysiology and Ca+2 imaging studies showed

that gingerols and shogaols increased intracellular Ca+2 concentrations in rats

TRPV1-expressing HEK293 cells via TRPV1 and that [6]-gingerol and

[8]-gingerol evoked capsaicin-like Ca+2 transient ion currents in DRG neurons,

an effect that was blocked by the TRPV1 antagonist capsazepine (Witte et al. 2002;

Iwasaki et al. 2006; Dedov et al. 2002). These data highlighted TRPV1 as a target

for ginger constituents. These hypotheses were reinforced by additional findings

showing that the subcutaneous administration of [10]-shogaol, [6]-shogaol or

capsaicin into rats hind paw induced nociceptive responses via TRPV1. Other

important findings regarding ginger constituents are that [6]- and [10]-gingerols

and [6]- and [10]-shogaols promote adrenal catecholamine secretion, an event that

alters energy consumption. Of interest, [10]-shogaol-induced adrenaline secretion

was inhibited by the administration of capsazepine, suggesting the participation of
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TRPV1 in this process (Iwasaki et al. 2006). However, gingerols also activate

TRPA1 channel showing that these compounds are nonselective TRPV1 activators

(Bandell et al. 2004).

Similarly to capsaicin, [6]-shogaol and [6]-paradol contain a vanilloid moiety

and activate TRPV1 (Lee and Surh 1998; Witte et al. 2002). The activation of

TRPV1 by these two compounds is thought to be the main responsible for the

pungent sensation of oily extracts of Sichuan and Malagueta pepper. Zingerone

[4-(4-hydroxy-3-methoxyphenyl)-2-butanone], a phenolic ketone metabolite of

gingerols (Fig. 2), was suggested to activate the same receptor as capsaicin in TG

neurons (Liu and Simon 1996b; Liu et al. 2000). Indeed, cultured rat TG neurons

and TRPV1-Xenopus oocytes were desensitised by repeated applications of

zingerone (Liu et al. 2000).

1.1.3 Phytocannabinoids
Cannabis species contain a complex mixture of substances that include 60 different

cannabinoids, with the most prevalent being Δ9-tetrahydrocannabinol (THC),

cannabidiol and cannabinol (Fig. 3). Cannabidiol constitutes up to 40 % of Canna-
bis sativa extract. It is a non-psychotropic compound with possible therapeutic use

as an anxiolytic, neuroprotective, anticonvulsive and anti-inflammatory agent

(Mechoulam et al. 2002). Cannabidiol possesses low affinity to cannabinoid recep-

tor, suggesting that some of the biological actions may be mediated by other

receptor classes. In this context, studies have shown that cannabidiol possesses

anti-inflammatory and analgesic effects similar to those of capsaicin. Reinforcing

this hypothesis, cannabidiol at a micromolar concentration was able to inhibit the

binding of [3H]-resiniferatoxin and to increase intracellular-free Ca+2 in hTRPV1-

HEK293 cells, behaving like a full agonist of TRPV1 (Bisogno et al. 2001).

Fig. 2 Ginger-derived products
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Moreover, it was reported that the anti-nociceptive action of cannabidiol was

mediated via TRPV1 (Costa et al. 2004).

1.1.4 Unsaturated Dialdehyde Terpenes
Terpenoids represent a chemical defence against environmental stress and provide a

repair mechanism for wounds and injuries in plants. Interestingly, effective

ingredients in several plant-derived medicinal extracts are also terpenoid

compounds, such as monoterpenoid, sesquiterpenoid, diterpenoid, triterpenoid

and carotenoid groups (Salminen et al. 2008). In this context, a broad spectrum of

biological effects have been attributed to the terpenoids, especially to the unsatu-

rated 1,4-dialdehydes. These effects include a decrease in serum cholesterol and

inhibition of platelet aggregation (Lorenzen et al. 1994; Tanabe et al. 1993). Unsat-

urated 1,4-dialdeydes terpenes are structurally unrelated to capsaicin but are able to

interact with TRPV1 despite of the lack vanillyl moiety in their structure (Sterner

and Szallasi 1999). Importantly, not all effects attributed to unsaturated dialdehydes

have a therapeutic purpose (Jonassohn and Sterner 1997).

The pungent sesquiterpenes polygodial and drimanial contain an unsaturated

1,4-dialdehyde functional group (Fig. 4). These compounds were isolated from the

bark of Drimys winteri (Winteraceae), a native Brazilian medicinal plant used for

the treatment of inflammatory diseases, in addition to being a substitute for pepper

in culinary preparations (Corrêa 1978). Leaves and barks from these plants are used

for analgesic and anti-inflammatory preparations to treat dental and stomach pain

and other painful conditions (Andre et al. 2004). Systemic administration of

polygodial or drimanial produces marked anti-nociceptive, anti-inflammatory and

Fig. 3 Phytocannabinoids
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anti-allergic effects in mice (Tratsk et al. 1997; Mendes et al. 1998; da Cunha

et al. 2001; Malheiros et al. 2001).

Although initially painful, polygodial acts as an analgesic through

desensitisation of sensory neurons. Indeed, the neonatal treatment of rats with

both polygodial and drimanial caused long-lasting and pronounced inhibition of

the neurogenic nociception and thermal hyperalgesia (Andre et al. 2004), a neuro-

nal desensitising effect similar to that described for capsaicin (Buck and Burks

1986; Holzer 1991). Moreover, sesquiterpenes produce urinary bladder contractile

response through activation of a ruthenium red-sensitive channel and release of

substance P or neurokinin A. However, in contrast to capsaicin, polygodial and

drimanial failed to produce marked tachyphylaxis. Of note, data also show that

polygodial and drimanial failed to exhibit cross-desensitisation with capsaicin.

Such results suggest that although some of the actions of polygodial and drimanial

in the rat urinary bladder seem to be similar to those caused by capsaicin, there are

some apparent differences regarding their precise site of action (Andre et al. 2006).

Corroborating with this hypothesis, ruthenium red (a nonselective blocker of TRP

channels) showed an inhibitory activity that is more efficient than capsazepine

(selective TRPV1 antagonist), suggesting that polygodial- or drimanial-induced

responses in the urinary bladder could be mediated by other TRP channels. In this

same study, André and colleagues reported that polygodial and drimanial displaced

the specific binding of [3H]-resiniferatoxin in rat spinal cord membranes.

Fig. 4 Unsaturated dialdehyde terpenes
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In addition, polygodial and drimanial, like capsaicin, were also active in promoting

[45Ca+2] uptake in the spinal cord synaptosomes and to increase the intracellular

Ca+2 concentration in cultured rat trigeminal neurons (Andre et al. 2006). Now, it is

known that polygodial activates TRPA1. Interestingly, Escalera and colleagues

observed that polygodial robustly activated Ca+2 influx and cationic currents

through TRPA1 channels expressed in primary sensory neurons and heterologous

cells (Escalera et al. 2008). Therefore, the biological actions of polygodial are

mediated by TRPA1, as depicted in TRPA1 section.

One of the most intensively studied defensive sesquiterpenes is isovelleral, the

pungent product of the fungus Lactarius vellereus. Isovelleral is thought to be part

of a fungal chemical defence system against predators (List and Hackenberg 1969;

Magnusson et al. 1972). In humans, skin contact with the fungal milky exudate

often leads to painful inflammatory responses, including eczema and blistering

(Ponhold 1944; Escalera et al. 2008). Isovelleral has been proposed to act on

vanilloid receptors in peripheral sensory neurons to induce pungent sensations

and neurogenic inflammation. Isovelleral induced Ca+2 influx into cultured sensory

neurons, an action which was partially abolished by the vanilloid antagonist

capsazepine. In addition, isovelleral diminished binding and changed cooperativity

of the high-affinity vanilloid agonist resiniferatoxin on sensory neuronal membrane

preparations (Szallasi et al. 1996; Andre et al. 2006). In a similar fashion,

isovelleral-activated relaxation of the mesenteric artery appeared to be partially

independent of vanilloid receptors (Ralevic et al. 2003). Surprisingly, pharmaco-

logical studies failed to detect any agonist activity of isovelleral on cloned vanilloid

receptors, including human, rat and porcine TRPV1 isoforms (Jerman et al. 2000;

Smart et al. 2001; Ohta et al. 2005). In sharp contrast, it was found that isovelleral

has TRPV1 antagonist activity, inhibiting capsaicin activation of TRPV1 at pKb

values similar to those of capsazepine and ruthenium red (7.52� 0.08, 6.92� 0.11

and 8.09� 0.12, respectively) (Jerman et al. 2000; Smart et al. 2001).

Other important unsaturated 1,4-dialdehydes terpenes are cinnamodial,

cinnamosmolide, cinnamolide, warburganal, scalaradial, aframodial, ancistrodial,

merulidial and drimenol (Fig. 4). Cinnamodial, cinnamosmolide and cinnamolide

are present in the hot-tasting bark of Cinnamosma fragrans (Cannellaceae). These
compounds induced Ca+2 uptake in rat DRG and inhibited specific [3H]-

resiniferatoxin binding in spinal cord membranes. Cinnamodial and

cinnamosmolide had a bimodal effect on Ca+2 uptake; they increased Ca+2 uptake

in low concentrations and inhibited it in concentrations higher than 0.3 and 3 μM,

respectively (Szallasi et al. 1998). Warburganal (isolated from Warburgia
ugandensis and Warburgia stuhlmannii (Cannellaceae)), scalaradial (produced by

sponges), aframodial (isolated from the plant Aframomum danielli, Zingiberaceae),
ancistrodial (isolated from the insect Ancistrotermes cavithorax), merulidial

(isolated from fungi) and drimenol (isolated from Lactarius uvidus) were capable

of inhibiting specific [3H]-resiniferatoxin binding in rat spinal cord (Szallasi

et al. 1996, 1998). Therefore, all these unsaturated 1,4-dialdehydes terpenes seemed

to target TRPV1.
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1.1.5 Monoterpenes
Camphor (Fig. 5) is a naturally occurring compound that is used as an active

ingredient of balms and liniments supplied as topical analgesics. Camphor activates

heterologously expressed TRPV1, although this requires higher concentrations than

capsaicin. Activation of TRPV1 by camphor is enhanced by phospholipase

C-coupled receptor stimulation mimicking inflamed conditions. Similar camphor-

activated TRPV1-like currents were observed in isolated rat DRG neurons and were

strongly potentiated after the activation of protein kinase C with phorbol-12-

myristate-13-acetate (PMA). The activation of rat TRPV1 by camphor was

mediated by distinct channel regions from capsaicin, as indicated by experiments

in the presence of the competitive TRPV1 inhibitor capsazepine and in capsaicin-

insensitive point mutant. Recently, it was observed that camphor-activation path-

way in TRPV1 involves the outer pore domain, particularly T633, a specific residue

located in the middle of the pore helix that is also critical for direct activation of

TRPV1 by protons (Marsakova et al. 2012). Although camphor activates TRPV1

less effectively, camphor application desensitised TRPV1 more rapidly and

completely than capsaicin. Camphor-induced desensitisation of TRPV1 may under-

lie the analgesic effects of camphor (Xu et al. 2005).

1.1.6 Triprenyl Phenol
Studies have reported that the triprenyl phenols, namely, grifolin, neogrifolin,

confluentin, albaconol and scutigeral (Fig. 6) obtained from Albatrellus ovinus, a
terrestrial fungus found in Northern Europe, seem to modulate TRPV1. Scutigeral

evoked 45Ca+2-uptake response, which is similar in magnitude to that evoked

by capsaicin and is blocked by the TRPV1 antagonist capsazepine. Under

Fig. 5 Monoterpenes
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voltage-clamp conditions, however, no scutigeral-induced inward currents could be

detected. It was speculated that scutigeral gates the channel with prolonged kinetics

compared to capsaicin or other pungent vanilloids. Thus, scutigeral may cause a

sustained increase in intracellular calcium concentrations (Liu et al. 1997), which is

not sufficient to generate action potentials but is able to block voltage-gated

channels (Liu and Simon 1996a; Docherty et al. 1991). In contrast to the proposed

agonist action of scutigeral, Hellwig and colleagues suggest that the prenylphenols

grifolin, neogrifolin and albaconol act as weak antagonists (activity in the micro-

molar range) rather than exhibiting agonistic activities (Hellwig et al. 2003).

1.1.7 Chalcones
Dragon’s blood from Dracaena cochinchinensis is one of the renowned traditional

medicines. It is a multicomponent mixture with analgesic activity and has got

several therapeutic uses (Gupta et al. 2008; Zhong 2010). Dragon’s blood

modulated tetrodotoxin-sensitive (TTX-S) and tetrodotoxin-resistant (TTX-R)

sodium currents in DRG neurons. Three compounds cochinchinenin A,

cochinchinenin B and loureirin B (Fig. 7) were the active components in dragon’s

blood interfering with pain messages (Guo et al. 2008; Liu et al. 2006). Dragon’s

blood solution inhibited capsaicin-induced currents in DRG with an IC50 value of

0.00002� 0.000005 % (m/v) and a Hill coefficient of 0.57� 0.07. The isolated

compounds also inhibited capsaicin-induced currents, and the potency order was

loureirin B>cochinchinenin A>cochinchinenin B. The combination of these three

compounds using different proportions of each one confirmed that loureirin B was

the main inhibitor of capsaicin-induced currents in DRG (Wei et al. 2013).

Fig. 6 Triprenyl phenols
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1.1.8 Other Modulators of TRPV1
1.1.8.1 Mustard Oil
Mustard oil is a pungent plant extract rich in allyl isothiocyanate (Fig. 8) obtained

from mustard seed, horseradish and wasabi. TRPA1 had been purposed as the only

target for mustard oil (Bandell et al. 2004; Bautista et al. 2005; Jordt et al. 2004;

Macpherson et al. 2005); more details are provided in TRPA1 section. However,

evidence show that mustard oil is not a selective activator of TRPA1. In this

context, mustard oil induced an increase in intracellular Ca+2. This event was

suppressed by the TRPV1 antagonists capsazepine, ruthenium red and iodoresini-

feratoxin. Mustard oil elicited outward rectified current in porcine TRPV1-

expressing HEK293 cells, with a reversal potential similar to that of capsaicin. In

cultured porcine DRG neurons, mustard oil elicited an intracellular calcium

increase and inward current (Ohta et al. 2007). The mechanism of activation of

TRPV1 by allyl isothiocyanate was largely dependent on S513, a residue that is

involved in capsaicin binding. In addition, allyl isothiocyanate induced a shift of the

voltage dependence of activation towards negative voltages in TRPV1, which is

reminiscent of capsaicin effects, indicating that allyl isothiocyanate acts through

reversible interactions with the capsaicin binding site (Gees et al. 2013). These

Fig. 7 Chalcones

Fig. 8 Electrophilic TRP

modulators
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findings demonstrate that despite its electrophilic feature, allyl isothiocyanate

activates TRPV1 in a capsaicin-like mechanism, independent of cysteine modifica-

tion in TRPV1.

1.1.8.2 Ginsenosides
Ginsenosides are the main bioactive component of ginseng (Panax ginseng, Panax
quinquefolius, Panax japonicas and Panax notoginseng) (Attele et al. 1999). These
compounds are steroidal saponins that contain the 4-trans-ring rigid steroid skele-

ton and differ mainly by the number, type and location of their sugar moieties

(Shibata et al. 1985; Sticher 1998). Ginsenosides seem also to be involved in pain

modulation. Ginsenosides induced anti-nociceptive action in mice and were capa-

ble of inhibiting pain behaviour induced by capsaicin (Mogil et al. 1998; Nah

et al. 2000). Corroborating these findings, ginsenosides can directly block channels

activated by capsaicin, resulting in attenuation of the currents in rat sensory

neurons. Ginsenoside Rg1 (Fig. 9) (bioactive component of Panax notoginseng)
blocked Ca+2 influx caused by both capsaicin and proton activation in a TRPV1-

dependent mechanism. Furthermore, ginsenoside Rg1 inhibited expression of the

enzyme cyclooxigenase-2 (COX-2) and nuclear factor-kappa B (NF-κB) activity
induced by capsaicin in keratinocytes. The inhibitory effect of ginsenoside Rg1 was

quite similar to that caused by capsazepine, the antagonist of TRPV1. More

importantly, ginsenoside Rg1 inhibited the secretion of prostaglandin E2 (PGE2)

and interleukin-8 (IL-8) induced by capsaicin in human keratinocytes cells and

Fig. 9 TRP modulators
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TRPV1-transfected HEK293 cells. On the other hand, ginsenosides also activate

CHO cells expressing TRPV1, acting as agonists of the channel (Jung et al. 2001).

1.1.8.3 Guaiacol
Guaiacol (Fig. 9) is a phenolic compound isolated from the resin of the wood of

Guaiacum officinale (Zygophyllaceae), which is similar in chemical structure to

capsaicin. Traditionally, this plant has been used for the management of subacute

and chronic rheumatism and rheumatoid arthritis (Newall et al. 1996). Intrathecal

treatment with guaiacol or capsaicin inhibited the formalin-induced nociceptive

response. Capsazepine abolished the anti-nociceptive effects of guaiacol in the

acetic acid writing test. These results suggest that guaiacol may exert its anti-

nociceptive effects via TRPV1 located on sensory terminals in the spinal cord

(Ohkubo and Shibata 1997).

1.1.8.4 Evodia Compounds
Evodiamine (Fig. 10) is an alkaloid extracted from fruits of Evodia rutecarpa. The
Chinese literature refers to Evodia fruits as a ‘hot nature’ herb, the same category to

which chilli pepper belongs (Kobayashi et al. 2001). In vivo studies have shown

that evodiamine sensitises and desensitises capsaicin-sensitive sensory afferents in

mice, resulting in nociceptive and anti-nociceptive actions. The nociceptive action

of intradermal evodiamine is suppressed by co-treatment with capsazepine

(Kobayashi 2003). Moreover, it was reported that evodiamine inhibits [3H]-

resiniferatoxin binding in rTRPV1-Chinese hamster ovary (CHO) cells (Pearce

et al. 2004). In spite of the similarities in the in vitro actions of evodiamine and

capsaicin, evodiamine has no perceptible taste, but has a peppery hot taste that

might facilitate its use in certain diseases.

Fig. 10 TRP modulators
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1.1.8.5 Nicotine
Nicotine (Fig. 10) is an alkaloid found in tobacco leaves (Nicotiana tabacum,
Solanaceae) and, as a result, is a component of tobacco products. When ingested

by smoking, nicotine usually elicits its actions through the activation of neuronal

nicotinic acetylcholine receptors (nAChRs) (Lindstrom 1997; Role and Berg 1996;

Liu et al. 2004). Interestingly, some studies reported that nicotine is capable of

modulating TRPV1 activity (Liu et al. 2004; Fucile et al. 2005). In this regard,

nicotine induced an increase in capsaicin-activated currents in both TG neurons and

in rTRPV1-CHO cells (Liu et al. 2004). This sensitising effect does not require the

activation of nicotinic receptors. Additionally, nicotine contributes to the acute

desensitisation, i.e. the inactivation of the current during a prolonged application of

capsaicin and tachyphylaxis, i.e. the diminution of TRPV1-mediated maximal

current amplitude after repetitive application of capsaicin, a phenomenon that is

dependent on Ca+2 influx increase. Therefore, the activation of nicotinic receptors

in DRG neurons by nicotine can decrease the sensitivity of TRPV1 to subsequent

sensory stimuli. These data represent a possible mechanism underlying the analge-

sic properties of nicotinic agonists on sensory neurons (Fucile et al. 2005). Further

studies are needed to understand the precise mechanisms underlying the interaction

of nicotine with TRPV1.

1.1.8.6 Sanshools
Sanshools is the pungent constituent in Sichuan pepper. It is contained in the outer

pod in the tiny fruit of several species of the genus Zanthoxylum (most commonly

Zanthoxylum piperitum), which are widely grown and consumed in Asia as a spice.

Despite the name, it is not related to black and chilli peppers (Sugai et al. 2005).

Sanshools cause irritant, tingling and sometimes paraesthetic sensations on the

tongue (Koo et al. 2007). Hydroxy-alpha-sanshool (Fig. 11) promoted Ca+2 influx

in cells transfected with TRPV1 and evoked robust inward currents in cells

transfected with TRPV1. In primary cultured sensory neurons, hydroxy-alpha-

sanshool induced inward currents and Ca+2 influx in a capsazepine-dependent

manner. Moreover, hydroxy-alpha-sanshool-induced currents and Ca+2 influx

were greatly diminished in TRPV1 knockout mice. Hydroxy-alpha-sanshool

evoked a licking behaviour when injected into a hind paw of wild-type mice, but

this was reduced in TRPV1-deficient mice. These results indicate that TRPV1 is a

putative molecular target of hydroxy-alpha-sanshool in sensory neurons (Koo

et al. 2007).

1.1.8.7 Fatty Acids
Ricinoleic acid (Fig. 11) is a main constituent isolated from the castor oil from

seeds of Ricinus communis (Euphorbiaceae) (Evans 1996). This fatty acid exhibits a
chemical structure that is similar to some endogenous fatty acid activators of

TRPV1 such as anandamide and oleoylethanolamide but different to that of capsai-

cin. Repeated topical and intradermal treatments with ricinoleic acid or capsaicin

produced an analgesic effect when assessed in thermal and inflammatory models of

pain. However, contrarily to capsaicin, ricinoleic acid does not induce pain by itself
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after acute injection in mouse paw or inward current in DRG neurons (Vieira

et al. 2000, 2001). Therefore, ricinoleic acid unlikely acts as a direct agonist of

TRPV1 receptor.

1.1.8.8 Cnidarian Envenomations
TRPV1 receptor was investigated as a possible target for cnidarian such as jellyfish,

sea anemone and other envenomations, since that TRPV1 activation in nociceptive

neurons leads to pain sensation, which is a common symptom of cnidarian stings.

Interestingly, cnidarian venom induced nociception in rats, an effect that is compa-

rable to capsaicin. Moreover, venom knocks down the desensitisation of TRPV1,

evoking the typical persistent burning pain sensation (Cuypers et al. 2006).

1.1.8.9 Spider Toxins
It has been found that crude venom from Psalmopoeus cambridgei, a tarantula

native to the Trinidad and Tobago, induces robust and reproducible signals when

was applied to TRPV1-expressing HEK293 cells (Siemens et al. 2006). Three

fractions with TRPV1 agonist activity were identified and named vanillotoxins

(VaTx) 1, 2 and 3. Vanillotoxins are new members of the extended family of ICK

(inhibitor cysteine knot) peptides from spiders and cone snails (Zhu et al. 2003).

ICK toxins are widely recognised as blockers of cationic channels. In contrast with

the predominant role of ICK toxins as channel inhibitors, the vanillotoxins function

as TRPV1 agonists, providing new tools for understanding mechanisms of TRP

channel gating. The in vivo studies show that the injection of VaTx3 in hind paw of

mice elicits pain-related behaviours and oedema in wild-type mice, events that were

attenuated in TRPV1 knockout mice (Siemens et al. 2006).

Fig. 11 TRP modulators
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1.1.8.10 Phytosterols
Alpha-spinasterol is a phytosterol (Fig. 10) extracted from Vernonia tweedieana
Baker, an herbaceous plant found all over the world and used as an analgesic and

antitussive. Some studies have also reported the anti-nociceptive and anti-

inflammatory effects of these species (Iwalewa et al. 2003; Njan et al. 2008;

Risso et al. 2010; Zanon et al. 2008). Recently, it was reported that the oral

administration of α-spinasterol produced anti-nociceptive effects in the noxious

heat-induced nociception test and reduced the oedema and mechanical and heat

hyperalgesia elicited by complete Freund’s adjuvant paw injection. The evidences

that α-spinasterol could be acting as a TRPV1 ligand were reported by means of

in vitro studies. This compound was able to displace [3H]-resiniferatoxin binding

and diminish calcium influx mediated by capsaicin. In conclusion, α-spinasterol
now emerges as a TRPV1 antagonist with anti-nociceptive properties (Trevisan

et al. 2012).

1.1.8.11 Stilbenoids
Stilbenoids are bioactive compounds with promising beneficial effects in human

health. Resveratrol (3,5,40-trihydroxy-trans-stilbene, Fig. 10) is a widely distributed
natural stilbenoid found in red wine from Vitis vinifera L., with reported analgesic

properties against acute and chronic pain (Gentilli et al. 2001; Pham-Marcou

et al. 2008; Sharma et al. 2007a, b; Torres-Lopez et al. 2002; Bertelli et al. 2008).

Some of these properties of resveratrol could be attributed to the inhibition of

TRPA1, a TRP family member (Yu et al. 2013). Pinosylvin methyl ether (Fig. 10),

another derivative of stilbene which has a similar structure to resveratrol, blocked

the capsaicin-induced currents in HEK293 cells expressing TRPV1 as well as in

DRG neurons. Pretreatment with pinosylvin also decreased the nocifensive

behaviour induced by capsaicin in rats. Therefore, these stilbenoids might be

considered as emerging targets for anti-nociceptive and anti-inflammatory pharma-

cotherapy (Yu et al. 2013).

1.1.8.12 Indoles
Yohimbine (Fig. 10), an indole alkaloid obtained from the bark of the Pausinystalia
yohimbe (Rubiaceae) tree or from the roots of Rauwolfia serpentina (Apocynaceae)
and initially identified as an aphrodisiac, is a natural α2-adrenoceptor antagonist and
is frequently used to assess the mechanism of a drug’s effect on α-adrenoceptors
(MacDonald et al. 1997; Dessaint et al. 2004). This alkaloid was introduced in the

treatment of erectile dysfunction more than 70 years ago (Hunner 1926) and has

recently been described to inhibit the tetrodotoxin-sensitive Na+ channels (NaV1.2),

the tetrodotoxin-resistant Na+ channels NaV1.8 and NaV1.9 Na+ channels and the

TRPV1. The capsaicin-induced action potential firing activities in DRG neurons

were eliminated by yohimbine (Dessaint et al. 2004).

1.1.8.13 Sesquiterpene Lactone
Similar to the vanilloid analogue resiniferatoxin, thapsigargin (Fig. 11) (Thapsia
garganica, Apiaceae) is a natural product based on a tricyclic diterpene ring.
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This plant is traditionally used in European and Arabian medicines for the treatment

of rheumatic pain. Thapsigargin inhibited the [45Ca+2] uptake of CHO-TRVR1 cells

mediated by TRPV1 and blocked [3H]-resiniferatoxin binding sites in rTPV1-CHO

cells. As thapsigargin inhibits Ca+2-ATPases (SERCAS) and also TRPV1, further

studies are necessary to interpret carefully the data of its biological effects as well

as the relation with these targets (Toth et al. 2002).

1.2 TRPV2

TRPV2, another member of TRP family, was initially characterised as a promising

molecule in pain processes due to its activation by noxious heat (>52 �C) and its

sequence similarity to TRPV1 (Ahluwalia et al. 2002; Caterina et al. 1999;

Tominaga and Caterina 2004). Nowadays, it is known that TRPV2 has a minor

contribution in thermal sensing (Peralvarez-Marin et al. 2013). Cannabinoids

obtained from Cannabis sativa have been identified as the only natural TRPV2

modulators (Table 1). In this regard, the cannabinoids Δ9-tetrahydrocannabinol,

cannabidiol and tetrahydrocannabivarin (Fig. 3) are potent TRPV2 modulators,

whereas cannabinoic acids were less potent (De Petrocellis et al. 2010). However,

cannabinoids are not selective for TRPV2, modulating also TRPV1, TRPV3,

TRPV4, TRPA1 and TRPM8 (Akopian et al. 2008; Qin et al. 2008; De Petrocellis

et al. 2008, 2010, 2012a). Both rat and human TRPV2 are activated by

Δ9-tetrahydrocannabinol and blocked by ruthenium red. Indeed, TRPV2 partially

mediated the cannabidiol-evoked CGRP release in cultured rat DRG neurons

(Neeper et al. 2007; Qin et al. 2008). Recently, it was demonstrated that TRPV2

activation inhibited cell proliferation of human glioblastoma multiform and

reduced the resistance of the glioblastoma to the chemotherapeutic agent

carmustine. The activation of TRPV2 by cannabinoids triggered Ca+2 influx and

increased drug uptake, exerting a synergic cytotoxic effect with carmustine to

induce apoptosis in glioma cells (Nabissi et al. 2013).

1.3 TRPV3

TRPV3 is a member of TRP family sensible to warm temperature (range 32–39 �C)
expressed in keratinocytes and neural tissues (Facer et al. 2007). In addition to

temperatures, TRPV3 is activated by monoterpenes such as carvacrol, thymol,

carveol, 6-tert-butyl-m-cresol, dihydrocarveol, menthol, camphor, borneol (Table 1

and Fig. 5), eugenol (Fig. 1), cresol (a phenol from coal or wood tar), cinnamon

(from the bark of Cinnamon verum), thujone (from the genus Thuja) and the acyclic
monoterpenes, e.g. linalool, geraniol and propofol (Xu et al. 2006; Macpherson

et al. 2006; Vogt-Eisele et al. 2007; Moqrich et al. 2005; Nilius et al. 2013; Vriens

et al. 2009). Most of the monoterpenes are fragrant and form major constituents of

many plant-derived essential oils (Vogt-Eisele et al. 2007). More detailed informa-

tion about these compounds is provided in the TRPA1 and TRPM8 section.
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Carvacrol increased intracellular Ca+2 in TRPV3-expressing HEK293 and epithe-

lial cells of the tongue and skin. Additionally, heterologously expressed human

TRPV3 (hTRPV3) was activated and sensitised by carvacrol and thymol in a dose-

dependent manner (Xu et al. 2006).

Interestingly, cooling agents are capable of activating TRPV3. In this context,

eugenol (Fig. 1) (the principal active ingredient of clove—Caryophyllus
aromaticus) is used in dentistry as a topical analgesic. This compound activates

and sensitises TRPV3 in HEK293 cells and promotes increase in intracellular Ca+2

levels in epithelial cells of the tongue and skin. Interestingly, the activation of

TRPV3 by eugenol and the subsequent Ca+2 influx promoted the release of inflam-

matory mediator IL-1α (interleukin-1-alpha) in mouse keratinocytes

(Xu et al. 2006). Camphor (Cinnamomum camphora tree) activated mouse cultured

primary keratinocytes and this activity was abolished in TRPV3 null mice. More-

over, camphor activated and sensitised TRPV3 in CHO cells. However, camphor

was found to be a weak agonist, activating TRPV3 only at higher concentrations

(Moqrich et al. 2005). Of interest, TRPV3 response to camphor was completely lost

in C619S mutants, which is located in the channel pore and indicates a role of the

pore for gating (Sherkheli et al. 2013). Similarly, vanillin (Vanilla planifolia) was
also characterised as a weak TRPV3 agonist (Xu et al. 2006). Menthol, a compound

obtained of Mentha piperita activates TRPV3. However, menthol acts on other

thermoTRPs: cool-activated TRMP8 and TRPA1 (Macpherson et al. 2006).

The diterpenic cembrenoid incensole acetate (Fig. 11) has also been described to

modulate TRPV3 (Moussaieff et al. 2008, 2012). This compound is found in

incense crude extracts from species such as Boswellia papyrifera. Burning of

Boswellia resin as incense has been part of religious and cultural ceremonies for

millennia (MacCulloch; Moussaieff et al. 2008; Moussaieff and Mechoulam 2009).

Boswellia is a genus of trees known for their fragrant resin, which has many

pharmacological applications particularly for inflammatory conditions. Incensole

acetate has anxiolytic-like and antidepressive-like behavioural effects (Moussaieff

et al. 2008; Nilius et al. 2013; Moussaieff and Mechoulam 2009; Paul and Jauch

2012). In addition, incensole acetate protects against ischaemic neuronal damage

and reperfusion injury in mice, partially mediated by TRPV3 channels, as deter-

mined by studies in Trpv3-deficient mice and channel blockers (Moussaieff

et al. 2012).

The bioactive component of lemongrass citral (Cymbopogon citratus) also

modulates TRPV3. Citral (Fig. 11) is used as a taste enhancer, an odorant in

perfumes and an insect repellent, and also for soft anxiolytic teas. In sensory

neurons, citral activates TRPV3 but causes long-lasting inhibition after the initial

activation (Stotz et al. 2008). Other natural compound activators of TRPV3 are the

phytocannabinoids cannabidiol and tetrahydrocannabivarin (THCV). These

compounds stimulate TRPV3 with high efficacy and potency, whereas the

derivatives cannabigerovarin and cannabigerolic acid desensitise the channel

(De Petrocellis et al. 2012b).

The investigation of TRPV3 participation in transducing signals in pain

pathways suggests that TRPV3 is involved in nociceptive signalling. In addition,
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the identification of antagonists that are efficacious in relevant preclinical

behavioural models demonstrated that TRPV3 is a putative target for pain treatment

(Reilly and Kym 2011; Nilius et al. 2013).

1.4 TRPV4

TRPV4 is activated by cell swelling, moderate heat (>27 �C), endogenous

epoxyeicosatrienoic acids (EETs; 5,6-EET and 8,9-EET) and synthetic phorbol

ester 4α (4α-PDD) (Strotmann et al. 2000; Guler et al. 2002; Wissenbach

et al. 2000; Liedtke et al. 2000; Nilius et al. 2001, 2004; Watanabe et al. 2002,

2003). The natural compound bisandrographolide A (Fig. 9), an active compound

extracted from Andrographis paniculata, was characterised as a potent and selec-

tive agonist of TRPV4. This plant is used in traditional medicine in various parts of

Asia for a wide array of ailments. Extracts are typically used as anti-inflammatory

agents or immune stimulants. Indications include upper respiratory tract infections,

diarrhoea, fever, tonsillitis, snakebite and many others (Smith et al. 2006).

Evidences show that the transmembrane regions 3–4 of TRPV4 form a site for

channel activation by bisandrographolide A, since the mutation of two hydrophobic

residues in the central part of TM4 (Leu584and Trp586) caused a severe reduction of

the sensitivity of the channel to 4α-PDD, bisandrographolide A and heat (Vriens

et al. 2007). Functionally, bisandrographolide A activated large TRPV4-like

currents in mouse keratinocytes. Bisandrographolide A also activated TRPV4

currents in HEK293 cells overexpressing TRPV4 (Smith et al. 2006).

2 TRPA1

TRPA1 is the only member of the ankyrin subfamily so far identified in mammals.

Since other TRPs have only zero to eight ankyrin repeats, the fourteen ankyrin

repeats in the N-terminal portion of TRPA1 make this channel an uncommon TRP

member. The TRPA1 protein, originally called ANKTM1 (ankyrin-like with trans-

membrane domains protein 1), was first identified in human foetal lung fibroblasts

as a transformation-associated gene product (Jaquemar et al. 1999). Later, studies

showed that TRPA1 was expressed in DRG, nodose ganglion and TG sensory

neurons (Nagata et al. 2005; Story et al. 2003), and the TRPA1 expression/activa-

tion was greatly associated to nociception (Geppetti et al. 2008; Andrade

et al. 2012; Nilius et al. 2012). Nowadays, several plant-derived products are

described to modulate TRPA1 channel (Table 1). A broad range of compounds

can modulate TRPA1 because it contains cysteine residues in its amino-terminus

that are responsible for the channel activity. Thus, carbon or sulphur-reactive

electrophile compounds that form a covalent bond with thiol nucleophilic groups

or oxidise it by forming intramolecular disulphide bonds can work as receptor

agonists (Macpherson et al. 2007; Hinman et al. 2006; Bang and Hwang 2009).

Therefore, activation of the channel depends on the reactivity of the agonist rather
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than the binding affinity. In parallel, TRPA1 undergoes other well-known types of

activation, including a reversible interaction with the agonist within a binding

pocket in the receptor (the lock and key principle of Fischer) (Xiao et al. 2008)

and Ca+2 binding to the EF-hand domain present in the N-terminal region of the

channel (Doerner et al. 2007; Zurborg et al. 2007). Taking into account all of these

possibilities for activation, it is not surprising that TRPA1 would be modulated by a

wide range of naturally derived compounds (Nilius and Appendino 2011, 2013;

Andrade et al. 2012).

2.1 Isothiocyanate

The responsiveness of TRPA1 to natural compounds was initially demonstrated in

an attempt to identify the targets responsible for the pungent effect of mustard oil

(Jordt et al. 2004). Allyl isothiocyanate (Fig. 8) is the major active ingredient

present in mustard oil. It can achieve more than 90 % of the volatile oil extracted

from ripe seeds black mustard (Brassica nigra) (Evans 1996). Initially, it was only
known that topical administration of mustard oil produced nociceptor excitation,

burning pain, inflammation and robust hypersensitivity to both thermal and

mechanical stimuli (Jancsó et al. 1968; Reeh et al. 1986; Koltzenburg et al. 1992;

Jiang and Gebhart 1998), but whether this would occur through a direct action on

sensory neurons or through a specific membrane receptor was still unknown at that

time (Reeh et al. 1986). A breakthrough paper by Jordt and colleagues found that

the pungent sensation caused by several plant-derived ingredients such as allyl,

benzyl, phenylethyl, isopropyl and methyl isothiocyanates from wasabi (Wasabia
japonica), yellow mustard (Brassica hirta), Brussels sprouts (Brassica oleracea),
nasturtium seeds (Tropaeolum majus) and capers (Capparis spinosa) was due to a

direct activation of TRPA1. These isolated compounds induced a direct Ca+2 influx

in TRPA1-transfected HEK293 cells. Large membrane currents were also detected

after incubating oocytes expressing TRPA1 with crude extracts from wasabi paste

and brown mustard (Brassica juncea) (Jordt et al. 2004). Likewise, it was also

demonstrated that substances present in mustard oil, wintergreen oil, clove oil,

ginger and cinnamon oil, such as allyl isothiocyanate, methyl salicylate, eugenol,

gingerol and cinnamaldehyde, caused a sharp increase in intracellular Ca+2 in

mouse TRPA1-expressing CHO cells (Bandell et al. 2004). All of these compounds

are known to cause a pungent burning sensation in humans, but only allyl isothio-

cyanate, cinnamaldehyde and methyl salicylate were selective to activate TRPA1 in

this study as they did not activate TRPM8 or TRPV1 (Bandell et al. 2004). Cur-

rently, mustard oil and its main component allyl isothiocyanate have been exten-

sively used as a tool to evaluate the role of TRPA1 in noxious somatic (Andrade

et al. 2008; Fabrizi et al. 2013; Docherty et al. 2013) and visceral pain (Cattaruzza

et al. 2010; O’Mullane et al. 2013), in airway mucosa irritation (Alenmyr

et al. 2009), endothelial vasodilation (Earley et al. 2009; Kunkler et al. 2011),

visceral smooth muscle contraction (Andrade et al. 2006), inflammation (Patil

et al. 2011; Eid et al. 2008) and thermal sensation (Wang et al. 2012).
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2.2 Cinnamaldehyde

Cinnamon oil is the essential oil obtained from the leaves and bark of Cinnamomum
cassia and Cinnamomum zeylanicum (Lauraceae). Cinnamon oil is a yellow to

brown liquid with a characteristic, aromatic odour and a sweet, pungent taste

(Evans 1996). It comprises pharmacological properties including antispasmodic,

carminative, orexigenic, antidiarrhoeal and antimicrobial. Cinnamaldehyde

(Fig. 8) is the main constituent isolated from cinnamon oil (70 %) and is extensively

used for flavouring purposes in foods, chewing gums and toothpastes. When orally

administered (0.2 %) to human subjects, cinnamaldehyde is perceived to have a

burning and tingling sensory quality (Cliff and Heymann 1992; Prescott and Swain-

Campbell 2000). As TRPA1 is expressed in TG neurons that project to the tongue,

TRPA1 could indeed be responsible for the burning sensory quality of

cinnamaldehyde (Jordt et al. 2004). Indeed, cinnamaldehyde induced Ca+2 influx

in TRPA1-expressing CHO cells (Bandell et al. 2004). The α,β-unsaturated bond of
cinnamaldehyde is attacked by the nucleophilic mercapto group of TRPA1

cysteines in a Michael addition. Corroborating with this mechanism, a more

reactive cinnamaldehyde-like Michael acceptor was a more potent activator of

TRPA1 (EC50 0.8 μM) than the original molecule (EC50 19 μM) (Macpherson

et al. 2007). Cinnamaldehyde induced spontaneous nociception, heat hyperalgesia

and cold-evoked response in rodents (Tsagareli et al. 2010; Andrade et al. 2008;

Fajardo et al. 2008). In humans, spontaneous pain and mechanical and heat

hyperalgesia caused by cinnamaldehyde were confirmed by sensory tests and

laser Doppler imaging (Namer et al. 2005; Roberts et al. 2005). Cinnamaldehyde

was able to induce contractions in the rat urinary bladder (Du et al. 2007b; Andrade

et al. 2006) but caused relaxation of human urethral strip preparations after phenyl-

ephrine contractions (Gratzke et al. 2009; Weinhold et al. 2010). A protussive effect
of cinnamaldehyde through activation of TRPA1 was also reported (Andre

et al. 2009). Although TRPA1 is the main target to cinnamaldehyde in pain,

inflammation and smooth muscle tone control, it seems not to be responsible for

the beneficial effects of cinnamaldehyde against tumour growth (Oehler

et al. 2012).

2.3 Allicin

Similarly to allyl isothiocyanate, the garlic containing allicin and its diallyl sulphide

by-products are reactive organosulphur substances (Fig. 8). The original substance,

thiosulphinate allicin, is broken down to allicin by crushing garlic bulbs. Allicin is

short lived in aqueous solution and yields diallyl sulphides, ajoene and dithiines

(Block et al. 2010; Lawson and Block 1997). Allicin and diallyl sulphides account

for the pungency and spicy aroma and taste of plants from the genus Allium (garlic,

onion, leek, chives and shallots). Of interest, the application of garlic extract,

purified allicin or diallyl disulphide to TG neurons caused a 30 % increase in

intracellular-free Ca+2 (Bautista et al. 2005). Besides, garlic extracts, allicin and
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diallyl disulphide activated TRPA1 expressed in HEK293 cells and Xenopus
oocytes. Voltage-clamp recordings showed that allicin produced robust membrane

currents with EC50 (half-maximal effective concentration) 7.5 μM; the diallyl

disulphide was equally efficacious but less potent (EC50 192 μM) compared to

allicin (Bautista et al. 2005).

2.4 Ligustilide

The electrophilic dihydrophthalide ligustilide (Fig. 8) is present in high

concentrations in popular medicinal plants from the folk medicine of China

[dong-quai, Angelica sinensis (Oliv.) Dill. (Li et al. 2006), chuanxiong, Ligusticum
chuanxiong Hort. (Mei et al. 1991)] and North America (oshá, Ligusticum porteri
Coult. and Rose) (Mei et al. 1991). Ligustilide is also a major constituent of the

aroma of celery (Apium graveolens L.) (Tang et al. 1990) and lovage (Levisticum
officinale L.) (Gijbels et al. 1982). Because of its dietary and medical relevance,

ligustilide has been tested against several disorders and has been reported to induce

vasodilatation (Chan et al. 2007), diminution of platelet aggregation (Zhang

et al. 2009), analgesic effects (Du et al. 2007a), attenuation of lipopolysaccharide

(LPS)-induced proinflammatory response, endotoxic shock (Wang et al. 2010; Shao

et al. 2011), neuroprotection (Wu et al. 2011) and anti-proliferation of smooth

muscle cells (Lu et al. 2006).

Ligustilide has unique electrophilicity and it is capable to trap thiol groups in a

complex, multiple and reversible fashion (Beck and Stermitz 1995). This feature

provided a rationale for investigating its action on TRPA1. In this context, Zhong

and collaborators demonstrated that ligustilide (EC50¼ 44 μM) selectively induced

TRPA1 outward and inward currents in CHO cells expressing the mouse isoform of

TRPA1. The oxidised product of ligustilide, dehydroligustilide (Fig. 8), also

activated the channel, but with a much higher concentration, the EC50 value was

539 μM. Interestingly, the washout of dehydroligustilide induced a rapid increase of

TRPA1 currents, and in the presence of mustard oil, dehydroligustilide induced a

striking current inhibition, showing the dehydroligustilide exerts a bimodal effect

upon TRPA1. Mutations of reactive cysteines in TRPA1 revealed that modulation

by ligustilide was dependent on thiol groups, whereas the blocker effect of

dehydroligustilide was unchanged by the substitution of cysteines by serine

residues (Zhong et al. 2011b).

2.5 Unsaturated Dialdehyde Terpenes

The terpenes isovelleral and polygodial (Fig. 4) have been proposed to induce

pungent sensations and neurogenic inflammation by activating TRPV1 in periph-

eral sensory neurons (Szallasi et al. 1996; Andre et al. 2006). A suggestion that they

would activate another chemosensory was raised by using a pharmacological

approach where ruthenium red, but not capsazepine, almost completely blocked
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polygodial-induced urinary bladder contraction (Andre et al. 2006). Likewise,

isovelleral-activated relaxation of the mesenteric artery appeared to be partially

independent of vanilloid receptors (Ralevic et al. 2003). Later on, it was

demonstrated that both isovelleral and polygodial induced sustained currents and

Ca+2 influx in mustard oil-sensitive neurons and in heterologous TRPA1-expressing

cells (Escalera et al. 2008; Iwasaki et al. 2009). Isovelleral (EC50 0.50� 0.13 μM)

and polygodial (EC50 0.4� 0.07 μM) also induced robust Ca+2 influx into HEK293

cells transiently transfected with human TRPA1 (Escalera et al. 2008). In addition,

isovelleral responses were dramatically reduced in neurons from TRPA1-deficient

mice. Isovelleral also induced nocifensive response (paw lifts, flicks and licks)

when injected into mice hind paw. The nocifensive responses were similar among

wild-type and TRPV1-/- mice but were dramatically reduced in TRPA1-/- mice

(Escalera et al. 2008).

Polygodial was much more potent (0.06 μM) than allyl isothiocyanate (1.5 μM)

and cinnamaldehyde (1.5 μM) to induce Ca+2 influx in human TRPA1-transfected

cells (Iwasaki et al. 2009). The analogous terpenoids miogadial and miogatrial,

found in the fresh flower buds of Zingiber mioga Roscoe (Iwasaki et al. 2009; Abe

et al. 2002), were able to induce Ca+2 influx in TRPA1-expressing cells at a similar

fashion to polygodial (Iwasaki et al. 2009). Even though these terpenes contain

α,β-unsaturated dialdehyde moieties that are potentially capable of forming

Michael adducts with thiol groups from TRPA1, the mechanism of activation was

not dependent on the presence of reactive cysteines. Thus, the agonist activity was

comparable to a lock key Fischer mechanism, as occurs for carvacrol (Escalera

et al. 2008).

2.6 Monoterpenes

In line with the pungent effect following TRPA1 activation, carvacrol and thymol

(Fig. 5), two oregano-derivative constituents, robustly activated TRPA1. Oregano

and thyme are widely used as spices. The pungency of oregano might be due to the

activation of TRPA1 from the free nerve endings in tongue and nose because

epithelial cells from this tissue are unlikely to express TRPA1 (Xu et al. 2006).

Carvacrol (3-isopropyl-6-methylphenol) represents 65 % of mass in the essential oil

of oregano (Sarer et al. 1982). In HEK293 cells expressing the rat isoform of

TRPA1, carvacrol (250 μM) activated TRPA1 and the current quickly desensitised

in the continuous presence of agonist. Repeated stimulation resulted in much

smaller responses, a phenomenon known as tachyphylaxis (Xu et al. 2006).

Thymol (2-isopropyl-5-methylphenol), a major component of oregano (Origa-
num vulgare) and thyme (Thymus vulgaris), potently activated membrane potential

responses and intracellular Ca+2 increases in hTRPA1-expressing HEK293 cells

(Lee et al. 2008). Thymol has medical uses in oral care products as an astringent and

antibiotic (Yu et al. 2000; Burt 2004). Its distinctive sharp odour and pungent

flavour are considered aversive properties. After activation by thymol, TRPA1

was desensitised to further exposure to thymol or to the agonist allyl isothiocyanate
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(Lee et al. 2008). In spite of the structural similarity between thymol and carvacrol,

the first presented much higher potency than the latter to induce depolarised

currents in TRPA1-expressing HEK293 cells. The EC50 value for thymol-induced

currents was 6 μM (Lee et al. 2008), whereas a concentration of 250 μM of

carvacrol was necessary to induce currents (Xu et al. 2006). Of note, this compari-

son is limited by the species difference used in these two studies: the rat TRPA1

isoform was over-expressed for carvacrol and human TRPA1 was over-expressed

for thymol studies (Xu et al. 2006; Lee et al. 2008). Confirming the low potency of

carvacrol to activate TRPA1, a later report demonstrated that the vasodilation

caused by carvacrol was mostly dependent on TRPV3 rather than TRPA1 (Earley

et al. 2010).

The terpenoid camphor (Fig. 5) was initially believed to be an antagonist of

TRPA1, since concentrations as high as 10 mM camphor completely suppressed

inward TRPA1 basal currents in HEK-293 expressing rat TRPA1 and the IC50

occurred at a concentration of 0.66 mM (Xu et al. 2005). Therefore, the analgesic

effects of camphor were associated to the inhibition of TRPA1. Camphor is isolated

from the wood of the camphor laurel tree Cinnamomum camphora and is used as a

nasal decongestant and cough suppressant (Burrow et al. 1983). Camphor is also

commonly applied to the skin due to its antipruritic, analgesic and counterirritant

properties (Burkhart and Burkhart 2003). The inhibitory effects of camphor upon

TRPA1 were confirmed by Alpizar and co-workers who demonstrated that extra-

cellular application of 1 mM camphor induced a decrease in basal TRPA1 currents.

Interestingly, the current amplitude showed a significant overshoot upon washout,

and the application of 100 μM camphor induced a threefold increase in the basal

current amplitude. The subsequent application of 1 mM camphor induced current

inhibition, again followed by a significant current rebound. Therefore, a bimodal

effect of camphor has been clearly demonstrated, where low concentrations

(300 μM or less) increase inward TRPA1 currents and high concentrations

(1 mM) induce reversible inhibition (Alpizar et al. 2012). The mechanisms under-

lying the bimodal effect of some natural compounds on TRPA1 are not fully

understood, but studies carried out with umbellulone, as we shall see, revealed

some chemical features that are important for agonist/antagonist effect of these

compounds upon TRPA1.

Umbellulone (Fig. 5) is the offensive principle of the so-called headache tree,

California bay laurel Umbellularia californica (Hook. & Arn.) Nutt., which is the

only species of the genus Umbellularia (Peattie 1953). Inhalation of the scent from

Umbellularia californica leaves has been reported to cause sinus irritation, sneez-

ing, headache and even unconsciousness (Peattie 1953; Drake and Stuhr 1935).

Exposure to Umbellularia californica can trigger violent headache crises (Drake

and Stuhr 1935; Heamy 1875; Benemei et al. 2009).

Umbellulone caused a concentration-dependent elevation of intracellular Ca+2 in

rat and human TRPA1-transfected HEK293 cells. It was selective to TRPA1 since

the Ca+2 intracellular elevation in trigeminal ganglia sensory neurons was inhibited

by the selective TRPA1 antagonist HC-030031 but was unaffected by the TRPV1

antagonist, capsazepine. In addition, trigeminal ganglia neurons from TRPA1 null
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mice were insensitive to umbellulone and mustard oil (Nassini et al. 2012).

Umbellulone (0.3 and 1 mM) activated whole-cell currents in transfected

TRPA1-CHO cells but presented rapid rebound activation after washout. At

1 mM umbellulone reversibly inhibited the pre-activated current induced by mus-

tard oil (Zhong et al. 2011a). An isosteric mutation of cysteine (C622S) to serine

partially attenuated TRPA1 activation induced by umbellulone, indicating that

activation of TRPA1 by umbellulone occurred by a dual mode, in part dependent

on its electrophilic property and in part by a different unidentified mechanism. In

contrast, the inhibitory effect of umbellulone upon mustard oil-induced currents

was maintained in the C622S mutants, and a direct block of the channel by the

compound has been suggested. Modifications at the umbellulone molecule,

i.e. removing its Michael acceptor properties (nucleophilic trapping), partially

decreased its ability to activate TRPA1 but greatly improved its ability to block

the channel (Zhong et al. 2011a; Nassini et al. 2012). Taking these results into

account, it is possible to conclude that stimulatory effect of low concentration of

umbellulone on TRPA1 involves both electrophilic and non-electrophilic

properties. However, the umbellulone inhibitory effect is clearly independent of

reactivity with TRPA1 cysteines and is likely due to a direct blockage of the

channel pore.

The cooling natural compound menthol (Fig. 5) has also been reported to have a

bimodal effect upon TRPA1. At low-micromolar concentration (1 μM), menthol

activated TRPA1-dependent currents, whereas higher concentrations (1 mM) led to

a reversible channel block (Karashima et al. 2007; Macpherson et al. 2006). Of

interest, menthol-induced TRPA1 channel opening occurred even in the absence of

intracellular and extracellular Ca+2, showing that the opening property of menthol

does not occur by indirect Ca+2 binding to the channel (Karashima et al. 2007; Xiao

et al. 2008). In agreement with these findings, Xiao and collaborators demonstrated

a bimodal effect of menthol upon mouse TRPA1. However, this is a species-

specific effect since menthol only activated or had no effect upon human and fly

TRPA1, respectively (Xiao et al. 2008). To distinguish which channel domain was

sensitive to menthol and was responsible for the bimodal effects of the compound, a

chimera mouse-human TRPA1 was constructed. The authors found that the TM5-6

portion of the channel is responsible for the differential effect of menthol among the

two species. When the TM5-6 portion of hTPRA1 was swapped with mTRPA1

TM5-6 (hTRPA1-mTM5–6), it behaved exactly like wild-type mTRPA1 in

response to menthol, i.e. it was activated at low and inhibited at high concentrations

of menthol. In the opposite chimera, mTRPA1-hTM5–6, menthol activated the

channel with no bimodal shape. To gain further insight into its mechanism of

action, the authors constructed miniature chimeras with a point mutation at specific

amino acids in TM5. A total of nine amino acid substitutions (FGFATLIAM) along

the TM5-pore helix TM6 of hTRPA1 greatly contributed to the phenotype switch

and turned hTRPA1 into mTRPA1, with bimodal behaviour. These data demon-

strate that residues at these positions govern the species-specific responses of

TRPA1 and might explain the different effects of natural compounds in TRPA1

from different animal species (Klionsky et al. 2007).
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Another interesting bimodal effect was described for two isomers found in

eucalyptus oil, the analogous 1,4-cineole and 1,8-cineole (eucalyptol, Fig. 5);

more details about these compounds are described at the TRPM8 section. These

two monoterpenes have opposite effects upon TRPA1-induced inward currents.

1,4-cineole (5 mM) induced currents in TRPA1-expressing cells, whereas

1,8-cineole did not alter baseline currents but decreased allyl isothiocyanate-

induced currents with an IC50 of 3.4� 0.6 mM (Takaishi et al. 2012). Further

studies using these two similar compounds with opposite effects on TRPA1

might help to understand the channel dynamics.

The monoterpenes perillaldehyde and perillaketone (Fig. 5) are components of

the aromatic extracts from Perilla frutescens, a plant widely used in Asian cuisine.

Application of extracts of this plant is described in traditional Chinese medicine, for

the treatment of atopic dermatitis and for other anti-inflammatory and anti-allergic

properties (Yu et al. 1997). To identify the mechanisms of the somatosensory

properties of this plant, Bassoli and collaborators demonstrated that perillaldehyde

and perillaketone activated the cloned TRPA1 channel when expressed in heterol-

ogous cell system. In comparative study, perillaldehyde was twofold more effica-

cious than perillaketone to increase intracellular Ca+2 in HEK293 cells expressing

rat TRPA1. The comparison was normalised as the percentage of the effect of allyl

isothiocyanate 100 μM. By this normalisation, the concentration for half-maximal

was 4.39� 0.09 μM for perillaldehyde and 4.71� 0.03 μM for perillaketone. These

results confirm the role of perillaldehyde and perillaketone in the chemesthetic

properties of Perilla frutescens (Bassoli et al. 2009).

2.7 Phytocannabinoids

A substance that targets other receptors, as the cannabinoid receptor agonist Δ9-

tetrahydrocannabinol (THC), (Fig. 3) was also described to modulate TRPA1. THC

is the major cannabinoid in Cannabis species; a detailed review of this plant can be

found in Hirst et al. (1998) and Calixto et al. (2000). When administered to humans,

THC produces a wide range of biological effects, such as an increase in pulse rate,

decreased blood pressure, muscle weakening, increased appetite and euphoria

followed by drowsiness (Hirst et al. 1998). THC exerts its main effects by binding

cannabinoid receptors, preferentially CB1. However, it has been demonstrated that

THC induces membrane currents in TRPA1-expressing oocytes in a similar way to

that induced by mustard oil, including slight outward rectification. Noteworthy, this

response was blocked by ruthenium red, a non-specific TRP antagonist (Jordt

et al. 2004). Earlier studies demonstrated that THC caused hepatic and mesenteric

artery relaxation in vitro via a mechanism that involved activation of capsaicin-

sensitive CGRP-containing perivascular sensory nerve endings that innervate the

smooth muscle. This effect was insensitive to antagonists of cannabinoid receptors

but was largely blocked by ruthenium red. Since the effect was persistent in

TRPV1-deficient mice, THC-induced vasorelaxation was attributed to some ruthe-

nium red sensible target other than TRPV1 (Zygmunt et al. 2002). In agreement
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with these two studies, De Petrocellis and co-workers demonstrated that five

phytocannabinoids structurally analogous to THC were able to increase intracellu-

lar Ca+2 in both TRPA1-expressing HEK293 cells and in rat DRG sensory neurons

with efficacy comparable with that of mustard oil. The EC50 values for Ca
+2 influx

in TRPA1-expressing HEK293 cells were cannabichromene 0.06� 0.02 μM,

cannabidiol 0.096� 0.012 μM, Δ9-tetrahydrocannabinolic acid 0.24� 0.03 μM,

cannabidiolic acid 12.0� 8.8 μM and cannabigerol 3.4� 1.0 μM. The phytocan-

nabinoid cannabichromene also increased intracellular Ca+2 in a mustard

oil-responsive subpopulation of DRG neurons (De Petrocellis et al. 2008).

Cannabichromene, cannabidiol, cannabinol (a degradation product of THC) and

tetrahydrocannabivarin (a propyl homologue of THC) are potent rat TRPA1

agonists and desensitise it (De Petrocellis et al. 2010). The activation followed by

the desensitisation of TRPA1 by phytocannabinoids, endocannabinoids and syn-

thetic cannabinoids might strongly contribute to the anti-inflammatory and analge-

sic effect of these compounds (De Petrocellis and Di Marzo 2010; Akopian

et al. 2008).

2.8 Nicotine

TRPA1 is also a target for the alkaloid nicotine (Fig. 10). Nicotine is found in plants

of the Solanaceae family. It is the agonist of the nicotinic acetylcholine receptor

(nAChRs) and exerts a powerful psychoactive effect inducing addiction as conse-

quence of tobacco consumption. The hypotheses of the nicotine targeting other

receptors besides nAChRs were postulated because of the taste and smell sensations

it caused, as well as strong burning, stinging and pain sensations at increasing

concentrations (Thuerauf et al. 2006). Notably, all variants of smoking-cessation

therapies that are based on nicotine replacement produce side effects such as local

irritation (Hatsukami et al. 2008; Stead et al. 2008; Nides 2008). These effects were

not consistent with the sole activation of nAChRs, because this receptor quickly

desensitises under the high local concentrations of nicotine used (up to 60 mM).

Taking into account these evidences, Talavera and co-workers demonstrated that

application of micromolar concentrations of nicotine to mouse and human TRPA1-

expressing in CHO cells induced an increase in intracellular Ca+2. Cell-attached

patch-clamp recordings further confirmed that nicotine activates TRPA1. Their

results suggest that nicotine stabilises the open state and destabilises the closed

state of the channel. In addition, nasal instillation of nicotine caused an airway

constriction reflex that was dependent on TRPA1 (Talavera et al. 2009). TRPA1 is

also a mediator for mucosal irritation and cough induced by smoke cigarette

inhalation. However, the activation of TRPA1 in this case seems to be more

associated with reactive oxygen species and reactive aldehydes that are locally

formed as opposed to the component nicotine (Liu et al. 2013; Lin et al. 2010).
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2.9 Artepillin C

The main pungent compound present in ethanolic extract of Brazilian propolis,

artepillin C (Fig. 10), potently activated Ca+2 movement in hTRPA1-expressing

cells (Hata et al. 2012). Propolis is a resin produced by honeybees from substances

collected from tree buds and sap and use it to seal cracks in the hive and protect the

bee colony against intruders, viruses, fungi and bacteria (Burdock 1998; Banskota

et al. 2001). Propolis presents many pharmacological properties and is used in folk

medicine. It has demonstrated antibacterial (Drago et al. 2000), antiviral

(Kujumgiev et al. 1999), anti-inflammatory (Paulino et al. 2008) and anticancer

effects (Aso et al. 2004; Akao et al. 2003). The chemical composition of propolis

depends on the geographical origin, types of plant sources (Bankova et al. 2000)

and season of the year. Baccharis dracunculifoliaDC (Asteraceae), a plant native to

Brazil, is the most important botanical source of southeastern Brazilian propolis,

which is known as green propolis because of its deep green colour. Artepillin C

constitutes 90 % of total solid compounds in a 50–60 % ethanol-eluted fraction, and

it is believed to be the main cause of the pungent sensation tasted in this fraction

(Park et al. 2002; Teixeira et al. 2005). Artepillin C potently activated Ca+2 influx in

hTRPA1-expressing cells. The EC50 value of artepillin C (1.8 μM) was three times

lower than allyl isothiocyanate (6.2 μM), showing that this compound is a more

potent agonist than the classically described TRPA1 agonists (Hata et al. 2012).

2.10 Stilbenoids

The polyphenol stilbenoid resveratrol (3,5,40-trihydroxy-trans-stilbene, Fig. 10) has
also been described to modulate TRPA1. Resveratrol is abundant in nature, and, to

date, 72 different plant species, especially grapevines, pine trees, and legumes, have

been described to produce resveratrol (Soleas et al. 1997). Resveratrol was first

isolated from the roots of white hellebore (Veratrum grandiflorum O. Loes) and

from the roots of Polygonum cuspidatum, a plant used in traditional Chinese and

Japanese medicine (Nonomura et al. 1963; Baur and Sinclair 2006). The concen-

tration of resveratrol in grape skin is about 0.1 mg/100 g of fresh weight (Pastrana-

Bonilla et al. 2003); therefore, the beneficial effects of grape beverages have been

associated with the presence of resveratrol. Resveratrol has been reported to have

potent anti-aging, anti-inflammatory, anticancer, antioxidant, cardio-protective and

analgesic properties (Park et al. 2012; Aggarwal et al. 2004; Stojanovic et al. 2001;

Bradamante et al. 2004; Pham-Marcou et al. 2008; Bertelli et al. 2008). In accor-

dance with its analgesic properties, Yu and collaborators demonstrated that resver-

atrol potently inhibited inward currents induced by 100 μM allyl isothiocyanate in

mTRPA1-expressing HEK293 cells. The calculated IC50 capable of inhibiting allyl

isothiocyanate-induced currents was approximately 0.75 μM. Resveratrol also

inhibited allyl isothiocyanate-induced currents in DRG (Yu et al. 2013), showing

that resveratrol suppressed inward TRPA1 current in both heterologous expression
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systems and in sensory neurons and suggesting a direct inhibitory effect of resvera-

trol upon TRPA1.

2.11 Phenol Derivatives

Active constituents from Kalopanax pictus Nakai (Araliaceae), the phenolic

compounds methyl syringate (Fig. 9) and protocatechuic acid and the saponin

hederacoside C were able to induce Ca+2 influx in Flp-In 293 cells expressing

hTRPA1. Kalopanax pictus is commonly known as the prickly castor oil tree, and it

is mainly distributed across East Asia. Its bark and stem have long been used in

Asian countries to treat rheumatoid arthritis, necrotic pain and diabetes mellitus

(Lee et al. 2001; Choi et al. 2002). The first leaves of Kalopanax pictus which has

long been used in Asian countries generally impart a somatosensation, including

pungency, irritation, coldness and hotness (Hyun and Kim 2009). The ethanolic

extract of Kalopanax pictus can activate both hTRPA1 and hTRPV1 (Son

et al. 2012b). However, the isolated compound methyl syringate demonstrated to

be selective to TRPA1 and was the most potent compound to activate TRPA1

among all tested compounds (Son et al. 2012a).

3 TRPM

The TRPM (long or melastatin) is characterised by the lack of ankyrin domains in

the amino-terminus. The family is composed of eight mammalian members:

TRPM1 to TRPM8 (Clapham 2003; Clapham et al. 2003; Jordt et al. 2004).

3.1 TRPM8

TRPM8 was identified as an mRNA encoded by the trp-p8 gene, which was

up-regulated in prostatic and other cancers (Tsavaler et al. 2001). Its sensory role

was recognised when it was isolated by expression cloning of a menthol receptor

from trigeminal neurons (McKemy et al. 2002; Peier et al. 2002). TRPM8 is

expressed in trkA positive Aδ- and C-fibre primary afferent neurons from DRG

and TG neurons (Kobayashi et al. 2005). TRPM8 is widely expressed, but thought

to function specifically as a thermosensor in non-expressing TRPV1 small-diameter

primary sensory neurons (McKemy et al. 2002; Peier et al. 2002). It is a nonselec-

tive, outwardly rectifying channel that can be activated by cold (8–28 �C) and

enhanced by ‘cooling’ compounds such as menthol, icilin and eucalyptol (Table 1)

(Peier et al. 2002; McKemy et al. 2002; Chuang et al. 2004; Voets et al. 2004).

The monoterpenoid (�)-menthol, (1R,2S,5R)-2-isopropyl-5-methylcy-

clohexanol (Fig. 5), is the most studied TRPM8 agonist. Menthol is a common

and popular flavouring and cooling additive in several household remedies (topical

pain gels, throat lozenges and toothpaste), foods (gum, candies and teas) and
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cigarettes (Eccles 1994; Giovino et al. 2004). It contains local anaesthetic and

counterirritant properties and is widely used to relieve minor throat irritation

(Eccles 2003). It is believed that menthol may facilitate nicotine addiction because

it diminishes the irritant effect of cigarette smoke constituents (Journigan and

Zaveri 2013; Willis et al. 2011). Menthol is obtained from cornmint, peppermint

or other mint oils along with a little menthone, the ester menthyl acetate and other

compounds (Eccles 1994). Mentha arvensis is the primary species of mint used to

make natural menthol crystals and natural menthol flakes. This species is primarily

grown in the Uttar Pradesh region in India. Menthol is the natural ligand for TRPM8

(EC50 for hTRPM8 66.7� 3.3 μM) (McKemy et al. 2002) and has been described to

either activate or increase cold-activated ionic currents in sensory neurons (Reid

and Flonta 2002; Hui et al. 2005). Low levels of menthol elevate the threshold for

TRPM8 activation to warmer temperatures, and repeated menthol stimulation

rapidly desensitises TRPM8 in a Ca+2-dependent manner (McKemy et al. 2002;

Reid et al. 2002).

The discovery of a target protein to menthol was crucial in the development of

synthetic compounds to treat cancer, inflammation, pain and mucosal irritation.

TRPM8 expression is up-regulated in androgen-responsive prostate tumours

(Journigan and Zaveri 2013; Zhang and Barritt 2004) and plays an important role

in cellular Ca+2 homeostasis. In this context, menthane-based TRPM8 agonists

have been patented by Dendreon Corporation because of their putative therapeutic

use to treat benign prostatic hyperplasia and prostate cancer. The menthane-based

TRPM8 agonists are more potent and selective than menthol; they have been

described to induce apoptosis in androgen-dependent prostate tumours by increas-

ing Ca+2 influx (Tolcher et al. 2010; Corey et al. 2003; Journigan and Zaveri 2013).

The methane-related antagonists have also been developed, and their use has been

extremely important in the comprehension of TRPM8 role in disease and nicotine

addiction.

In addition to menthol, structural monoterpene analogues that also elicit a

cooling sensation can modulate TRPM8. Monoterpenes are nonnutritive dietary

components found in the essential oils of citrus fruits, cherry, mint and herbs. They

function physiologically as chemoattractants or chemorepellents, and they are

largely responsible for the distinctive fragrance of many plants (Mcgarvey and

Croteau 1995). Eucalyptol (1,8-cineole) (Fig. 5) is one of the main components

present in essential oils from Eucalyptus polybractea (Myrtaceae). This substance

has a characteristic of fresh and camphoraceous fragrance and pungent taste and is

used in pharmaceutical preparations as an external applicant, a nasal spray and an

analgesic, as well as being used as a disinfectant or food flavouring. Moreover,

eucalyptol is used to treat rhinosinusitis, bronchial asthma cough and muscular pain

(Juergens et al. 2003; Kehrl et al. 2004). Like menthol, eucalyptol acts as a potent

counterirritant against smoke constituents, by suppressing respiratory irritation,

facilitating smoke inhalation and nicotine addiction (Willis et al. 2011). Animal

studies have shown that eucalyptol possesses cardiovascular, antiulcer, anti-

inflammatory and analgesic properties (Juergens et al. 2003; Santos and Rao

2000; Lahlou et al. 2002; Lima et al. 2013). Eucalyptol also elicits membrane
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currents and Ca+2 influx in TRPM8-expressing cells, but with lower efficacy and

potency when compared to menthol (McKemy et al. 2002; Behrendt et al. 2004;

Takaishi et al. 2012). However, the involvement of TRPM8 in the pharmacological

effects of eucalyptol in vivo needs to be confirmed.

The isolated monoterpenes eugenol and menthone, the latter of which is the

precursor of menthol in monoterpene biosynthesis, exhibited similar abilities to

induce Ca+2 influx in HEK293T cells expressing hTRPM8. Interestingly, when

their respective essential oils, clove and peppermint oils, were tested, peppermint

induced a more pronounced Ca+2 influx in these cells (Takaishi et al. 2012).

Noteworthy, eugenol does not specifically activate TRPM8, it also modulates

other members of the TRP family channels, including TRPV1 and TRPA1 (Yang

et al. 2003; Takaishi et al. 2012; Bandell et al. 2004). Other monoterpenes like

umbellulone and thymol also activate TRPM8, but their effects are much more

modest than menthol, representing only 30 % of the menthol capacity to induce

channel activation (Zhong et al. 2011a; Lee et al. 2008). Structural modifications

that removed the electrophilic property of umbellulone increased the ability to

modulate TRPM8 in a bimodal manner, activating the basal state of the channel

and inhibiting its activation by menthol, whereas the monoterpene camphor, at

concentration as high as 10 mM, inhibited TRPM8 constitutive currents

(Xu et al. 2005). The precise mechanisms through which these compounds exert

their actions are currently unclear.

The monoterpenes perillaldehyde and perillaketone (Fig. 5) negatively

modulated TRPM8. At a concentration of 200 μM, perillaldehyde and perillaketone

inhibited by 64.3 and 39.3 %, respectively, the currents induced by icilin in

TRPM8-HEK-293 cells. Of note, these compounds had no effect on basal

TRPM8 currents (Bassoli et al. 2009).

Phytocannabinoids have also been described to modulate TRPM8 (Table 1).

Five naturally occurring phytocannabinoids, cannabidiol, THC, cannabidiolic acid,

Δ9-tetrahydrocannabinolic acid and cannabigerol (Fig. 3), potently antagonised

TRPM8-mediated Ca+2 elevation induced by menthol or icillin in HEK-293 cells.

The IC50 range was 0.07–1.6 μM among the compounds (De Petrocellis et al. 2008).

Taking into account the high potency of these phytocannabinoids to inhibit TRPM8

currents, the use of these compounds in in vitro studies can be suggested, but future

studies are necessary to confirm the in vivo effect of these compounds upon

TRPM8.

The glucoside phenol salidroside (Fig. 10) is an effective component of the

traditional Chinese herb Rhodiola rosea, which is known to have the ability to

protect individuals from cold attacks. Salidroside inhibited TRPM8-dependent

Ca+2 influx in human bronchial epithelial (HBE16) cells when these cells were

submitted to a cold stimulus (18 �C). In addition, salidroside decreased TRPM8

expression by reducing CREB activation (Li et al. 2013).
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3.2 TRPM7

TRPM7 is a divalent-specific ionic channel responsible for Mg+2 homeostasis in

cells (Schmitz et al. 2003) and thus is important in cell viability, proliferation and

growth (Montell 2005). As reported by Parnas and co-workers, TRPM7 currents

from both HEK293 and hippocampal culture were significantly inhibited by carva-

crol (Fig. 5). Other naturally occurring compounds including menthol, borneol and

cinnamaldehyde did not present such a significant ability (Parnas et al. 2009).

The plant alkaloid quinine also inhibited TRPM7 currents in cells (Chubanov

et al. 2012). Quinine is an antimalarial compound that occurs naturally in the bark

of Cinchona genus tree. The genus includes 38 species in the family Rubiaceae and

is native to the tropical Andes forests of western South America (Flückiger and

Hanbury 1874). It was first used to treat malaria in Rome in 1631 but had been used

before by Peruvians as a muscle relaxant. It was also long used by the Quechua,

who are indigenous to Peru, to halt shivering due to low temperatures (Rocco 2003).

The Peruvians would mix the ground bark of cinchona trees with sweetened water

to offset the bark’s bitter taste, thus producing tonic water (Flückiger and Hanbury

1874).

The diterpenoid isolated from the Hawaiian soft coral Sarcothelia edmondsoni,
waixenicin A, is a highly potent and relatively selective inhibitor for TRPM7 that

effectively suppressed cell growth and proliferation. Waixenicin A was identified in

a chemical library of 1,100 marine organism-derived extracts in a high-throughput

assay system that measures the fluorescence quench of intracellular fura-2 by Mn+2

ions in HEK293 cells overexpressing murine TRPM7. Waixenicin A inhibited

TRPM7-mediated Mn+2 quench with an IC50 of 12 μM. Analysis of waixenicin A

in patch-clamp experiments confirmed the inhibitory effect on TRPM7, and the

dose-response analysis of waixenicin A-mediated inhibition of TRPM7 revealed an

IC50 of 7 μM (Zierler et al. 2011). More recently, the inhibitory effect of waixenicin

A upon TRPM7 was described in interstitial cells of Cajal from the gastrointestinal

system. In this study, waixenicin A was used as tool to understand the role of

TRPM7 in these cells (Kim et al. 2013).

3.3 TRPM3

TRPM3 is prominently expressed in the kidney, liver, ovary, brain, spinal cord,

pituitary, vascular smooth muscle and testis (Grimm et al. 2003; Lee et al. 2003;

Naylor et al. 2010). The channel has been also identified in insulinoma cells and

β-cells. The TRPM3 gene encodes many TRPM3 channel isoforms due to alterna-

tive splicing (Grimm et al. 2003; Lee et al. 2003; Oberwinkler et al. 2005; Wagner

et al. 2008), which encompasses the largest number of splice variants within the

TRP family of channel proteins. Interestingly, these TRPM3 isoforms differ within

the pore region of the channel between the fifth and sixth transmembrane regions,

and, therefore, they have different cation permeabilities (Oberwinkler et al. 2005).

TRPM3 is activated by hypotonic conditions (Grimm et al. 2003) and by a series of
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endogenous ligands, mainly lipid metabolites (Wagner et al. 2008). In a screen of a

compound library, Straub and co-workers found that citrus fruit flavanones such as

naringenin and hesperetin and fabacea secondary metabolites selectively inhibited

TRPM3 channel activation (Straub et al. 2013). The compounds exhibited a marked

specificity for recombinant TRPM3 and blocked intracellular Ca+2 signals induced

by the neurosteroid pregnenolone sulphate (pregS) in freshly isolated DRG

neurons. The inhibitory potency of the compounds ranged from upper nanomolar

to lower micromolar concentrations (Straub et al. 2013). Since physiological

functions of TRPM3 channels are still poorly defined, the development and valida-

tion of potent and selective blockers is expected to contribute to the clarification of

biological actions of TRPM3.

4 TRPC

The initially identified members of the TRP superfamily are referred to as the

‘classical’ or ‘canonical’ TRPs and fall into the TRPC subfamily. A common

feature of the mammalian TRPC channels is that they are activated in cultured

cells through pathways that engage phospholipase C (PLC) (Zhu et al. 1996; Okada

et al. 1998; Boulay et al. 1997). The TRPC subfamily is unique in that its members

are not only responsible for agonist-activated nonselective cation currents but they

also participate in the so-called slow sustained mode of Ca+2 signalling, which

requires sustained elevations of intracellular Ca+2 (Birnbaumer 2009).

Only a few natural compounds have been described to modulate TRPC channels

so far. The ginseng saponin metabolite 20-O-β-D-glucopyranosyl-20(S)-
protopanaxadiol (20-GPPD) increased Ca+2 entry in CT-26 cells, and this effect

was suppressed by blocking TRPC channels. The activation of TRPC by 20-GPPD

was thought to be responsible for the activation of AMP-activated protein kinase

(AMPK) and apoptosis in these colon cancer cells (Hwang et al. 2013).

The naturally occurring monoterpene camphor (Fig. 5) has also demonstrated a

modulatory effect upon TRPC5. TRPC5 is activated downstream of PLC-couple

receptor activation (Schaefer et al. 2000). In HEK293 cells that express TRPC5,

there are typical constitutive basal currents at positive potentials, and these currents

were significantly inhibited by the application of 10 mM camphor to the cells

(Xu et al. 2005). The TRPC channels are thought to be present in heteromultimeric

forms (Peters et al. 2012; Li et al. 1999; Tsiokas et al. 1999); therefore, the detection

of compounds that selectively target this channel family has been a challenge so far.

The active compound of St. John’s wort (Hypericum perforatum) named

hyperforin (Fig. 11), a phloroglucinol derivative, was found selectively to activate

TRPC6 (Leuner et al. 2007). St. John’s wort has been shown to be effective in the

treatment of mild to moderate depression (Muller 2003; Linde et al. 2005, 2008).

Similar to other antidepressant agents, hyperforin inhibits monoamine neurotrans-

mitter uptake, an effect that occurs through the increase of intracellular Na+

concentration resulting from the activation of TRPC6 (Singer et al. 1999; Treiber

et al. 2005). Otherwise, TRPC6 channels are also Ca+2 permeable, resulting in

TRP Modulation by Natural Compounds 1217



intracellular Ca+2 elevations. Some studies show that the regulation of Ca+2 influx

in the central nervous system through the TRPC6 improves synaptic plasticity, an

important phenomenon in the pathogenesis of depression. The effects on synaptic

plasticity include growth cone guidance (Li et al. 2005), spine morphology changes,

dendritic outgrowth (Zhou et al. 2008; Tai et al. 2008; Leuner et al. 2013) and cell

survival (Du et al. 2010; Lin et al. 2013). Interestingly, hyperforin induced neurite

outgrowth in PC12 cells and hippocampal neurons as well as spine morphology

changes in hippocampal neurons (Leuner et al. 2007, 2013; Heiser et al. 2013).

Moreover, TRPC6-dependent Ca2+ elevation induced by hyperforin in PC12 cells

and hippocampal neurons mimics the neurotrophic effects of the nerve growth

factor (NGF) such as cell differentiation and of the brain-derived neurotrophic

factor (BDNF) by modifying dendritic spine morphology (Leuner et al. 2007,

2010, 2013). Different signalling pathways seem to be involved in the TRPC6-

mediated neuritis outgrowth including Ras/MEK/ERK, PI3K/Akt and CAMKIV

that result in CREB phosphorylation (Heiser et al. 2013), an event which is

considered to be strongly involved in antidepressant response of medicines

(Pittenger and Duman 2008). Therefore, these data corroborate to the understanding

of St. John’s wort antidepressant activity.

5 TRPP

Autosomal dominant polycystic kidney disease (ADPKD) is a major cause of

end-stage renal failure. A defect in the gene product of either PKD1 or PKD2

(85 % and 15 % of all ADPKD cases, respectively) is thought to result in a loss of

calcium signalling in kidney epithelial cells and a reversion to the proliferative

phenotype (Nauli et al. 2003; Yamaguchi et al. 2006). The PKD2 gene encodes

TRPP2 (transient receptor potential polycystin 2), which has significant homology

to voltage-activated calcium and sodium TRP channels. TRPP2 is expressed in the

endoplasmic/sarcoplasmic reticulum, where it modulates many cellular processes

via intracellular calcium-dependent signalling pathways (Qamar et al. 2007).

Extracts of Tripterygium wilfordii Hook. f. (leigong teng, thundergod vine) are

effective in traditional Chinese medicine for the treatment of immune inflammatory

diseases, including rheumatoid arthritis, systemic lupus erythematosus, nephritis

and asthma. Characterisation of the terpenoids present in extracts of Tripterygium
identified triptolide (Fig. 9), a diterpenoid triepoxide, as responsible for most of the

immunosuppressive, anti-inflammatory and anti-proliferative effects observed

in vitro (Qiu and Kao 2003). Triptolide binds to TRPP2 directly and induces Ca+2

release by a TRPP2-dependent mechanism. In murine model of ADPKD, triptolide

arrests cellular proliferation and attenuates cyst formation, an effect that is

attenuated in TRPP2 null mice (Leuenroth et al. 2010).

Remarkable Conclusions

The search for cellular targets of natural-occurring substances has been crucial to

determine the distribution and biological functions of the TRP channels family.
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Of relevance, some results have been misinterpreted because some compounds

are promiscuous and target two or more TRPs, even when the channels are

different in their molecular structure. In addition, a cross-sensitisation of these

receptors is a common event, and, therefore, a compound that targets one

subtype of TRP may indirectly modulate a second different TRP. For a while,

these issues had contributed to misinterpreted conclusions about targets for

natural products. Through the advance in molecular cloning, much of the

misleading conclusions could be obliterated. The heterologous expression of

these receptors has been crucial to determine the specificity of some TRPs

agonists/antagonists from natural origin. Besides, by cloning TRPs from differ-

ent animal species (flies, mice, rats, humans), it was possible to identify that

TRPs from different species may present distinct sensitivity to the same

compound.

The research on distribution and function of TRPs indicates a broad range of

physiological and pathological roles for these channels. Some of them greatly

contribute to the development and/or progression of the symptoms of diseases

like neuropathic pain, overactive urinary bladder, asthma, anxiety disorders and

pruritus. Indeed, gene association studies in humans indicated that single-

nucleotide polymorphisms in the coding regions and/or promoters of genes

that encode TRP channels are either associated with an increased risk of multi-

factorial diseases or they appear to be causative factors in rare heritable. There-

fore, the modulation of TRPs has been purposed in therapeutic, and the use of

naturally occurring agents is a promising alternative and of potential interest for

the development of new therapies.
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Abstract

TRP channels comprise one of the most rapid growing research topics in ion

channel research, in fields related to ion channels including channelopathies and

translational medicine. We provide here a critical survey on our current knowl-

edge of TRP channels and highlight some of the still open or controversial

questions. This comprises questions related to evolution of TRP channels;

biophysics, i.e., permeation; pore properties and gating; modulation; the still-

elusive 3D structure; and channel subunits but also their role as general sensory

channels and in human diseases. We will conclude that our knowledge on TRP

channels is still at the very beginning of an exciting research journey.

Keywords

TRP channels • Evolution • Pores • Gating • Associated proteins • Subunits •

Modulation by calcium • Sensory physiology • Phosphoinositides •

Channelopathy • TRPs in networks

1 Introduction

There is no doubt: The discovery of the trp gene superfamily which encodes TRP

(transient receptor potential) cation channels has opened a highly exciting field to

understand physiological and pathophysiological basic mechanisms of cell

functions which were until this time inaccessible. This book reviews many

examples reaching from sensory physiology, such as vision, hearing, and touch,

to homeostatic functions such as Ca2+ and Mg2+ (re)absorption and thermo-

regulation and to hereditary diseases ranging from stationary night blindness

to neurodegenerative disease, kidney diseases, chronic pain, and skeletal

abnormalities (reviewed in Nilius and Owsianik 2010b, 2011; Nilius et al. 2007).

If we date the advent of “TRP research” with the isolation of the Drosophila “trp”

(transient receptor potential) mutant (Cosens and Manning 1969), approximately

20 years passed until the Drosophila trp gene was cloned (Montell and Rubin 1989)

and a role of TRP ion channels was explicitly mentioned (Hardie and Minke 1992,

1993). Now, again 20 years later, the progress in this field is overwhelming, but

there are still many open questions, controversies, and surprises. Only some of them

can be addressed in such a review, and we do not claim any complete view but will

provide a few snapshots.

2 The Basics: Nomenclature

As always in the beginning of a rapidly extending research field, some Babylonian

language disasters happened. Some TRP clones received up to five different names,

e.g., OTRPC4, VR-OAC, TRP12, VRL-2, and presently TRPV4 (Everaerts
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et al. 2010). Fortunately, this Babylonian disaster was at least partially solved by

agreeing on a unifying nomenclature based on homology (Montell et al. 2002). All

8 subfamilies were given the name TRP (for transient receptor potential, maybe not

the best decision) followed by the subfamily indicators, C, V, M, A, P, ML, and N.

However, one problem recently appeared: The polycystin family comprises

5 TRPPs (TRPP1–5). However, only three are really channel proteins. Therefore,

it was suggested by a recent review from the Clapham group that this family only

contains the three channel members, TRPP1 (previously known as TRPP2 or

PKD2, PC2 (polycystin 2) derived from the second gene which causes autosomal

dominant polycystic kidney disease (ADPKD)), TRPP2 (previously TRPP3,

polycystin-like (PCL) or PKD2-like 1 (PKD2L1)), and TRPP3 (also known as

TRPP5 or PKD2L2) (Wu et al. 2010). The former TRPP1 (PKD1, PC1) and

TRPP4 (PKD1L1) have been eliminated because they are indeed glycoproteins

which contain a large N-terminal extracellular region and multiple transmembrane

domains and have no homology with ion channels and also do not function as

channels. This seems to be more logical but confuses again the ADPKD commu-

nity. The HUGO nomenclature still considers the old description as TRPP2,

TRPP3, and TRPP5 as the TRP family polycystin members. So we stick to the

HUGO nomenclature throughout this volume.

3 Some Evolutionary Puzzles

TRPs appear relatively late in the evolution. No TRPs are expressed in bacteria in

contrast to most of the well-described voltage-dependent ion channels (Fig. 1).

They are expressed in some algae, yeast, and other fungi. Expression occurs in the

unicellular choanoflagellate Monosiga brevicollis and importantly in many mam-

malian parasites. Five metazoan TRP subfamily members (TRPA, TRPC, TRPM,

TRPML, and TRPV) were identified in choanoflagellates, demonstrating that they

evolved before the emergence of multicellular animals (Fig. 1). One puzzle is the

complete absence in plants (see for details Cai 2008; Prole and Taylor 2011, 2012).

But why make these plants drugs for TRPs, like capsaicin, tetrahydrocannabinol,

nicotine, and all the other spices being effective TRP modulators (Nilius and

Appendino 2011, 2013)? They make them as “secondary metabolites” which are

not essential for normal growth and development of the plant but appear to function

in the defense of plants against herbivores and pathogens. TRPs are widely

expressed in insects which may be targeted by these plant compounds (Matsuura

et al. 2009). For example, a plant can produce substances that result in adverse

physiological effects in the insect, such as a bitter taste or even poisoning. Ironi-

cally, the medicinal applications and pharmacological effects of secondary

metabolites in animals (insects) and humans are better understood than their

functions in the plants that produce them (Liscombe and Facchini 2008).
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4 Do We Have the Correct Clones? Contribution
of Endogenous TRPs?

There is a certain discrepancy between annotated TRP entries in protein and gene

databases (e.g., UniProtKB and Ensembl Genome Browser), TRP cDNAs used for

functional expression studies in vitro, and, apparently, TRP proteins expressed

in vivo. For example, for human TRPC3, most in vitro studies have been performed

with a cDNA encoding an 848-amino acid (aa) protein which is different to the

836-aa TRPC3 UniProtKB entry and the predicted 921-aa TRPC3 entry in the

Ensembl Genome Browser. For human TRPC1, most in vitro studies have been

done with the TRPC1beta variant (759 aa, Zitt et al. 1996) or with the TRPC1alfa

variant (793 aa, Zhu et al. 1995), although the endogenous human TRPC1 protein

may well cover an additional ~100 aa extension at its N-terminus (Ong et al. 2013).

In fact, the identity of the endogenous TRP proteins is only known to a certain level

of approximation: There is little direct experimental evidence to what extent the

DNA sequences are translated to real proteins. This limitation refers not only to

TRP channel genes but to most protein-coding genes in humans and many other

organisms. In 2013, more than 95 % of protein sequences provided by the UniProt

resource came from translations of coding sequences generated by gene prediction

programs. Only less than 5 % of the protein entries rely on sequence data obtained

by direct protein sequencing, by Edman degradation or MS/MS experiments (http://

www.uniprot.org). New developments in protein analytical methods including

Fig. 1 TRPs in the kingdom of life and the appearance of TRPs (circles). See for detailed

information (Cai 2008; Ihara et al. 2013; Prole and Taylor 2011, 2012;Wheeler and Brownlee 2008)
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mass spectrometry-based targeted proteomics will improve this situation in the

future; but current approaches heavily rely on antibodies to pull out the protein of

interest from complex biological samples. Using three independent antibodies, the

endogenous protein sequence of TRPV6 could be obtained by this approach

(Fecher-Trost et al. 2013). Compared to the 725-amino acid (aa) annotated

sequence, the “real” TRPV6 protein contained a 40-aa extension within its

N-terminus. However, adequate antibodies for most TRP proteins are not generally

available (Wu et al. 2010), and therefore protein sequence information on most

TRPs using mass spectrometry based has still to be shown.

Because of their convenience, many laboratories use HEK293 cells for func-

tional expression of TRP cDNAs. Trpc1 (Zhu et al. 1995) and the Trpc3 cDNAs

(Zhu et al. 1996) were originally cloned from HEK293 mRNA. It cannot be avoided

but is hardly considered in the interpretation of data that the endogenous TRP

proteins of HEK cells (TRPC1,TRPC3, and, maybe, TRPC7 and TRPM4) associate

with the TRP proteins of expressed cDNAs to form functional channel complexes

(Zagranichnaya et al. 2005). Considering the assumed broad expression of Trp
genes, a similar situation will exist in most cell lines used for heterologous

expression studies.

5 The Still-Elusive 3D Structure

It is agreed that all TRP consists of intracellular N- and C-termini and has six

transmembrane spanning helices (TM) in which TM5 and TM6 probably form a

classical channel pore. So far, only parts of TRP proteins have been crystallized,

and the whole protein structure for some TRPs can be approached in electron

cryomicroscopy pictures in a not very high resolution, e.g., for TRPV1 in a 19 Å

resolution (Moiseenkova-Bell et al. 2008). Only 30 % of the channel protein is

located in the plasma membrane (transmembrane domain TM); the other part forms

a large cytosolic bulk. Both parts are connected by a fenestrated domain which

might be important as an intracellular access to the TM region. Typical for the

TRPV family and for TRPA1 is the N-terminal ankyrin repeat domain (ARD)

(Fig. 3). TRPVs have an ARD formed by 6 ankyrin repeats (ARs) consisting of

an inner and outer helix connected by unusual long “fingers” at the ARD’s “con-

cave” side (Gaudet 2008a, b) which are considered to be quite flexible. TRPA1 is

proposed to have an ARD consisting of 14–19 ARs (Wang et al. 2012). It is highly

speculative whether this domain is involved in gating (probably for TRPA1 via

covalent cys/lys modification) or whether it is mainly required for channel traffick-

ing and insertion in the plasma membrane (Nilius et al. 2011) (Fig. 2).

Thus, the functional role of the ARD is still unknown. It provides ATP and

calmodulin binding which interferes in the TRPV family with channel activation

and desensitization (inactivation) (Lishko et al. 2007; Phelps et al. 2007, 2008,

2010). Characteristically, ankyrin repeats are connected by large “fingers” which

might be important for channel–protein interactions. The ARD is involved in

TRPV4 dysfunction in several channelopathies (Inada et al. 2012). Interestingly,
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the TM1-4 domains in TRPV1, TRPM4, and TRPM8 have some structural

similarities with the TM domain of Kv1.2 including its voltage sensor (Nilius

et al. 2005b). These TMs also nicely fit into the 3D structure of the transmembrane

part of TRPV1 (Moiseenkova-Bell et al. 2008). It is extremely important to

decipher a role of a potential voltage sensor in the TM region and the functional

role of ARD in channel gating and trafficking. We refer to new and exciting data

obtained from a 3D analysis of TRPV1 with a 3.4 A resolution to Chap. 11 in this

book. “High-resolution views of TRPV1 and their implications for the TRP super-
family” by Ute. A. Hellmicu and Rachelle Gaudet.

All TRPM channels have coiled-coil domains, i.e., α-helices which form helical

bundles of a preferred stoichiometry. This domain was crystallized in the

C-terminus of TRPM7 where it is proposed to trigger tetramerization (Fujiwara

and Minor 2008; Tsuruda et al. 2006). A similar domain in TRPP2 (PKD2) has been

crystallographically analyzed, and the structure provides insight into TRPP2–PKD1

Fig. 2 Structure of TRPV1. (a) 3D reconstruction of TRPV1 obtained from cryo-electron

microscopy. Inserted are in the plasma membrane part the atomic structures of Kv1.2 potassium

channel (TM1–TM4, pink) and in the cytosolic part the TRPV1 ankyrin repeats (green). See the
nice match of these structures. (b) High-resolution structure of Kv1.2 transmembrane domains.

(c) TRPV1 ankyrin domains. Indicated is the ATP-binding site in TRPV1 [adapted from Lishko

et al. (2007); Long et al. (2005); Moiseenkova-Bell et al. (2008) with permission]
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heteromerization (Yu et al. 2009; Zhu et al. 2011). Also the 3D structure of the

TRPM7 kinase domain was analyzed by crystallography (Yamaguchi et al. 2001).

However, these are only some snapshots into the TRP structure. Thus, the

high-resolution 3D structure is highly expected to solve one of the mysteries of

TRP channel gating.

6 a-Subunits and Elusive b-Subunits

Most of the TRP channels are most probably tetramers as shown first for TRPV1

(Kedei et al. 2001) and later for TRPV5 and TRPV6 (Hoenderop et al. 2003).

Probably, nearly all TRPs form tetrahomomers. Several heteromeric TRP channels

have been described. TRPP2 forms a trimer with PKD1 (for a review see Zheng

2013). Heteromeric channels are still a matter of debate, and their functional role

must be evaluated. In the classical view, these tetramers are formed from the pore-

carrying α-subunit. The mechanism of co-assembly is still not solved, although

several mechanisms have been proposed. N-terminal ARD domains are protein–

protein interaction sites (Sedgwick and Smerdon 1999). However, its role for

α-subunit assembly is very much uncertain because isolated ARDs from TRPVs

do not interact (Lishko et al. 2007; Phelps et al. 2007, 2008, 2010; Zhang

et al. 2011) and TRPV1 and TRPV2 crystals do not multimerize (Jin et al. 2006;

Lishko et al. 2007). Also for TRPA1, evidence has been reported that the ARD

probably controls membrane insertion of the channels rather than tetramerization

(Nilius et al. 2011). The role of coiled-coil domains for multimerization of TRPM

channels has been discussed above. It is also reported that for TRPVs a region

proximal of the TRP box might be required for subunit assembly (Zhang et al. 2011;

Garcia-Sanz et al. 2004). Obviously, we do not yet understand the assembly of TRP

subunits to form functional channel.

Another pertinent urgent problem to solve is the existence and possible function

of β-subunits, i.e., proteins which bind to the α-subunit and modulate channel

function by direct interference with channel gating or regulation of membrane

insertion as studied extensively for voltage-operated Ca2+ channels (Richards

et al. 2004; Hofmann et al. 2014). Such subunits are not yet discovered for TRP

channels. A putative β-subunit, although not yet confirmed in detail, might be

PACSIN 3, a member of a protein family that has been implicated in synaptic

vesicular membrane trafficking and regulation of dynamin-mediated endocytotic

processes. PACSIN 3 binds via its SH3 domain to a site in the proline-rich domain

(PRD) proximal to the ARD in TRPV4 and not only increases channel insertion in

the plasma membrane but also selects the activation mode of this channel, i.e., it

suppressed activation by cell swelling which is thought to be an EET-dependent

process (Cuajungco et al. 2006; D’hoedt et al. 2007).

A pertinent question is not yet answered: Is TRPC1 α-subunit? Originally

described as a cation channel activated by store depletion (Mori et al. 2002; Zitt

et al. 1996), it was later shown that TRPC1 proteins do not form functional channels

by themselves (Storch et al. 2012; Strubing et al. 2001) but contribute to
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heterotetrameric TRPC channels, preferably with TRPC4 and TRPC5 (Hofmann

et al. 2002; Strubing et al. 2001). Apparently, TRPC4 and TRPC5 but also TRPP2

(Tsiokas et al. 1999) and TRPV4 (Ma et al. 2010, 2011) pick up TRPC1 from the

ER to the plasma membrane and the primary cilium (Bai et al. 2008), whereas in

their absence TRPC1 may act as a leak channel of the ER (Berbey et al. 2009).

Recently, it was shown that the full-length endogenous TRPC1 amplifies Ca2+

release-activated Ca2+ currents mediated by Orai channels (Ong et al. 2013) by

direct interactions with components of the store-operated Ca2+ entry machinery

(Liao et al. 2008; Singh et al. 2002; Yuan et al. 2007). The Trpc1 gene is supposed

to be ubiquitously expressed, but how can one tell considering that there are no

TRPC1 ion currents nor appropriate antibodies?

Another surprising example concerns the Xenopus TRPV6 homologue. xTRPC1

interacts with xTRPV6, thereby inhibiting the channel. TRPC1 is probably not part

of the channel but regulates the activity of TRPV6 under physiological conditions

(Schindl et al. 2012; Courjaret et al. 2013). Obviously, the search for TRP

β-subunits is another high priority in TRP channel research.

Recently, it has been shown that an alternative splice variant of the mouse Trpa1
gene (TRPA1b) can physically interact with the main variant Trpa1 and increases

the expression of TRPA1a in the plasma membrane. TRPA1a and TRPA1b

co-expression significantly increases current density in response to different

agonists without affecting their single-channel conductance. TRPA1 is obviously

regulated through alternative splicing under physiological and also pathological

conditions (Zhou et al. 2013). Thus, can such a variant in fact be considered as a

β-subunit?
Another example came as a surprise. TRPM4 interacts with the sulfonylurea

receptor 1 SUR1 and may confer the sensitivity of glibenclamide to this channel

(Sala-Rabanal et al. 2012; Woo et al. 2013).

If a β-subunit is mainly defined as non-pore forming but with a positive effect on

plasma membrane insertion of the α-subunit, then a β-subunit of voltage-dependent
K+ channels, Kvβ2, must be considered as a novel TRP β-subunit. Kvβ2 interacts

with TRPV1, increases the cell surface expression levels of this channel, and results

in a significant increase of TRPV1 sensitivity to capsaicin, as functionally measured

with patch clamp. Thus, Kvβ2 plays a role in TRPV1 channel trafficking to the

plasma membrane (Bavassano et al. 2013). It is now intriguing to ask whether

β-subunits among several channel families have a certain degree of promiscuity.

7 The Correct Expression Pattern

This is one of the main but still not completely solved problems. To solve this

problem, specific TRP antibodies must be available, and transgenic models and

reporter strategies must be employed to identify the correct cellular localization of

TRP. The poor quality of available antibodies for TRPs has caused considerable

frustration and may have led to publication and perpetuation of erroneous research

results. It is true that to generate an antibody for a low abundant membrane protein
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like a TRP is a painstaking effort (Meissner et al. 2011) requiring months of

laborious benchwork and money for synthesizing, expressing, and purifying the

antigen, for hosting the suitable animals to be immunized, for generating and

selecting hybridoma cells, and for purifying and characterizing the final antibodies.

Especially the analysis of the antibody specificity is crucial. Only in very few cases,

this major ordeal is accomplished by the many commercial suppliers that have

proliferated and sell antibodies directed at a wide range of proteins including TRPs

(Flockerzi et al. 2005; Ong et al. 2002, 2013; Wu et al. 2010).

In addition, we need to know the subcellular, e.g., intra-organelle, localization

because intracellular TRPs are important functional players in cell organelles such

as the endosomes, lysosomes, SR and ER, and Golgi apparatus (for a reviews see

Cheng et al. 2010; Gees et al. 2010). Probably, also mitochondria may have TRP

channels. TRPC3 is probably localized in mitochondria and carries a significant

fraction of mitochondrial Ca2+ uptake that relies on extramitochondrial Ca2+

concentration. Up- and downregulation of TRPC3 expression influences also the

mitochondrial membrane potential (Feng et al. 2013). It has to be noted that

substantial discrepancies exist in the literature concerning TRP channel distribu-

tion. The use of mRNA detection is an indicator but has several drawbacks

(Anderson and Seilhamer 1997; Anderson and Anderson 1998; Gygi et al. 1999;

Pradet-Balade et al. 2001; Tew et al. 1996).

Immunohistochemistry relies on selective antibodies, which might be different

from the ones used for protein detection in Western blotting. Radioactive ligands

might be a complementary tool for detection of TRP channels. Now, promising is

the genetic modification of a TRP channel locus which allows introduction of

reporter genes such as lacZ or fluorescent proteins into living animals. Expression

of these genes reflects the TRP distribution. Just as an example, many functions

have been attributed to TRPV1 in the central nervous system, e.g., the development

of cerebellar Purkinje cells and hippocampal pyramidal neurons and its contribution

to glutamatergic synapse stabilization as important player in the neonatal cerebellar

cortex and in the refinement of synaptic plasticity (Vennekens et al. 2012). It came

as a big surprise that TRPV1 is probably even not expressed in these brain areas

(Cavanaugh et al. 2011a, b). This causes another problem. Do we really know

where the TRP channels that we wish to target are really located? A crucial test is

always the detection of ion current through identified TRP channels (see below).

8 News About the Pore

As required for a channel protein, we do not understand yet the regulation of

permeation. Is the pore of many TRPs in fact a dynamic structure contributing to

gating much more than the known α-pore of classical channels (between TM5 and

TM6)?

One of the most important functional features of many TRP pores is their

permeability for Mg2+ and other heavy metals. The Mg2+ permeation is still a

biophysical puzzle. So far, all ion channels refuse Mg2+ permeation because of its
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very high dehydration energy. TRP channels therefore provide a unique Mg2+ entry

pathway. However, the biophysics behind is not yet unraveled (for a review see

Owsianik et al. 2006).

There is now growing evidence that upon agonist stimulation some TRP

channels such as TRPV1 (Chung et al. 2008) and TRPA1 (Karashima et al. 2010)

show a dynamic pore behavior, i.e., a dilatation of the pore upon agonist binding.

This dilatation is in the range of several Å. Mechanistically important seems to be

the fact that this dilation of the TRPV1 pore decreases after cholesterol depletion of

the plasma membrane (Jansson et al. 2013). In TRPA1, it causes an increase in

divalent cation selectivity and fractional Ca2+ current and is therefore functionally

very important. How does an agonist dilate the pore? Pore dilation has been also

described in the TRPC family. Activation of TRPC4β with the G protein Gαi2 as
compared with activation by GTPγS causes a small but significant dilation of the

channel’s pore and increases Ca2+ permeability like the dilation of the TRPA1 pore

(Jeon et al. 2013). This dynamic pore behavior needs to be explained soon because

it will shed some light in the gating behavior of TRP channels. Of note, a pore

dilation from 3 to 12 Å occurs by binding of G proteins to open the G-loop gate in

GIRK2 potassium channels, a mechanism that has been explained by changes of the

pore structure (Whorton and MacKinnon 2011).

Another route to follow is even more spectacular. TRP channels might posses

and exploit under certain circumstances other pathways for ion conduction as

shown for voltage-activated potassium and sodium channels. This pathways com-

prise a permeation gate through the voltage-sensing domain (TM1–TM4) of the

channel, the ω-pore (Starace and Bezanilla 2004; Tombola et al. 2007; Gamal

El-Din et al. 2011; Jurkat-Rott et al. 2010; Prütting and Grissmer 2011). It might

be possible that TRP channels have a similar pathway which is active during

distinct modes of activation (Vriens et al. 2014).

9 Fractional Ca2+ Currents in TRPs

Importantly, most of the TRP channels have in fact a small Ca2+ selectivity, and the

“fractional Ca2+ current” is often less than 5 %. However, for understanding the

functional impact of TRP channels, we need to know which partition of the current

under physiological condition is carried by Ca2+ compared with monovalent cation.

We need to measure this “fraction” to check which amount of Ca2+ is really

contributing to the current (Karashima et al. 2010; Samways and Egan 2011).

Unfortunately, such measurements are rare (done for TRPV1, TRPA1, TRPM3,

and TRPM8). TRPV5 and TRPV6 are the only “real” Ca2+ channels with fractional

Ca2+ currents of ~100 %. TRPA1 and TRPM3, with a fractional Ca2+ current of

~20 %, can be considered as relatively efficient Ca2+ channels. Probably, all other

TRP channels have fractional Ca2+ currents of less than 10 % (Gees et al. 2010).

Importantly, TRPV1 is known as a TRP channel with a relatively high Ca2+

permeability (PCa/PNa ~ 10) (Owsianik et al. 2006). However, its fractional Ca2+

current is only in the range of 5 % of the total current. High fractional Ca2+ current
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so far is only measured for TRPV5, TRPV6, TRPM3, and TRPA1 (reviewed in

Gees et al. 2010). Even for the Drosophila TRP and TRPL channel, which are

regarded as highly Ca2+-selective channels, the fractional Ca2+ current is only in the

range of 29 % and 17 %, respectively (Chu et al. 2013).

Knowing the fractional Ca2+ current will also at least partially answer the

questions: which increases in [Ca2+]i can be expected under physiological

conditions and whether it is likely that the TRP-induced depolarization is essential

rather than the Ca2+ influx. Obviously, TRP channels are functionally coupled with

Ca2+-sensing effector proteins and may therefore achieve a high signal gain. It is

therefore probably an important feature of TRP channels to provide only a low

fractional Ca2+ current or in the case of high fractional Ca2+ current have only a

low-density expression.

Obviously, these issues have to be urgently addressed for TRPC channels.

10 Gating

TRP channels have been widely described as receptor-activated channels, ligand-

activated channels, and “directly” gated channels. However, some TRP channels

are constitutively open, at least in several heterologous expression systems (e.g.,

TRPV5, TRPV6, TRPC3, TRPA1, and others) raising the question whether a

crucial gating partner is missing in the expression system. This question of consti-

tutive open TRP channels seems to be especially intriguing in the brain: TRPV4 is

active at physiological brain temperature in hippocampal neurons and thereby

controls their excitability in vitro. Local changes in temperature, which occur in

the brain, cause modulation of brain activity, e.g., local cooling might reduce

neuronal electric excitability via a decreased TRPV4 activity and thereby contrib-

ute to brain functions (Shibasaki et al. 2007; Tominaga 2013, personal

communication).

The question whether TRP channels like some K2P channels are responsible for

background currents is unanswered.

Receptor activation comprises G protein-coupled receptors (GPCRs) and recep-

tor tyrosine kinases that activate phospholipases C (PLCs) which gate/modulate

TRP channel activity by hydrolysis of phosphatidylinositol 4,5-bisphosphate

(PIP2), production of diacylglycerol (DAG) or inositol 1,4,5-trisphosphate (IP3),

and subsequent liberation of Ca2+ from intracellular stores. Ligand activation is due

to exogenous small organic molecules, e.g., capsaicin, endogenous lipids, or

products of lipid metabolism (diacylglycerols, phosphoinositides, eicosanoids,

anandamide), and purine nucleotides and their metabolites (adenosine

diphosphoribose (ADP-ribose), βNAD) but also by proteins (like G proteins for

TRPCs).

Direct activation can occur via changes of temperature, changes in the mem-

brane potential (voltage activation), and maybe also mechanical forces (Nilius and

Owsianik 2011; Ramsey et al. 2006; Wu et al. 2010).
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Thus, TRP channels are polymodal channels, opposite to voltage-gated

channels, which only sense changes in the transmembrane electric field. TRP

channel might be considered as integrators of multiple cellular signals and might

be preferred coincidence detectors (Ramsey et al. 2006). However, this makes the

identification of a basic gating mechanism difficult if not impossible, and probably

each channel exploits multiple mechanisms to open the gate. So far, we do not have

any structural insight how the gating process is initiated (Nieto-Posadas et al. 2011).

Let’s first consider possibilities of direct gating. Maybe the most intriguing

mechanism is TRP gating by depolarization. In this view, gating would share

some similarities with the activation mechanism of classical voltage-dependent

channels. However, half maximal activation occurs at very positive membrane

potentials, which are physiologically irrelevant. However, several signals, like

temperature changes and agonist binding, cause a shift in the activation curve

toward more negative potentials, thereby increasing the fraction of open channels

under steady state conditions (Nilius et al. 2005b; Voets et al. 2004). This paradigm

“gating by shift” has been described for several channel types (TRPV1, TRPA1,

TRPM4, TRPM8, etc.) but is mechanistically not yet understood. The shift is

supported by a small apparent gating charge of TRP channels which is in the

range of 0.5–0.8e (Nilius et al. 2005b; Voets et al. 2007; Zheng 2013). A proposed

voltage-sensing role of basic residues in TM4 and the TM4–TM5 linker of TRPM8

might be considered as a first hint (Voets et al. 2007). Although the architectural

and pharmacological similarities exist between TRP channels and Shaker K+

channels, replacing previously identified domains and critical structural motifs of

the membrane-spanning portions of Kv2.1 with corresponding regions of two TRP

channels, TRPM8 and TRPV1, did not allow the formation of hybrid channels, i.e.,

the TM3b–TM4 paddle motif of Kv2.1 can be replaced by the analogous regions of

both TRP channels without abolishing voltage activation, but swapping putative

voltage-sensing TRP channel regions with the Kv2.1 voltage sensor yields non-

functional channels (Kalia and Swartz 2013). Obviously, such studies should be

extended. Obviously, the true voltage sensors need to be pinned down. Probably,

the measurement of gating currents should be envisaged. Because of the small

gating charge of TRP channels [0.4–0.9e (Nilius et al. 2005b)], better methods must

be applied, e.g., the limited slope method (Almers 1978; Sigg and Bezanilla 1997),

to measure in a low open probability range the effective gating charge or changes in

gating charge caused by mutations in a putative voltage sensor (see Voets

et al. 2007). From the voltage dependence point of view, temperature and agonists

are modulators of the voltage-dependent opening of the channel gate. The true

nature of this shift is still elusive. However, the existence of the open probability

shift is a clear fact that needs to be explained (for a critical discussion and

challenges of this simplified view see, e.g., Nieto-Posadas et al. 2011; Zheng 2013).

Direct channel gating is caused by the covalent modification of cysteine and

lysine residues. Such covalent modifications of Cys and Lys residues in the

N-terminus of TRPA1 by electrophiles have been extensively described (for a

comprehensive review, see Nilius et al. 2012). However, there are many issues to

consider. First, covalent modification by electrophilic compounds may result in the
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formation of Michael adducts, thiocarbamates, alkylation products of cysteine, and

disulfides. The chemistry of these modified residues is not known, i.e., the

subsequent intracellular modification to make the channel again available. Second,

it is not yet completely clear which cysteines are really required for gating. Critical

in mouse TRPA1 are C415, C422 (in the ARD), and C622 (between ARD and

TM1) and in human C622, C642, and C666 (between ARD and TM1); in addition,

modification of K710 is involved. However, 30 from the 31 cysteine are reactive

174, 193, 415, 422, 463, 609, 622, 634, 642, 666, and 859, and in addition four

sulfide intra-chain bridges are formed between cys666-662, cys666-463, cys622-

609, and cys666-193. Eleven cysteines have been identified to be possibly involved

in gating (Fig. 3).

This disulfide bonding might be also involved in channel gating via an unknown

mechanism. Probably, critical N-terminal cysteine residues involved in

Fig. 3 (a) Two-dimensional representation of a TRPA1 dimer indicating the reactive cysteine

residues. The cytoplasmic N- and C-termini are separated by six transmembrane helices. Each

monomer contains 31 cysteine residues (blue circles), and the N-terminus has an extended ankyrin

repeat domain (box). (b) TRPA1 is shown in the cryo-electron microscopic 3D structure. The

modeled TRPV1 TM domain fits into the TRPA1 structure (blue ribbon). The TRPA1 N-terminus

(green) and the C-terminus are shown. (c) Conserved cysteines involved in electrophilic activation

in the mouse (Cys-415, Cys-422, Cys-622), human (Cys-622, Cys-642, Cys-666), and Drosophila
(Cys-622, Cys-642) homologues are highlighted in the zoomed-in view (ball-and-stick structures

and labeled, right panel). Histidines involved in zinc activation are also indicated in yellow
(adapted from Cvetkov et al. (2011) with permission)
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electrophilic activation are located at the interface between neighboring subunits,

and conformational changes at this region might lead to unknown conformational

changes resulting in channel activation (Cvetkov et al. 2011; Wang et al. 2012).

How the covalent modification of the intracellular core signals to the channel gate is

completely unknown. Third, surprisingly, that activation of the channel in inside-

out patches is difficult and requires the presence of MgATP or polyphosphates

(Kim and Cavanaugh 2007; Karashima et al. 2008). However, channel gating by

non-electrophilic agonists such as Δ9-THC and menthol is still possible

(Cavanaugh et al. 2008). It seems, yet not at all understood, that some intracellular

factors, such as polyphosphates, may act as a scaffold to stabilize the channel in an

available conformation.

Another direct form of gating remains mechanistically also enigmatic and came

as a surprise. Heavy metals such as Zn2+, Cd2+, and Cu2+ can directly gate TRPA1.

Activating Zn2+ binds to the C-terminal His983 and Cys1021 (Andersson

et al. 2009; Banke and Wickenden 2009; Gu and Lin 2010; Hu et al. 2009b).

Another gating puzzle emerged with the identification of an obvious role of the

pore region as part of the gating machinery. Activation of TRPV1 occurs by low pH

and requires the pore residues E648 (E600 for potentiation of TRPV1 activity by

low pH). Surprisingly, the non-charged T633 is also required for proton activation

but not for activation by agonists (Ryu et al. 2007). In addition, TRPV1 is also

activated by the double-knot toxin DkTx from the Earth tiger tarantula. This

activation requires binding of the toxin to residues in the outer pore (Bohlen

et al. 2010). This binding probably causes conformational changes in the pore

region, thereby opening the channel gate (Bright and Sansom 2004). Also the

inner pore of some TRP channels, TRPV1, TRPV3, TRPV4, and TRPA1, seems

to be involved in direct channel gating as evidenced from mutagenesis experiments.

TM6 in TRPA1 may possess two points of flexibility which could function as a

gating hinge similar to Kv channels (Benedikt et al. 2009; Bright and Sansom

2004). Specific point mutations within the cytosolic TM4–TM5 linker of TRPA1

(N885S) (Kremeyer et al. 2010) or TRPV3 (G573C or G573S) (Asakawa

et al. 2006; Xiao et al. 2008c) or the introduced G503S (TRPC4) and G504S

(TRPC5) mutations in the corresponding sequences of TRPC4 and TRPC5 (Beck

et al. 2013) lead to constitutively active channels indicating that the non-mutated

amino acid residues are essential to keep the channels in a gateable configuration.

Obviously, many TRP channels are activated by binding of agonists. In this

view, they can be considered as “ligand”-activated channels. Such ligands function

endogenously or are externally applied. The most studied ligand is certainly

capsaicin, a TRPV1 agonist. Capsaicin activates TRPV1 with K1/2 values varying

with temperature and voltage. Capsaicin binding occurs to the closed channel state

probably at several binding sites mapped in the TM2–TM4 region (Jordt and Julius

2002), but other sites have been identified at the TRP box, the pore domain, and the

N- and C-termini TRPV1. The docking of the capsaicin molecule to the interface

between two channel monomers in the TM3/TM4 region, i.e., the probably voltage-

sensing domain, has been analyzed in detail. The vanillyl moiety forms a π�π
stacking and hydrophobic interactions with Tyr511 and H-bonding with Ser512. In
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addition, the carbonyl group (B region) made H-bonding interactions with Tyr511

and Lys571. This binding favors an open-channel configuration (Lee et al. 2011).

Although this structural modeling is intriguing, we still have no clue, even for this

most advanced case, how the channel gates by ligand binding. The existence of

probably more binding sites with positive cooperativity makes the underlying

mechanism of channel opening still more uncertain not to speak of the still-elusive

docking sites for endogenous agonists like the endocannabinoid anandamide and

2-arachidonoylglycerol (2-AG) and the lipid 12-HPETE. The situation for other

TRP channels is still much less clear. Certainly, we have to fill the gap how ligand

binding gates a TRP channel and binding studies have to be connected with

functional data.

The situation of pinning down clear-cut gating mechanisms for TRPCs seems

especially difficult. What do we really understand of TRPC gating? Obviously, Gi,o

and Gq,11 are required at the same time to activate TRPC4/TRPC5. Simulta-

neously, an elevation of [Ca2+]i is facilitating. Activation is also voltage dependent,

and PI(4,5)P2 is a unique negative gating modulator (Otsuguro et al. 2008;

Tsvilovskyy et al. 2009; Zholos et al. 2004). The complexity of these gating

mechanisms is striking and puzzling. In addition, it has also been shown that

TRPC4/TRPC5 are activated by Gαi rather than Gq/11. But what about the endog-

enous environment of the cell systems used? Gi,o and Gq,11 appear to be present in

most cell lines used for Trp cDNA expression, but what about the receptors

activating these G proteins (http://www.uni-leipzig.de/~strotm/molbio/endoge

nous_gpcr.htm)? In another approach, interaction of C-terminal SEC14-like and

spectrin-type domain SESTD with Gαi was required for gating. What is the

mechanism (Jeon et al. 2008, 2012, 2013)?

11 Positive and Negative Ca2+ Feedback

Probably all TRP channels are modulated by Ca2+. Most TRPs show an activity-

dependent inactivation which is mediated by Ca2+ and involves as possible

mechanisms Ca2+-dependent kinases, Ca2+-dependent phosphatases, Ca2+-

regulated PLCs, and especially calmodulin. The mechanisms of this modulation

is not clear (Gordon-Shaag et al. 2008); often Ca2+-dependent PI(4,5)P2 depletion is

involved (Rohacs 2013; Rohacs and Nilius 2007). In many cases, this modulation is

bimodal, e.g., comprises activation and negative feedback inhibition. As for all

Ca2+-permeable channels, negative feedback inhibition is extremely useful to avoid

cellular Ca2+ overload. But do we really understand this mechanism? Some TRP

channels such as TRPM4 and TRPM5 are directly activated by Ca2+. Indeed, an

increase in [Ca2+]i is required to activate these channels in a voltage-dependent

manner. Without Ca2+, even very large depolarizations cannot activate the channel.

Thus, this situation is different from, e.g., BKCa channels. Unfortunately, an

activating binding site for Ca2+ has not been reliably determined. However, it has

been shown that the presence of calmodulin which binds to probably several

C-terminal sites shifts the voltage-dependent activation toward much more negative
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potentials (Nilius et al. 2005a). Again, the gating mechanism remains unclear. Both

Ca2+-activated channels desensitize/inactivate upon prolonged exposure to elevated

[Ca2+]i. This effect can be nicely explained by a Ca2+-dependent PI(4,5)P2 deple-

tion via activation of a Ca2+-activated PLCβ4 (Nilius et al. 2006, 2008; Rohacs and
Nilius 2007). A pleckstrin-like homology domain is required for PI(4,5)P2 binding.

Another intriguing example for the dual regulation by Ca2+ is TRPA1. Channel

activity, if it is activated, is strongly potentiated by extracellular Ca2+ followed by

channel desensitization. Thus, Ca2+ is one of the most important endogenous

modulators of TRPA1. Both mechanisms are not understood. TRPA1 is affected

by [Ca2+]e due to entry through TRPA1 and subsequent elevation of intracellular

calcium. The mutation of Asp918 in the putative TRPA1 pore greatly reduces Ca2+

permeability. Extracellular Ca2+ alone produced neither potentiation nor inactiva-

tion, e.g., channel activation is required. Application of Ca2+ to the cytosolic face of

excised patches is sufficient to produce both potentiation and inactivation of

TRPA1 channels. Moreover, in whole-cell recordings, elevation of intracellular

Ca2+ potentiated, but did not inactivate TRPA1. Thus, potentiation and inactivation

are two independent mechanistically not understood processes (Nilius et al. 2011,

2012; Wang et al. 2008). In this case, desensitization is probably much less

attributed to an increased PI(4,5)P2 breakdown as for other channels such as

TRPM4, TRPM8, TRPV5, and TRPV6 (Karashima et al. 2008; Rohacs and Nilius

2007) or is even opposite (Kim et al. 2009). These are only examples for the

probably universal modulatory activity of Ca2+ on TRP channels. Because of the

bimodal effect of even extracellular Ca2+ on TRPA1, the use of a TRP-current

readout in a Ca2+-free solutions screening of channel modulators can easily gener-

ate false-negative (missing potentiation) or false-positive (lacking inactivation)

results.

Because of the extremely important regulation of many TRP channels by Ca2+, it

is indicated to search downstream of Ca2+ for effects of Ca2+-binding signaling

proteins, e.g., calmodulin (CaM). CaM in most cases exerts an inhibitory effect on

the channel gating. This negative feedback loop works locally and rapidly to

regulate the level of channel activity suitable for cellular physiology. Activation

of CaM by Ca2+ influx following TRP channel activation can also affect channel

function indirectly, e.g., by binding of CaM to other proteins such as CaM-sensitive

protein kinases. Given the diversity of TRP channels, it is perhaps not surprising

that the sites of CaM binding are also quite diverse and multiple sites have been

detected on many TRP channels at the N- and C-terminus (Zhu 2005). Because of

this diversity, clear-cut functional data related to CaM should always substantiate

such binding studies. As one striking example, the crystal form of the ARD of

TRPV1 exists as a complex with CaM (Lishko et al. 2007). Thus, the ARD of

TRPV1 (TRPV3, TRPV4) serves as a CaM-binding site. ATP was also found to

bind to the CaM-binding site of TRPV1 and competes. CaM binding occurs in the

absence of Ca2+. The functional impact of the ATP–CaM competition is accelerated

channel desensitization in the presence of CaM and a delay in the presence of ATP

and absence of CaM. The diversity of CaM action is also shown in the surprising

findings that Ca2+ binding to CaM may underlie the Ca2+-dependent activation of
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TRPM4 (Nilius et al. 2005a) and the Ca2+-dependent potentiation of TRPV3 (Xiao

et al. 2008b) and TRPV4 (Strotmann et al. 2003, 2010). Again, this diversity of

CaM action needs to be understood and underpinned by more functional and

structural analysis.

12 The PI(4,5)P2 Puzzle

One exciting aspect of TRP channel regulation is the interaction with and modula-

tion by plasma membrane phosphatidylinositol phosphates (PIPs) and in particular

by phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2). Probably all TRPs are

regulated by PIPs. PI(4,5)P2-binding sites in nearly all PIP-modulated TRPs have

been proposed and functionally tested via mutagenesis (Nilius et al. 2008). PI(4,5)

P2 positively modulates the activity of TRPM4, TRPM5, TRPM7, TRPM8,

TRPV5, and TRPV6 but inhibits TRPC4α. Effects on TRPA1 are still somewhat

controversial (reviewed in Rohacs 2013; Rohacs and Nilius 2007). Probably the

most intriguing yet important problem to solve refers to a complex regulation of

TRPV1 by PI(4,5)P2. It has been first shown that nerve growth factor (NGF) and

bradykinin activate PLC, which hydrolyzes PI(4,5)P2 and subsequently sensitizes

the channel through interactions with a region in the C-terminus (Chuang

et al. 2001; Prescott and Julius 2003). The opposite effect has been later described.

Indeed, depletion of PI(4,5)P2 in inside-out patches leads to channel inhibition, and

direct application of PI(4,5)P2 activated the channel (Klein et al. 2008). Again

somewhat later, a new transmembrane protein has been found, Pirt (phosphoi-

nositide interacting regulator of TRP), that interacts with both PI(4,5)P2 and

TRPV1, thereby inducing an activating effect on TRPV1. Thus, PI(4,5)P2 only

activated TRPV1 in the presence of Pirt (Kim et al. 2008). However, this mecha-

nism has been recently challenged. Pirt is probably not required for PI(4,5)P2

modulation of TRPV1. Pirt does not alter the phosphoinositide sensitivity of

TRPV1 in HEK293 cells. Dorsal root ganglion neurons from Pirt knockout mice

have an apparent affinity for PI(4,5)P2 indistinguishable from that of their wild-type

littermates. A proximal C-terminal region of TRPV1 is sufficient for PI(4,5)P2
binding. This proximal C-terminal region of TRPV1 can interact directly with PI

(4,5)P2 and may play a key role in PIP2 regulation of the channel. Importantly, Pirt

does probably not bind to TRPV1 (Ufret-Vincenty et al. 2011). However, Pirt might

be an accessory protein for other channels, e.g., TRPM8, and may act as a positive

modulator under conditions of channel activation (Tang et al. 2013). In another

approach, PLC activation by bradykinin leads to a moderate decrease in PI(4,5)P2 ),

but no sustained change in the levels of its precursor PI(4)P. Preventing this

selective decrease in PI(4,5)P2 inhibited TRPV1 sensitization, while selectively

decreasing PI(4,5)P2 independently of PLC potentiated the sensitizing effect of

protein kinase C (PKC) on the channel, thereby inducing increased TRPV1

responsiveness. Maximal pharmacological TRPV1 stimulation leads to a large

decrease of both PI(4,5)P2 and its precursor PI(4)P. Attenuating the decrease of

either lipid significantly reduced desensitization, and simultaneous reduction of PI
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(4,5)P2 and PI(4)P independently of PLC inhibited TRPV1. In this view, differen-

tial changes in phosphoinositide levels are mediated by probably distinct PLC

isoforms which can result in opposite effects on TRPV1 (Lukacs et al. 2013).

Recently, TRPV1 was inserted into artificial liposomes. It can be activated by

capsaicin, protons, and heat. Under these conditions, TRPV1 is fully functional in

the absence of phosphoinositides, i.e., does not require PI(4,5)P2 for activation. PI

(4,5)P2, PI(4)P, and phosphatidylinositol inhibit TRPV1 (Cao et al. 2013). Obvi-

ously, there is still no unifying view how PIPs act on the probably best studied TRP

channel, TRPV1. However, this modulation is critical for the understanding of

TRPV1 function under conditions of inflammation and other disease-causing

influences. In addition, we are still at the beginning of the beginning to understand

specific actions of different PIPs on TRP channels. For the TRPML family, a

completely different modulation pattern as for plasma membrane TRPs has been

described. In endolysosome, PI(3)P and specifically PI(3,5)P2 are positive

regulators for TRPML1–3. These lipids are also required for the correct channel

trafficking. In late endosomes, PI(3,5)P2 is the positive regulator, whereas PI(4,5)P2
is a negative regulator, and its depletion activated TRPML1 (Cheng et al. 2010;

Zhang et al. 2012; Dong et al. 2010) indicating a probably highly diverse modula-

tion pattern of TRPs by PIPs.

13 Understanding Networks

The last example on modulation of TRPV1 by PI(4,5)P2 points to an integrated

action of Ca2+ influx via the channel and activation of different isoforms of PLC

(PLCδ, PLCβ4) and PKCε. Obviously, this is an example for a functional network

which causes extremely variable channel reaction. Submaximal activation via

bradykinin receptors (coupled to PLCβ4) causes a restricted PI(4,5)P2 depletion

and no change in PI(4)P; activation of TRPV1 by PKCε activation via the Ca2+

influx overwrites the negative effect of PI(4,5)P2 depletion. On the other hand,

maximal TRPV1 activation, e.g., by high concentrations of capsaicin, causes a large

PI(4,5)P2 and PI(4)P depletion via PLCδ activation which overwrites activating

effects of PKCε (Lukacs et al. 2013).
Another striking example for a network modulating function of TRPC1 has been

recently published and is discussed here as another example. Protein kinase C

(PKC) and PI(4,5)P2 are obligatory for the activation of TRPC1 in vascular smooth

muscle cells (VSMCs). This activation is coordinated by myristoylated alanine-rich

C kinase substrate (MARCKS) which is required for the TRPC1 channel’s activa-

tion by PKC and PI(4,5)P2. TRPC1 channels and MARCKS form signaling

complexes. If PI(4,5)P2 is bound to MARCKS, TRPC1 is closed. Activators of

TRPC1 channels induce PKC phosphorylation of TRPC1 proteins, which causes

dissociation of TRPC1 subunits from MARCKS and a release of the bound PI(4,5)

P2. The released PI(4,5)P2 may now bind to TRPC1 and causes channel opening.

Thus, MARCKS regulates the native TRPC1 in VSMCs by acting as a reversible PI

(4,5)P2 buffer, which in turn is regulated by PKC-mediated TRPC1
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phosphorylation, and PI(4,5)P2 acts finally as gating ligand of TRPC1 (Shi

et al. 2013a). Because of the complexity of such a mechanism in native cells, it is

important to verify similar mechanisms in other TRPC1 expressing cell types!

These are only a very simple example that TRPs function in complex networks.

Probably, network-based approaches may facilitate the understanding of TRP

channel biology and their function in disease. Using databases of protein–protein

interaction (PPI) (Chun et al. 2013), the multifunctionality of TRP channels might

be better understandable. An example is given in Fig. 4a showing the number of

interacting TRP channels with several proteins and in Fig. 4b representing the

network of the interfering interaction of TRP channels with 3 proteins (ITPR3,

inositol 1,4,5-trisphosphate receptor, type 3; CALM1, calmodulin 1; and the SRC

tyrosine-protein kinase). Interestingly, comparing the similarity of TRP subfamilies

Fig. 4 (a) TRP channel-interacting proteins published to bind to multiple TRP channels.

(b) CALM1, SRC, and ITPR3 interact with at least eight TRP channel isotypes within or across

the subfamilies (light blue edges). Gray line marks the interactions among TRP channels.

(c) Discordance between protein–protein interactions (PPI) and sequence similarities. PPI similarity

denotes here how many interacting proteins are shared among TRPC channels. Sequence similarity

is calculated using a standard protein BLAST tool (from Chun et al. (2013) with permission)
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based on PPI or sequence data may give additional information (Fig. 4c). We refer

to a review on network-based approaches in biomedical science, which describes

the current state of TRP channel network biology and which discusses a promising

future direction of TRP channel research (Chun et al. 2013). However, as always

with conclusions drawn from databases, they heavily rely on the data present in

the databases. So far, no rigorous and comprehensive targeted high-resolution

proteomic study is available on the nano-environment of any endogenous TRP

channel. Such studies are available for other ion channels such as voltage-activated

Cav2 channels (Muller et al. 2010) or AMPA receptors (Schwenk et al. 2012). The

very few published studies on TRP proteomes even failed to identify the “targeted”

TRP. As long as we do not know details of the specific makeup of endogenous TRP

channel complexes, conclusions on networks may be premature.

14 The Quest for Selective Tools

The pharmaceutical industry focuses on generation of small molecules, which are

synthesized in vitro and screened with high-throughput methods. Although there is

now considerable progress in the synthesis of highly selective and also reversible

TRP channel modulators (like for TRPV1, TRPV4, TRPA1), this is not yet the case

for all TRP channels. It is highly desirable to ask the pharmaceutical industry for

distributing such selective tools especially if they are not golden bullets for the

therapeutically useful TRP targets. Obviously, the progress in the research on

TRPV4 was mainly triggered by the early release of the relatively selective agonist

4αPDD from Glaxo (Watanabe et al. 2002).

15 The Use of Natural Compounds

Natural compounds teach us a lot about TRP channels. The problem seems to be

that they are difficult to synthesize, but is there not a huge intellectual quest for

natural compounds? Since probably more than 5,000 years, mankind fights for

spices added to our food. Many of them are just efficient TRP channel modulators

(Nilius and Appendino 2011, 2013). Interestingly, some natural compounds have

been used in traditional medicine, e.g., as antidepressants have TRP channels as

targets. One of these compounds is incensole acetate which is released by the

burning of resin from the Boswellia plant and has been used for religious and

cultural ceremonies for millennia. It activates TRPV3, which is expressed in the

brain and causes anxiolytic-like and antidepressant-like behavioral effects

(Moussaieff and Mechoulam 2009; Moussaieff et al. 2008). St. John’s wort has

been used medicinally for over 5,000 years. Relatively recently, one of its

phloroglucinol derivatives, hyperforin, an antidepressant compound, has been

identified as effective activator of TRPC6 (Leuner et al. 2007, 2010). Hyperforin

has been shown to have cognitive-enhancing, memory-facilitating properties and

has probably neuroprotective effects (Griffith et al. 2010). This example is only
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mentioned to open the interest of TRPists for natural compounds. Estimations are

done that less than 1 % of all blooming plants have never been tested for natural

compounds which might be useful as medical compounds. One has to remember

that these molecules were evaluated during more than 3.5 billions of years in

evolution! A striking example how optimized screening natural compounds, i.e.,

of flavanone derivatives from citrus plants, has been successfully used to identify

highly potent blockers of TRPM3, a channel with a rather elusive and intractable

pharmacology (Straub et al. 2013a, b).

16 Why Is It So Difficult to Measure TRP Currents in Native
Cells?

TRP proteins form channels. Obviously, the most direct evidence that such a

channel generates physiological signals is the detection of a current via TRP

channels in native cells. It turned out that this is a difficult task. First, for reasons

explained above, TRP channel expression might be low, and especially only few

channels are located in the plasma membrane where they form available ion

channels. Second, although the single-channel conductance of several TRPs

might be large under conditions of permeation of monovalent ions, under physio-

logical conditions in the presence of Ca2+, this conductance might be low. How-

ever, because of all difficulties with an exact localization of TRP channels in the

plasma membrane, such a functional readout is unavoidable and necessary. As a

striking example, when TRPV5 and TRPV6 were first described as Ca2+-selective

ion channels (Nilius et al. 2000), in heterologous expression systems, whole-cell

currents and channel current (in the absence of Ca2+) could be measured but not in

the physiological most relevant native cell system, the Ca2+-reabsorbing cells in the

rabbit kidney connecting tubule and cortical collecting duct epithelial cells from

which the trpv5 gene was cloned (Vennekens et al. 2000); also TRPV5-dependent
45Ca2+ fluxes could be measured. This is probably due to the low single-channel

conductance if Ca2+ is the charge carrier (in contrast to a high conductance of 77pS

if monovalent cations are the charge carrier). Currents are probably too small to be

detected indicating the need of using more refined methods such as single-channel

measurements and fluctuation analysis. On the other hand, the amount of eGFP-

tagged TRPV5 (den Dekker et al. 2005) or TRPV6 protein (Fecher-Trost

et al. 2013) routed to the plasma membrane after cDNA expression was too small

to be detectable by confocal laser scanning microscopy. That means that also after

cDNA expression the amount of functional channels in the plasma membrane is

very low, like in native cells, but sufficient for current recording in one system but

not in the other. May measuring native currents under divalent-free conditions

improve this situation?

The measurement of currents through TRP channel is also very much compli-

cated because of the lack of selective and reversible inhibitory tools. Also for Ca2+-

activated TRP channels, TRM4 and TRPM5, identification of those currents is

possible by selective activation of those channel by Ca2+ uncaging (Ullrich
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et al. 2005). However, in native cells, there are always the problems to dissect these

currents through TRP channels from other Ca2+-activated currents. In addition,

using “selective” tools like siRNA or comparison of currents in native cells from

wild-type and knockout animals is difficult and often based on unreliable readouts.

Thus, any functional mechanism involving TRP channels should address this

problem of measuring TRP-mediated currents in native cells by the use of identified

pharmacological agonist and antagonists which act reversible and selective. The

problem of tiny current should be tried to overcome by fluctuation analysis and

single-channel measurements, e.g., TRPM4 identification in inside-out patches

from sinoatrial nodes (Demion et al. 2007).

17 Species Dependence

There are plenty of examples that activation and modulation of TRP channels are

highly species dependent, also within mammalian species. Only in some examples,

in the presence of saturating capsaicin, rat TRPV1 reaches full activation, with no

further stimulation by protons. In contrast, human TRPV1 (hTRPV1) is potentiated

by extracellular protons and magnesium, even at saturating capsaicin (probably due

to differences in negatively charged residues in the TM3–TM4 linker) (Wang

et al. 2010). Also in the search for effective TRPV1 antagonists, the significant

lack of consistency of the pharmacology of many TRPV1 antagonists across

different species has created a substantial obstacle (probably due to differences in

the pore) (Papakosta et al. 2011). In the search for TRPA1 antagonists, trichloro

(sulfanyl)ethyl benzamides were discovered to be active in humans but had no or

even activating activity in rodents (Klionsky et al. 2007). Both rodent and rhesus

monkey TRPA1 do not respond to extracellular acidosis, and protons even inhibited

rodent TRPA1, but human TRPA1 is activated by protons (an effect probably

caused by differences in TM5, TM6) (de la Roche et al. 2013). Electrophilic

thiamines block human TRPA1 but activate rat TRPA1 (Chen et al. 2008).

Non-electrophilic menthol is an activator of mouse TRPA1 at low concentrations

and a blocker at high concentrations; but it only activates human TRPA1

(differences in the TM5–TM6 pore region) (Xiao et al. 2008a). Caffeine activates

mouse TRPA1 but blocks human TRPA1 (Met268Pro point mutation in the mouse

TRPA1 N-terminus changes activation into inhibition) (Nagatomo et al. 2010).

Many more of such examples could be mentioned. Even more important, in

invertebrates and ancestral vertebrates, TRPA1 serves as a heat receptor. In

mammals, TRPA1 is probably a receptor for noxious cold. This is, however,

controversial. Cold activates rat and mouse TRPA1 but not human or rhesus

monkey TRPA1. At the molecular level, a single residue within the S5 transmem-

brane domain (G878 in rodent but V875 in primate) seems to account for the

observed difference in cold sensitivity (Chen et al. 2013).

It might be important to consider that such species-dependent effects may give

some insight into structural requirements of channel activation and modulation. It

should also be mentioned that of course basic functional differences in organ
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function, e.g., the beat frequency in rodents as compared to human hearts, might

substantially alter effects of TRP activation raising, e.g., the problem whether

rodent models are in general appropriate for an extrapolation to humans (e.g., the

TRPM4 effect in mice might be underestimated as compared to humans).

18 Are TRPs Really the Aristotle’s Main Sensory Players?
Surprises?

Since their discovery, TRP channels have been always considered as the main

players in the sensory system and were even considered as the main signal

transducers providing via Aristotle’s classical five-sense recognition of the outer

world (Damann et al. 2008). Vision is in Aristotle’s view the noblest of all five

senses. So far, TRPs were only considered as photoactive channel in invertebrates.

In fact, TRP and TRPL in Drosophila are main players in vision as many times

excellently reviewed (Hardie and Postma 2008; Montell 2012). A more recently

evolving topic in mammals concerns intrinsically photosensitive retinal ganglion

cells (ipRGCs) which are discovered photoreceptors in the mammalian eye which

mediate primarily nonimage visual functions, such as pupillary light reflex and

circadian photo-entrainment, and are expected to respond to the absolute light

intensity (for a recent reviews see Lucas 2013; Pickard and Sollars 2012). It is

intriguing to unravel the functioning of this photo-sensing including possible TRP

channels and its modulation by different chromophores (Schmidt et al. 2011). A

first surprise, melanopsin-expressing photosensitive retinal ganglion cells (pRGCs)

express TRPM1 and TRPM3 which are involved in the nonimage-forming

responses to light (Hughes et al. 2012). Melanopsin signaling depends also on

TRPC6 and TRPC7. Iris muscles isolated from nocturnal mammals such as mice

contract when exposed to light through the action of a melanopsin-based signaling

pathway. Ablating in mouse the expression of both TRPC6 and TRPC7 also

eliminated the light response in the M1 subtype of melanopsin-expressing, intrinsi-

cally photosensitive retinal ganglion cells (M1 ipRGCs) (Xue et al. 2011).

At note, very surprisingly, it was recently shown that gating of Drosophila TRP

involved not only a photosensitive step coupled to light sensing by rhodopsin but

also a mechano-sensitive step (Hardie and Franze 2012). In general, we have to

expect that polymodal stimuli, such as light, heat, and force, converge on

chromophores which in turn modulate various TRP channels, as shown now in

Drosophila (Kirkwood and Albert 2013).

Highly hypothetical but intriguing to consider is the possible existence of “deep

brain photoreception” by extraocular light detectors also in mammals, e.g., in

dopaminergic amacrine neurons, which may again settled by a melanopsin–TRP

interaction. Such sensing may still form a connection with neuroendocrine cells for

the control of mood (Fernandes et al. 2012, 2013).

TRPM1 has now been also described as a direct player in image-visual function.

It is TRPM1 expressed on ON bipolar cells in the retina which invert the sign of

light responses from hyperpolarizing to depolarizing before passing them on to
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ganglion cells (ON response). TRPM1 colocalizes with metabotropic glutamate

receptor mGluR6 (GRM6) coupled to Gαo and Gβ3 proteins. Light responses are

generated when TRPM1 is activated. The gating mode of this channel is still

obscure: Unbinding of glutamate, which is released from adjacent rod photorecep-

tor cells, from mGluR6 activates TRPM1. Binding of glutamate to mGluR6 closes

the channel. The signaling cascade is still not known. After activation, TRPM1

desensitizes and the light response decays (Koike et al. 2010; Morgans et al. 2009).

Underlining the important role of this novel TRP-mediated vision pathway, TRPM1

is linked to the autosomal-recessive congenital stationary night blindness type 1C

(CSNB1C), a retinal disorder characterized by nonprogressive impaired night

vision and decreased visual activity due to ON bipolar cell dysfunction (Audo

et al. 2009; Nakamura et al. 2010).

The question remains: Are other TRP channels involved in vision (Gilliam and

Wense 2011)? TRPC1 has been detected in cones and rods which may hint to still

unknown function beyond light sensing but regulation of Ca2+ homeostasis in

photoreceptors (Molnar et al. 2012).

TRPs have now been more and more involved in light sensing in cells outside the

visual system. Melanocytes sense UV light (mainly UVB light) via TRPM1-

mediating melanogenesis (Devi et al. 2009). TRPA1 is also involved in UVB

sensing and early melanogenesis; a retinal-dependent G protein-coupled signaling

pathway is involved in TRPA1 activation (Bellono et al. 2013; Bellono and Oancea

2013). UVB light is also supposed to activate TRPV4 (Moore et al. 2013). Obvi-

ously, the mechanism underlying activation of TRP channels by light is of high

interest.

It came also as a surprise that at least in rattlesnake and in bats TRPA1 can be

activated by infrared light (Gracheva et al. 2010, 2011; Panzano et al. 2010; Geng

et al. 2012; Yokoyama et al. 2011). Activation is reportedly due to heat response of

TRPA1 above a temperature threshold for activation at ~28 �C. TRPA1 is a heat-

activated channel in these species. Again, the underlying activation mechanism of

TRPA1 is highly interesting. If snakes would detect temperature differences of

0.01 �C, which is probably even an underestimation (Ebert and Westhoff 2006),

currents through TRPA1 would exhibit a Q10 of>1015. Obviously, this temperature

sensing must involve a nonlinear signal amplification process upstream of channel

opening. Vice versa, considering a Q10 of ~10, as typical for thermoTRPs, the

increase in open probability induced by a warming of 0.003 �C would be only

~0.2 %! It is very unlikely that this would be enough to generate sufficient

depolarization to trigger action potentials in the snake trigeminal neurons. One

has also to consider that the radiation energy decays with the fourth power of the

distance (Stefan–Boltzmann law), which would predict very small activation

energies for TRPA1 in the snake’s pit organ. Of note, it has never been shown

that TRPA1 antagonists impair the infrared sensing of snake or bats! However,

infrared radiation sensing by TRP channels is a highly exciting, yet unsolved, topic.

In Aristotle’s view, touch, or now more generally described as “somato-

sensitivity,” was the most primitive sense. However, somato-sensitivity is the

most essential and necessary sense for survival, far beyond the other four senses.

1262 B. Nilius and V. Flockerzi



This has now become one of the most exciting topics in the TRP field. We will only

refer to two examples: mechano- and temperature sensing.

How are TRP channels involved in mechano-sensation? There are several

examples which are all reviewed in detail (described in the issue of HEP Plant

and in Eijkelkamp et al. 2013). However, with the advent of completely unexpected

mechano-sensing channels, Piezo1 and Piezo2, some of the earlier mechano-TRP

concepts have certainly to be revised (for a critical discussion, see Nilius and

Honore 2013). One recent finding might be mentioned to open our interest novel

forms of mechano-sensing. Probably TRPV4 in glia cells can mechanically sense

infrasound (16 Hz) which can even be involved in infrasound-caused

neurodegeneration (Shi et al. 2013b).

Another important part of somato-sensing is temperature (less correct

“thermo-”) sensing. It has been one of the most accomplishments in the TRP field

to identify the so-called thermoTRPs which are supposed as the main temperature

sensors. Without any doubt, some TRPs have a very high temperature sensitivity as

expressed in Q10 values >10. Mechanistic aspects of thermosensing by TRPs have

been addressed in many excellent reviews and will not be further mentioned (Dhaka

et al. 2006; Ferrer-Montiel et al. 2012; Patapoutian et al. 2003; Vay et al. 2011;

Voets 2012; Wetsel 2011) (also described in this volume by Voets, T. “TRP

channels and thermosensation”). The list of thermoTRPs is constantly changing,

e.g., TRPV2, TRPV3, and TRPV4 ( reviewed by Voets 2012; Nilius et al. 2014) are

not anymore considered as functionally involved in temperature sensing, but

TRPM3 must be added (Vriens et al. 2011). Several “thermo”TRPs are located in

thermosensitive regions such as in skin keratinocytes, in thermosensory nerve

endings, and in blood vessels. However, many other cell types are of course also

thermosensitive and may not exploit TRP channels. As an important surprise for the

coupling of temperature and metabolism, fat cells sense temperature TRP indepen-

dent (Ye et al. 2013). Temperature sensing has probably many other faces such as

metabolic control of many cell functions and homeostasis. At note, TRP channels

must be considered as only one player in temperature sensing, as many other

channels have been recognized to play an important role in determining the action

potential frequency and pattern upon heat or cold stimulation in sensory nerve

fibers, in mediating thermoregulatory response, or in triggering temperature-

mediated response from the cellular to the behavioral level. Many other proteins,

not only ion channel, are involved in orchestrating temperature sensing in

temperature-mediated responses. Rhodopsin can function as a temperature sensor

and might be involved as an amplifier for thermoTRP activation (Shen et al. 2011).

The melatonin-related orphan receptor GPR50 is involved in determining the basal

metabolic rate and is a temperature sensor (Swoap 2013). The Ca2+ sensor STIM1 is

a thermosensor (Xiao et al. 2011). Nav1.7, Nav1.8, IKD, Kv1, Kv7 (M-current),

K2P channels, the proton channel Hv1 and TMEM16A (Ano1, a Ca2+-activated Cl-

channel), HCN channels, and probably several more function as temperature

sensors (see recent reviews Cho et al. 2012; Fujiwara et al. 2012; Madrid

et al. 2009; Orio et al. 2013; Voets 2012). This all indicates that TRP will not be

the only clue for understanding temperature sensing. Interestingly and illustrating
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the still mediocre understanding of temperature sensing as a whole physiopsy-

chological event, we refer to the fact that classical phenomena related to

thermosensation, including “Weber’s silver Thaler illusion,” the “thermal grill

illusion,” and “Weber’s three-bowl experiment,” are not yet understood and cannot

be explained at the level of TRPs. It is even difficult to find a quantitative model

involving several classes of ion channels to describe the fast and slow adaptation in

thermosensory fibers and the mostly unimodal (bell-shaped) steady state discharge.

We will not refer to many unsolved problems in taste, olfaction, and hearing.

Many open questions have been addressed in this volume of HEP, e.g., the

controversial role of PKD2L1 (TRPP3), the existence of a salt receptor in the

TRP family (TRPML3, filed as Senomyx Patent, 20091), the role of TRPV1 in

taste rather than chemesthesis, the real function of the many TRP channels in the

inner ear [e.g., TRPC3, TRPC5; TRPV1, TRPV4, TRPV5; TRPA1; TRPML3;

TRPP3; etc. (Asai et al. 2010)] beyond hearing after identification of the probably

main mechano-transducer channels TMC1 and TMC2 (Pan et al. 2013), and a still

somewhat elusive role of TRPs in olfaction (Dong et al. 2012).

19 TRPs Go Metabolic

We all agree that TRPs have a huge impact on many sensory functions and behave

like unique cellular sensors which are activated by polymodal stimuli. However,

more and more evidence defines a role of TRP channels in the regulation of

metabolic networks and metabolic diseases, e.g., type 2 diabetes, obesity,

dyslipidemia, metabolic syndrome, atherosclerosis, metabolic bone diseases, and

electrolyte disturbances. This is certainly a line which deserves a high consider-

ation. Intriguing examples are as follows: (1) The weight of Trpv1-/-mice heavily

exceeds that of controls, which is coupled with a predisposition to age-associated

overweight (Garami et al. 2010, 2011); (2) dietary TRPV1 activation improves

energy metabolism, muscle growth, and exercise endurance by upregulating

PGC-1α and nNOS/mTOR in skeletal muscles (Ito et al. 2012; Luo et al. 2012);

(3) TRPV4 antagonists elevate thermogenesis in adipose tissues and protect from

diet-induced obesity, adipose inflammation, and insulin resistance (Ye et al. 2012);

(4) TRPC1, TRPC5, and TRPC6 expression is altered in a more humanlike meta-

bolic syndrome model, the Ossabaw miniature pigs (Hu et al. 2009a); (5) brown fat
activity is, besides β3-adrenergic stimulation, modulated by peroxisome

proliferator-activated receptor γ (PPARγ) and the connected stimulation of

TRPV1 by dietary capsaicin and monoacylglycerols (Birerdinc et al. 2012);

(6) TRPV1 activation prevents nonalcoholic fatty liver disease (Li et al. 2012,

1Moyer B, Zlotnik A, Hevezi P, Soto H, LuM, Gao N, Servant G, Brust P, Williams M, Kalabat D,
et al. (2009) Identification of Trpml3 (Mcoln3) as a salty taste receptor and use in assays for

identifying taste (salty) modulators and/or therapeutics that modulate sodium transport, absorption

or excretion and/or aldosterone and/or vasopressin production or release. SENOMYX patent.
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2013); and much more published evidence (for detailed reviews see Nilius and

Appendino 2011, 2013; Zhu et al. 2010). Concerning these obviously exciting

novel approaches to metabolic diseases, some pertinent questions have to be

answered: What are the precise signaling pathways up- and downstream of TRPs

in adipocytes and in the hypothalamus?

How do TRPs such as TRPV1 exert tissue-specific, positive, and negative effects

on metabolism? Do TRPs participate in metabolic diseases, and do known genetic

variants (SNPs) in TRP genes influence disease prevalence? Are TRPs useful

pharmacological targets for treating obesity and insulin resistance (see for reviews

Liu et al. 2008; Nilius and Appendino 2011, 2013; Zhu et al. 2010)?

20 TRPs and Disease

We have to accept a general scheme: TRP channels are not highly expressed on

most native cells, and the current density will be low. Therefore, a pertinent

question is whether these obviously more “modulatory” ion channels will have

such a striking functional impact to cause diseases. Importantly, although many

knockout models do not show per se very striking phenotypes, the number of

channelopathies connected to dysfunctional TRP channels is amazingly high (for

reviews see Cornell et al. 2008; Kiselyov et al. 2007; Nilius 2007; Nilius and

Owsianik 2010b; Nilius et al. 2007). One of the probably most exciting puzzles

that we have to solve in understanding TRP channelopathies is related to TRPV4

(Nilius and Owsianik 2010a). The Trpv4 gene is prone to many mutations a

surprising number of different diseases. Familial digital arthropathy–brachydactyly

only affects fingers and toes. Mutations in Trpv4 have also been identified in motor/

sensory neuropathies, such as the congenital distal spinal muscle atrophy,

scapuloperoneal spinal muscle atrophy, and Charcot–Marie–Tooth disease type

2C,with highly variable phenotypes, i.e., skeletal dysplasias (brachyolmia,
spondylometaphyseal dysplasia Kozlowski, spondyloepimetaphyseal dysplasia
Maroteaux pseudo-Morquio type 2, metatropic dysplasia, and parastremmatic
dysplasia with a unifying feature short trunk with vertebral platyspondyly and

scoliosis), skeletal diseases ( familial digital arthropathy–brachydactyly only

affecting fingers and toes), and motor/sensory neuropathies (congenital distal
spinal muscle atrophy, scapuloperoneal spinal muscle atrophy, and Charcot–
Marie–Tooth disease type 2C characterized by degeneration of motor and sensory

neurons and peripheral nerves) (for a review, see Nilius and Voets 2013). More than

50 disease-causing mutants have been so far identified. They are distributed over

the whole channel protein, with only two hot spots, the ADR (mainly neuropathies)

and a region around the MAP-binding site in the C-terminus (skeletal dysplasias)

(Nilius and Voets 2013). Another puzzle appeared concerning TRPV4

channelopathies: It is widely discussed that TRPV4 plays an important role in

endothelium, contributes to the EDHF mechanism, and subsequently is an endothe-

lial player for the regulation of blood pressure (Earley et al. 2009; Filosa et al. 2013;

Kassmann et al. 2013; Kohler et al. 2006; Loot et al. 2008; Rath et al. 2009; Saliez
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et al. 2008; Vriens et al. 2005; Zhang and Gutterman 2010). However, any vascular

phenotype in the TRPV4 patients is missing. The striking challenge is that

mutations which are often located in the same domains of the channel proteins

and even three identical mutations cause different diseases.

Most TRP-caused diseases have a dominant inheritance pattern, which implies

that the patients carry both a mutant and a wild-type allele, which creates a general

often overlooked problem: TRPs function probably as tetramers; thus, patients are

expected to express TRP channels with variable stoichiometry of WT and mutant

subunits. Assuming that wild-type and mutant subunits are equally expressed and

assemble into tetrameric channels in a random fashion, one would expect that the

TRP channels in a patient’s cell consist of 1/16 (6.25 %) pure wild-type channels

and 1/16 pure mutant channels and that the 14/16 (87.5 %) of functional channels

are heteromultimeric channels consisting of a mixture of wild-type and mutant

subunits. This obviously requires the understanding of the properties of such

heteromultimeric channels, which have often even not been studied. Understanding

a disease needs the functional analysis of such heteromers! It is very likely that they

exhibit properties that differ strongly from either pure wild-type or pure mutant

homotetramers.

Understanding of the mechanistic background of these channel malfunctions not

only is essential for a treatment of these diseases but may also help to understand

the functioning of these exciting proteins and their involvement in different signal-

ing cascades.

Obviously, TRP channels are connected to acquired diseases. In these cases, a

critical mechanistic understanding is often missing, and far-reaching extrapolations

and hopes are focused on TRP channels. We will also refer to a puzzle, seen the

huge social impact: TRP causes diseases in the brain. Many discussions have been

started about age as a drug target, and TRPs are considered as main actors. TRPM7

and TRPM2 have been put forward as potential factors in neurodegenerative

diseases including Alzheimer’s disease, Parkinson’s disease, stroke, and diseases

associated with oxidant-mediated neuronal damage (McNulty and Fonfria 2005).

Especially TRPM2, which is highly expressed in the striatum (caudate nucleus and

putamen), is supposed to play a key role in bipolar disorders (Uemura et al. 2005;

Xu et al. 2006). Recent case–control studies implicate TRPM2 conferring risk for

bipolar disorder (BD), and genetic variants of TRPM2 have been identified to be

coupled with BD supporting a role for this channel in the pathogenesis of this

disorder (see for a review Chahl 2007; Xu et al. 2009). Depletion of intracellular

Mg2+, a symptom of ischemic brain injury, and a reduction of extracellular Ca2+ are

both associated with poor neurological outcome and are both conditions which

activate TRPM7 and possibly increase the Ca2+ load of neuronal cells. This leads to

a secondary injury processes and to cell death (Cook et al. 2009). Downregulation

of TRPM2 and TRPM7 causes probably neuroprotective effect in the cerebral

cortex and hippocampus after brain injury, oxidative stress, inflammation, and

neuronal death (Cook et al. 2010). Therefore, TRPM7 might be a potential target

for neuroprotection after brain injury. Suppressing the expression of TRPM7 in

hippocampal CA1, neurons conferred resistance to ischemic cell death, preserved
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cell function, and prevented ischemia-induced deficits in memory (Rempe

et al. 2009; Sun et al. 2009). Is this an antiaging strategy? On the other hand,

mutations in TRPM2 have been discovered which result in rapidly inactivated

channels which are unable to maintain sustained Mg2+ influx (Hermosura

et al. 2002, 2005, 2008; Hermosura and Garruto 2007). Unfortunately, although

quite a lot of evidence has been published, we face now clinical studies which

completely refuse this even mechanistically underpinned view (Hara et al. 2010).

However, still, TRPM7 might be involved in the familial Alzheimer’s disease
(FAD) but mechanistically linked to aberrant PI(4,5)P2 causing TRPM7 dysfunc-

tion (Landman et al. 2006). In another view as the abovementioned role for

“switching on” of light responses or as tumor suppressor, TRPM1 could be linked

to a complex neurodevelopmental disorder characterized by severe visual

impairment, intellectual disability, and refractory epilepsy. This disease is caused

by a microdeletion in chromosome 15q13.3 carrying the trpm1 gene (Lepichon

et al. 2010). Aging increases also a risk for ischemic brain injury by oxidative

stress, edema, inflammation, and excitotoxicity. TRPM4 is reportedly involved in

the damaging secondary events that accompany brain injury. Inhibition of TRPM4

channels provides beneficial effects in ischemia-associated cerebral edema and

secondary hemorrhage (Simard et al. 2010) and has been considered as a

neuroprotective target in the brain or spinal cord lesion (Gerzanich et al. 2009).

However, the pharmacological evidence that TRPM4 is really blocked by KATP

(SUR1 bound) inhibitors is still controversial. Also the question arises whether

SUR1 is indeed a TRPM4 subunit as suggested (Woo et al. 2013).

This is just to say that although brain injury confers a major burden to Western

society and effective treatments are urgently required, the enthusiasm that TRP

channel may solve many of such problems should be qualified by a more rigorous

investigation of TRP channel functions in more refined and suitable models! But

which mechanisms are really involved? How can we really understand that TRP

channels are causative in all the sketched diseases?

Obviously, we have to admit that in many diseases the role of TRPs might be

somewhat overinterpreted/overstressed. Better pathophysiological models which

consider the difficulties to handle TRP must be developed. We are still in the very

beginning of understanding disease-causing dysfunctions of TRP channels.

Because of all the controversies and gaps in our understanding on TRP, we have

to confess that we have opened an exciting field, but the current state of TRP

channel research, as described in this book, is still in its infancy!
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