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Preface

Since the pioneering discoveries of Hodgkin, Huxley, and Katz, it has
been clear that specific ion conductance pathways underlie electrical activ-
ity. Over the ensuing 50 years, there has been ever increasing, and occasion-
ally explosive, changes in the scope of efforts to understand ion channel
behavior. The introduction of patch clamp technology by Erwin Neher and
Bert Sakmann about 20 years ago led to the realization of the great
variety of novel ion channel species, and the subsequent revolution in clon-
ing has revealed an even greater diversity of the underlying molecular entities.

Today, advances in the study of ion channel structure and function con-
tinue at a high pace, from angstrom resolution imaging of crystallized chan-
nels to their genetic manipulations in animals. In this regard, the field is a
balanced one that inquires not only what ion channel entities are there, or
how they operate, but also where are these molecular electronic switches?
However, this balance is not particularly well presented to the general scien-
tific audience or to specialists in the field. There are plenty of wonderful and
useful books and monographs, as well as conferences and meetings on vir-
tually every aspect of ion channel structure and function. However, we are
unaware that the channel localization theme has been considered in a uni-
fied forum. In fon Channel Localization: Methods and Protocols, therefore,
we have invited leading specialists to contribute to a comprehensive review
of methods in ion channel localization, to bring together in a single collec-
tion different aspects of the versatile potentials of today’s technologies.

Pharmacological tools for ion channel localization are the core topics of
the book. They have offered, and will continue to offer, probably the most
specific way of localizing channels and receptors beyond and in addition to
what can be accomplished by immunochemical and other technologies. Part
I of the book deals with both fluorescent and radioligand applications of
pharmacological tools. In Part II readers will find a detailed description of
methods employing green fluorescent protein (GFP), a novel tool that is
now facilitating an explosion of research in many areas, including the map-
ping of ion channels and receptors. We hope readers will find here the “ex-
citing” part of the technology as well as warnings of pitfalls and data
misinterpretation. In Part IIT of the book we have attempted to pull together

0



vi Preface

assays in ion channel localization that utilize their functional properties, i.e.,
ion conduction, as a marker of their localization. Though channel function
can only be found where there is underlying channel protein, the reciprocal
is not necessarily true. The search for where active channels are to be found
is the true goal of many localization studies, and this ultimately requires a
function-based assay. Atomic force microscopy is a potentially revolution-
ary tool for understanding localization and organization in virtually
every field of biological research, including ion channels. Detailed descrip-
tion of this technology and its application to ion channel localization, as
well as discussion of some pioneering studies and perspectives, are consid-
ered in Part I'V.

The potential scope of lon Channel Localization: Methods and Protocols
is enormous, and various aspects relevant to the issue of channel localiza-
tion are not considered in detail. Standard techniques of molecular biology
and protein biochemistry, including descriptions of immunochemical tech-
nology of antibody labeling, epitope tagging, biotinylation, in both fluores-
cent and radiolabeled versions, and electron microscopy are discussed
elsewhere in detail (see Immunochemical Protocols,J. Pound, ed. and Elec-
tron Microscopy Methods and Protocols, M. A. N. Hajibagheri, ed. Meth-
ods in Molecular Biology series).

We would like to give our sincere thanks to all of the specialists who have
contributed chapters to the book. It has been a pleasure and a privilege to
work with them. We hope that the outcome will be useful to researchers
interested in the localization of ion channels in cells, tissues, and organisms.

Anatoli N. Lopatin
Colin G. Nichols
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Fluorescent Calcium Antagonists

Tools for Imaging of L-Type
Calcium Channels in Living Cells

Thomas Budde

1. INTRODUCTION

Different types of voltage-dependent calcium (Ca?*) channels (VCCs) in
the plasma-membrane control depolarization-induced Ca* entry into cells,
thereby serving important physiological functions, including excitation-
contraction coupling, neurotransmitter and hormone release, and neuronal
plasticity (for review, see refs. /—4). Their function is fine-tuned by a
variety of modulators, such as enzymes and G-proteins (5). In addition the
spatial distribution of VCCs over the plasma membrane seems to be of fun-
damental importance for their contribution to cellular function (6). On the
molecular level, VCCs are complexes of a pore-forming ol subunit, an
extracellular o2 subunit attached to the membrane by linkage to the trans-
membrane O subunit, and a y subunit, which is a transmembrane glycopro-
tein (for review, see ref. 4). At the time of this writing 10 genes encoding o.1
subunits are known: ol A—all, and alS (7-9). Four of these (al1C, alD,
alF, and a1S) encode L-type calcium channels (LTCCs), which are defined
by distinct physiological and pharmacological properties, including activa-
tion at strong depolarized voltages, slow inactivation, large single channel
conductance, and block by Ca®* antagonists (/0,11). A number of chemi-
cally unrelated drugs, such as nifedipine (a dihydropyridine, DHP; Fig. 1A),
verapamil (a phenylalkylamine, PAA; Fig. 1B), and diltiazem (a
benzothiazepine, BTZ) belong to the group of Ca’* antagonists, which are
widely used in the therapy of cardiovascular disorders (for review, see ref.
12). LTCCs are expressed in most neuronal cell types, are the primary type

From: Ion Channel Localization Methods and Protocols
Edited by: A. Lopatin and C. G. Nichols © Humana Press Inc., Totowa, NJ
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Fig. 1. Representative structures of Ca>* antagonists and experimental strategy.
Prototypic examples of dihydropyridines (A), phenylalklyamines (B), and fluores-
cent Ca”* antagonists (C) are shown. (D) During incubation of living cells, fluores-
cent Ca?* antagonists bind to LTCCs. After removal of unbound ligands only
specific label remains (for possible complications see Section 2.).

in skeletal muscle cells, and are responsible for the inward movement of
calcium ions that initiates contraction of cardiac and smooth muscle cells.
The functional role of LTCCs in neurons is still under investigation. Several
lines of evidence indicate that LTCCs have a crucial role in regulation of
gene transcription by activation of the Ca?*- and cAMP-dependent transcrip-
tion factor CREB (13).

The diversity of VCCs might suggest that different cell types would
express a single or very limited number of VCC subtypes. However, the
general theme revealed by immunocytochemical and molecular studies on
neurons is that several VCCs are expressed by most neuronal cell types (74—
16). Therefore it has been suggested that different VCC subtypes are local-
ized in different regions of the cell to serve specific functions. In order to
examine the location of Ca?* channels several different techniques have been
used, including electrophysiological techniques, Ca’* imaging, and immu-
nocytochemical staining (/4,17-21). Although calcium imaging gives only
indirect evidence for the location of VCCs, antibody staining reveals the
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Table 1

Fluorescent Probes for LTCCs

Ca®* antagonist Absorption maximum (nm) Emission maximum (nm)
DM-BODIPY-DHP“ 504 511
ST-BODIPY-DHP* 565 570
DM-BODIPY-PAA“ 504 511
DM-BODIPY-BAZ" 511 515

“Excitation and emission spectra were obtained in methanol (cf. Molecular Probes cata-

log).
bExcitation and emission spectra were obtained in buffer (cf. Molecular Probes catalog).

location of VCCs precisely, but is only used in fixed tissue. Electrophysi-
ological techniques, like single channel recordings from somata and den-
drites of neurons, need a great number of recordings to get the complete
pattern of the VCC distribution. In addition, such techniques are not feasible
for a number of neuronal cell types possessing very fine dendrites.

To overcome these disadvantages, fluorescence techniques have been
developed for the direct detection of LTCCs in living cells, based on the
development of fluorescent Ca®* channel blockers (Fig. 1C), which are con-
jugates of Ca>* antagonists with fluorophores. During incubation of living
cells with fluorescent Ca** antagonists, the channel probe binds to LTCCs
(Fig. 1D). After excitation with light of the appropriate wavelength (Table
1) the channel-bound fluorescence can be detected by means of an imaging
system disclosing the localization of LTCC in a living cell (Fig. 1D).

2. MATERIALS AND METHODS

The strategy of labeling LTCCs in living cells involved the synthesis of
fluorescent Ca®* antagonists (22,23). Ca>* antagonists were coupled to the
fluorophore BODIPY® (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene;
Molecular Probes). Primary amine precursors of PAA and DHP were syn-
thesized and carbon spacer arms were inserted between the Ca®* antagonists
and the fluorescent moiety, a procedure based on the synthesis of fluores-
cent strychnine derivatives (24). Recently a fluorescent BTZ was synthe-
sized (DM-BODIPY-BAZ; 25). Solutions of alkyl-substituted derivatives
of BODIPY have similar excitation and emission spectra for fluorescein but
have significantly improved photostability, higher quantum yield, and low
pH sensitivity (24). BODIPY fluorophores with different fluorescence spec-
tra could be synthesized by changing substitutes on the parent molecule,
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completing a family of fluorescent Ca>* antagonists (see Table 1). The spec-
tral properties of fluorescent Ca’* antagonists allow the use of visible light
in combination with standard filter sets for fluorescein or rhodamine.
BODIPY dyes are available as fluorescent conjugates of proteins, nucle-
otides, enzyme substrates, receptor ligands, and channel blocker suitable for
a large scale of biological applications.

BODIPY dyes are typically not water-soluble and dimethylsulfoxide
(DMSO) should be used as solvent for stock solutions. Thereafter aliquots
are added to the extracellular medium and dissociated cells, cell cultures, or
slices are incubated for an appropriate amount of time in order to achieve
sufficient cell staining. Thereafter unbound fluorescence should be removed
by changing the extracellular medium or even using charcoal for adsorption
(cf. 23). During registration of channel-bound fluorescence there is only
little loss of label in the range of 0.1%/min (23).

Because fluorescent Ca>* antagonists may give rise to unspecific fluores-
cence owing to non-negligible lipid solubility, a ratio method was devel-
oped to overcome this problem (26). This method takes advantage of the
homogenous staining of the plasma membrane by the voltage-sensitive dye
RH414. Using a confocal laser-scanning microscope connected to an argon
ion laser, the excitation was set to 488 nm. The fluorescence emitted from
olfactory bulb neurons stained with DM-BODIPY-DHP and RH414 was
split into two wavelengths by use of a dichroic mirror with a corner wave-
length of 580 nm. The green fluorescence of DM-BODIPY-DHP was mea-
sured at A < 580 nm, whereas the fluorescence of RH414 was measured at A
> 580 nm. By use of adequate software, ratio images were obtained by sub-
tracting a constant background value from each image and dividing
pixelwise the DM-BODIPY-DHP image by the corresponding RH414
image. Using this procedure, ratio images were normalized for the mem-
brane surface area, and the distribution of fluorescence corresponds to the
membrane surface density of LTCCs. Later this technique was adapted for
the use with conventional fluorescence microscopy (27). For DM-BODIPY -
DHP and RH414, the excitation wavelength was set to 496 nm and 531 nm,
respectively. The fluorescence emitted from stained thalamic neurons was
collected consecutively by switching the beam splitter/emission filter com-
bination from dichroic mirror 510 nm/bandpass 510-560 nm for DM-
BODIPY-DHP to dichroic mirror 580 nm/long pass 590 nm for RH414.
With this filter configuration, a good separation of DM-BODIPY-DHP and
RH414 fluorescence could be achieved because fluorescence of RH414 at A
< 560 nm and fluorescence of DM-BODIPY-DHP at A > 590 nm, respec-
tively, is negligible. In general, confocal microscopy is preferable when sub-
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cellular locations of LTCCs are imaged, because these methods allows opti-
cal sectioning of the specimen and reconstruction of three-dimensional im-
ages. When the ratio method is used, excitation wavelengths of
DM-BODIPY-DHP and RH414 are different and thus excite the specimen
at different focal planes. Again confocal microscopy is advantageous be-
cause modern laser scanning microscopes allow the adjustment of parfocal-
ity for the two images. Nevertheless reliable results can be obtained with
standard fluorescence microscopy (27).

The membrane solubility of Ca?* antagonists may lead to an intracellular
accumulation of fluorophores, causing falsified results, or may even make
measurements impossible. To prevent these complications, incubation times
(on the order of a few minutes) and antagonist concentrations
(submicromolar or low micromolar) should be kept at a minimal level. It
may even be advantageous to incubate only a single cell by means of a fast
application system usually used for drug application during electrophysi-
ological recording. By empirically finding the optimal loading conditions
for a given preparation, it is possible to restrict DM-BODIPY-DHP fluores-
cence to the membrane (27).

3. FLUORESCENT LABELING OF LTCC
IN LIVING CELLS

3.1. Specificity of Fluorescent Antagonists

Several lines of evidence indicate that BODIPY conjugates of Ca®*
antagonists keep their ability to bind to LTCCs with high affinity and block
ion permeation through the channels.

1. The interactions of fluorescent Ca** antagonists with membrane bound and
partially purified LTCCs from skeletal muscle and cerebral cortex were
assessed by determining their ability to inhibit binding of radiolabeled (+)-
[*H]PN200-110, which is a newer generation DHP (22). DM- and ST-
BODIPY-DHP recognized neuronal LTCCs with higher affinity than those of
skeletal muscle. For neuronal LTCCs, (+)-DM- and (+)-ST-BODIPY-DHP
exhibited K, values of 2.8 nM and 26.3 nM, respectively, whereas the (-)
optical antipodes each have a K of 0.9 nM. These binding constants are in the
same range as those of the first-generation DHPs, like nifedipine (K4 =4.9 nM
for skeletal muscle LTCCs; 28). For DM-BODIPY-PAA, K, values were
obtained by means of ligand saturation studies. Fixed concentrations of the
fluorescent Ca®* antagonist were saturated with increasing concentrations of
LTCCs and channel-bound fluorescence was quantified directly. The K value
derived from this type of analysis (5.6 nM) was even lower than for other
PAAs. In addition it could be demonstrated, that only about 50% of DM-
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BODIPY-PAA bound to LTCCs with high affinity. Until now, the optical
enantiomers have not been separated and it is not known if (R)- or (S)-DM-
BODIPY-PAA is the “bindable” enantiomer, although (S)-enantiomers are
usually the more potent LTCC blocker (29).

2. Labeling of LTCC with fluorescent Ca’* antagonist is blocked by
nonfluorescent agonist or antagonists, which compete for the same binding
site. In GHj cells, LTCCs were visualized using the enantiomers of ST-
BODIPY-DHP, which have identical physicochemical properties but were
well-discriminated by LTCCs with an eudismic ratio of about 39 for the bio-
logical activity (22). The eutomer, (—)-ST-BODIPY-DHP, stained GH; cells
with much brighter fluorescence than the distomer, (+)-ST-BODIPY-DHP. In
addition, using the optical antipodes of PN200-110, with (+)-PN200-110
being the more active enantiomer, a stereoselective inhibition of ST-BODIPY -
DHP enantiomers could be demonstrated. These results are a proof for LTCC
interaction with the fluorescent DHPs. Similar results were obtained in ecto-
derm cells from early gastrula stage (30) and thalamic slices (27). In these
studies labeling of the multicellular tissue by ST-BODIPY-DHP could be
blocked by preincubation with BAYK 8644, a Ca’* agonist of the DHP
type (31). Moreover, labeling observed with DM-BODIPY-PAA in
perisynaptic Schwann cells of the frog neuromuscular junction was abolished
when the preparations were incubated with verapamil (32). Interestingly, simi-
lar results were obtained in sunflower protoplasts where verapamil inhibits
DM-BODIPY-PAA fluorescence in a dose-dependent manner (33).

3. The proof that DM-BODIPY-DHP binds to functional LTCCs comes from
electrophysiological studies (27). When high voltage-activated Ca”* currents
were elicited in thalamic relay cells by using depolarizing steps to 0 mV from
a holding potential of -50 mV, repeated stimulation gave rise to Ca>* currents
of constant peak amplitude (Fig. 2). To assess the participation of LTCCs in
the total current, the effects of DHP derivatives were tested. Application of the
DM-BODIPY-DHP (0.5 uM) resulted in ~30% reduction of Ca?* current am-
plitudes, an effect that was only partially reversible (Fig. 2). Although similar
in structure to Ca®* antagonists of the DHP type, BAYK promotes calcium
entry through L-type channels (34). Application of 5 uM BAYK enhanced
high voltage-activated currents by about 50% (Fig. 2). These results demon-
strated that fluorescent derivatives of Ca’* antagonists are able to block ion
flux through LTCCs, indicating the block of functional channels.

3.2. Ratio Measurements

There is a general problem related to fluorescence measurements in liv-
ing cells because of their three-dimensional cell geometry. The plasma mem-
brane at the edge of a cell is inclined and, near the ground of the recording
chamber, almost vertically oriented (Fig. 1D). This means that there is a
stacking of membrane at the edge of a cell, and after excitation of
fluorophores, an objective is collecting more fluorescence light from the
edge region than from the center of a cell. To overcome this dependency of



L-Type Channels In Living Cells 7

control fDHP wash BAYK wash

%
-200- u \/J
_ t/{ \/1 Hsoo pA
400 100 ms
fDHP BAYK
g -600- 00 0
—_ [e]e}
-8004 O o0dg
000n( OOo 00
-1000- o0
O [e)
-1200- 0009
0 200 400 600 800
time (s)

Fig. 2. Effect of Ca?* channel agonists and antagonist on high voltage-activated
Ca’* current. Recording was obtained from a thalamocortical cell after acute isola-
tion. Voltage commands (200 ms duration) to 0 mV from a holding potential of —50
mV were delivered every 20 s. A plot of the maximal inward current amplitude
against time is shown. Representative current traces for each recording condition
are plotted above the main panel. Application of DM-BODIPY-DHP (fDHP) results
in a decrease of Ca?* currents, while wash-in of BAYK leads to an increase of HVA
current amplitude. Boxes indicate the duration of substance application.

the collected light on the orientation of the plasma membrane, a ratio tech-
nique was developed (26). In this technique the fluorescence of DM-
BODIPY-DHP (Fig. 3A) is normalized by the fluorescence of a dye that
homogeneously stains the plasma membrane, e.g., RH414 (Fig. 3C). Nor-
malization can be achieved by dividing pixelwise an DM-BODIPY-DHP
image by an RH414 image, resulting in a ratio image that is corrected for the
geometry of the plasma membrane and proportional to the density of LTCCs
(Fig. 3B). DM-BODIPY-DHP images and corresponding ratio images are
usually not identical, indicating the effectiveness of the ratio method (Fig.
3A,B). Using this method, it was shown that LTCC density in olfactory-
bulb neurons is highest on somata, in particular at the base of dendrites, and
decreased with distance from this maximum (26). That this expression pat-
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Fig. 3. Acutely isolated TC cell stained with DM-BODIPY-DHP and RH414.
Scale bar = 10 wm. Gray-scale bar in (A) represents fluorescence intensity (FL) and
applies for (A) and (C). In (B), ratio values are coded with 4096 shades of gray
from black to white. (A) Conventional image of a neuron taken during excitation of
DM-BODIPY-DHP and measuring the emitted fluorescence for 520 nm < A < 560
nm. In this wavelength band the fluorescence originates predominantly from DM-
BODIPY-DHP. (B) The ratio image was determined by dividing pixelwise A by C.
(C) Image of the same neuron as in (A) taken during excitation of RH414. Fluores-
cence for A > 590 nm was measured. In this range of wavelength the fluorescence
originates mainly from RH414. (D) Ratio values on a line (position indicated by the
arrow [B]) across the soma and the dendrite were plotted against the distance from
the left edge of the cell. Note that the density of LTCCs is maximal at the somato-
dendritic junction.

tern may apply more generally to central neurons was demonstrated by ratio
measurements in thalamic neurons (27). At least one main type of thalamic
neurons, namely the thalamocortical relay cells, exhibit a similar distribu-
tion of LTCCs as olfactory neurons (Fig. 3B,D). These data indicate that the
interpretation of channel-bound fluorescence in terms of exact channel
location and density is improved by applying the ratio technique.
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3.3. Localization of LTCCs Revealed by Fluorescent Ca*
Antagonists

Several studies performed on very different tissues used fluorescent Ca>*
antagonists to reveal the subcellular location of LTCCs. The first study using
fluorescent DHPs more generally described the presence of LTCCs in cul-
tured GHj; cells (22). Later studies were performed with higher spatial reso-
lution, indicating that LTCCs are localized in distinct cellular regions. Laser
scanning confocal microscopy revealed an inhomogeneous fluorescent stain-
ing pattern of the basolateral membrane of cochlear outer hair cells, sug-
gesting a heterologous distribution of LTCCs in the plasma membrane.
Using the same technique it could also be demonstrated that LTCCs are
arranged in clusters on olfactory-bulb (26) and thalamic neurons (27). Neu-
rons that make ribbon synapses are among a distinct group of nerve cells
whose presynaptic vesicle release is linked to LTCCs. By use of DM-
BODIPY-DHP, it has recently been shown that LTCCs are localized in the
outer plexiform layer of the retinal section and in presynaptic terminals of
rod ribbon synapses (35). In addition to neurons and receptor cells, LTCCs
are expressed by glial cells (36). A study investigating the localization of
LTCCs in the frog neuromuscular junction by the use of DM-BODIPY-PAA
indicated that these channels are clustered at the finger-like processes of
perisynaptic Schwan cells (32). This location is appropriate to sense depo-
larization induced by neurotransmitters resulting in an opening of LTCCs
and subsequent reduction of the Ca* concentration in the synaptic cleft.
Because of the steep sensitivity of transmitter release on the extracellular
Ca?* concentration, this would result in a reduction in the amount of trans-
mitter released.

Expression of LTCCs was also followed in the temporal dimension, indi-
cating that neuronal developmental processes depend on the timed appear-
ance of Ca®* channels. Already very early in amphibian development,
ectoderm cells of gastrula stages acquire neuronal competence (i.e., the abil-
ity to differentiate toward neuronal tissue) in relation to the appearance of
LTCCs (30). The highest density of LTCCs is reached when competence is
optimal. Decrease of LTCCs occurs simultaneously with the loss of compe-
tence. In addition to this early developmental role, LTCCs may be involved
in the differentiation of neurons. Treatment of fetal hippocampal neurons
with basic fibroblast growth factor (bFGF), a single-chain polypeptide com-
posed of 146 amino acids, results in an increase of high voltage-activated
Ca”* currents (37). Visualization using ST-BODIPY-DHP revealed that
bFGF-treated neurons expressed increased amounts of LTCCs on the cell
body. In addition, bFGF-treated neurons acquired distinct morphology char-
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acterized by increased neuritic branching. Branching points were associated
with clusters of LTCCs.

Besides investigations of neuronal structures, fluorescent Ca>* antago-
nists were used for studying LTCC influence on renal blood flow (38).
Bifurcations of resistance arteries are important sites of hemodynamic regu-
lation. These structures contain pacemaker cells sensitive to Ca>* antago-
nists and appear to initiate vasoconstriction. Staining of renal resistance
arteries with DM-BODIPY-DHP showed enhanced binding at branching
points, indicating enhanced expression of LTCCs at the sites of bifurcation.
LTCCs are not only expressed in the wall of blood vessels but also in cells
transported with the blood stream. With the help of DM-BODIPY-DHP, it
could be demonstrated that peripheral blood-derived dendritic immune cells
express LTCCs (39).

3.4. Other Applications Using Fluorescent Ca?* Antagonists

Besides determination of LTCC location, fluorescent Ca** antagonists
have successfully been used as tools for studying drug interactions with the
channel and the interdependence of Ca?* and drug binding. Addition of (+)-
PN200-110 to purified LTCCs lowers their affinity to DM-BODIPY-PAA
and accelerates its dissociation, indicating a tight coupling of the PAA and
DHP binding domain in the folded structure of the a1 subunit (23). Later a
fluorescent diltiazem analog (DM-BODIPY-BAZ) was used to develop a
novel binding assay based on fluorescent resonance energy transfer (FRET,
25; see also Chapter 14). In this assay DM-BODIPY-BAZ was not excited
directly at 488 nm but instead by radiationless energy transfer from
trypophan residues of the LTCC molecules excited at 285 nm. This energy
transfer between the BODIPY fluorophore (acceptor) and the tryptophan
residues (donor) only occurs within close distance and requires tight bind-
ing to the protein. Therefore the fluorescent signal is mainly restricted to the
bound ligand. Changes in the concentration of bound DM-BODIPY-BAZ
can be monitored in real time without removing the unbound ligand. As a
consequence, binding equilibrium remains unchanged. Using this technique,
it was shown that DHPs decrease association and dissociation kinetics of
DM-BODIPY-BAZ, indicating a direct interaction between DHP and BTZ
compounds (40). Detailed binding studies of DM-BODIPY-DHP to LTCCs
also used the FRET signal (4/). Although the quantum yield of DM-
BODIPY-DHP was high in solvent, it was low in buffer but increased upon
specific binding to LTCCs. This indicates the existence of binding-induced
changes of intramolecular quenching of the BODIPY fluorophore by the
DHP moiety. Furthermore, measurements of the FRET signal at high time
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resolution revealed complex association and dissociation kinetics of DM-
BODIPY-DHP indicating one or more intermediate conformational states
for the formation of the DHP-LTCC complex. In addition to these drug-
LTCC interactions the relationship between Ca?* antagonists and Ca>* bind-
ing was investigated using DM-BODIPY-PAA (23). It was demonstrated
that LTCCs lose their ability to bind PAAs or DHPs with high affinity
when the channels were converted to a Ca>* depleted state by addition of
chelators. It has been shown that permeation of Ca* through VCCs requires
selective high-affinity binding of the divalent cation to the selectivity filter
of the channel (42—44). These findings indicate that the selectivity filter of
LTCCs also represents the Ca* binding site responsible for stabilization of
drug binding. Altogether these findings lead to a concept of close reciprocal
interactions between all types of Ca®* antagonists, which probably bind to
the same region of LTCCs, and Ca* ions (12).

An alternative way for labeling of LTCCs is the use of Ca>* antago-
nists displaying inherent fluorescence. Felodipine is unique among the
DHPs in that it is fluorescent (45). Fluorescence can be excited either
directly at 380 nm or indirectly via energy transfer from the membrane
protein at 290 nm (46). Fluorescence of felodipine is enhanced by high
affinity binding to LTCCs from skeletal muscle sarcoplasmic reticulum
preparations, as was concluded from competition experiments with the
DHP analog isradipine (47). These studies demonstrate that felodipine is
also a useful tool for probing LTCCs.

4. CONCLUSION

Fluorescent Ca>* antagonists allow targeting LTCCs with a broad range
of spectral and ligand properties and to characterizing LTCCs by measuring
channel bound fluorescent label. Using confocal fluorimetric imaging sys-
tems, the location of LTCCs can be determined with high resolution in liv-
ing cells. With the aid of a spectrofluorometer, association and dissociation
kinetics, equilibrium saturation experiments, and drug interaction studies
can be performed. In particular the latter features of fluorescent Ca®*
antagonists may lead to the replacement of “hot” radioligand studies by fluo-
rimetric techniques. Following recent discoveries of LTCC structure, inter-
actions with anchoring proteins, mechanisms of drug binding, permeation,
and gating, fluorescent Ca>* antagonists will be involved in a new area of
studying these channels. These studies will explore the exact pattern of
LTCC distribution, their co-localization with anchoring and regulating pro-
teins, and the temporal sequence of channel expression.
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Targeting Cerebral Muscarinic Acetylcholine
Receptors with Radioligands for Diagnostic
Nuclear Medicine Studies

Daniel W. McPherson

1. INTRODUCTION

Nerve cells communicate via the release of chemical messengers (neu-
rotransmitters) which bind to a site (receptor) on another or the same cell
causing an effect. The various neuroreceptor classes are responsible for
important functions such as movement, memory, and learning. Naturally
occurring neurotransmitters are agonists, molecules that trigger an effect in
the target cell after binding to the receptor site. In most cases, the binding
period of an agonist to the receptor is short and after release from the recep-
tor, the agonist is rapidly taken up by the same nerve cell (reuptake) or
metabolized by various bioenzymes. Antagonists are artificial “false” neu-
rotransmitters that bind to a receptor, often with similar or higher affinity
compared to an agonist, but do not cause an effect in the target receptor
other than preventing the binding of the agonist. Typically, antagonists are
designed to increase the binding affinity to the receptor site, to delay release
from the receptor pocket, and inhibit the metabolism by bioenzymes.

The investigation of a receptor complex utilizing a false neurotransmitter
labeled with an appropriate radio isotope has allowed nuclear medicine the
opportunity to image noninvasively various receptor complexes in vivo.
There currently exist two imaging modalities routinely utilized in nuclear
medicine studies; single photon emission computed tomography (SPECT)
and positron emission tomography (PET). Radionuclides utilized in SPECT
decay via the emission of relatively low energy gamma ray (~160 KeV) and
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the distribution of radioactivity is monitored utilizing an external detector.
SPECT suffers from the relatively long time required to obtain sufficient
counts for image processing in addition to contributions from regions that
are not of interest owing to the planar-imaging aspect inherent in the tech-
nique. In contrast, PET radionuclides decay with the emission of a low-
energy, positively charged beta particle (positron) that subsequently collides
with an electron, resulting in annihilation of the electron with a release of
two 511 KeV gamma rays emitted at 180° with respect to each other. An
external ring of detectors detects this dual emission and allows the instanta-
neous processing of the event, affording a higher quality image with greater
resolution in a shorter acquisition time. This attractive property allows for
the modeling of kinetic binding parameters of the ligand-receptor inter-
action for a better understanding of receptor viability in healthy and dis-
eased tissues. Advances in SPECT hardware and software technology
has resulted in the development of two-head, three-head, and ring systems
with increased sensitivity and resolution, affording imaging time, quality,
and resolution similar to that obtained with PET instrumentation.

This chapter will discuss radiolabeled antagonists that demonstrate selec-
tive binding to the muscarinic acetylcholinergic receptor (mAChR) in pre-
clinical and clinical trials for the noninvasive in vivo imaging of cerebral
mAChR. In addition, the development of subtype-selective antagonists for
the individual evaluation of the various mAChR subtypes will be addressed.

2. MUSCARINIC RECEPTOR COMPLEX

Many properties of mAChR have been known since ancient times and the
physiological neurotransmitter signal molecule, acetylcholine—first
observed as a contaminant in various biological preparations—was identi-
fied in 1914. This was followed by the discovery of an enzyme, cholinest-
erase, which degrades acetylcholine in vivo (/). The mAChR protein
consists of seven putative membrane-spanning regions that are characteris-
tic of the super family of G-protein-coupled receptors. They are incorpo-
rated into the sarcolemma, protruding into both the extra and intracellular
spaces with the amino terminus of the peptide located outside the cell and
the carboxyl terminus localized inside the cell.

An important advancement in the study of mAChR was the development
of subtype-selective ligands in the late 1970s that allowed for the identifica-
tion of four subtypes, designated M;—M,, by classical pharmacological
methods (2). Recently, five isoforms (ml-m5) were identified utilizing
molecular cloning technique (3). Subsequent studies have shown the cor-
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relation between the pharmacologically and genetically defined subtypes:
M; =ml, m4, m5; M, = m2; M5 = m3. (In this chapter, the pharmacological
receptor subtypes will be designated as M; and the cloned subtypes desig-
nated as ml.) The m1, m3, and m5 subtypes preferentially activate phos-
pholipase C via a pertussis toxin insensitive G-protein (Gy,; family of
proteins) catalyzing phosphoinositide breakdown and the m2 and m4 sub-
types inhibit adenyl cyclase activity via a different pertussis toxin-sensitive
G-protein (G;,, family of proteins) (4). Receptor desensitization via phos-
phorylation is a reversible process, can occur within seconds, and involves
phosphorylation of the receptor and its associated G protein.

Cerebral M, binding sites are localized postsynaptically and M, sites are
predominately located presynaptically. The mAChR subtypes are located in
various concentrations in cortical and subcortical brain regions (5). The m1
subtype is most abundant in the cortex (40%), striatum (31%), and hippo-
campus (35-60%). Lower levels of the m1 subtype are reported in the
nucleus basalis (15-20%). The m2 subtype is enriched in the occipital cor-
tex (36%), nucleus basalis (41%), thalamus (50%), cerebellum (88%), and
pons/medulla (81%). The m4 subtype is enriched in the putamen (50%),
with lower amounts in cortical regions, hippocampus, and nucleus basalis
(13-23%). The m3 and m5 subtype proteins have been detected at signifi-
cantly lower levels in these cerebral regions.

Change in density or function of cerebral mAChR have been implicated
in aging, sudden infant death syndrome (SIDS), memory, sleep disorders,
alcoholism, Parkinson’s disease (PD), and various dementias such as
Alzheimer’s disease (AD) or (6—11). This has spurred interest in the devel-
opment of radiolabeled false neurotransmitters for imaging cerebral mAChR
to aid in a greater understanding of the role of mAChR in normal and dis-
ease processes.

3. LABELING CHEMISTRY

Fluorine-18 (F-18, t;, = 110 min) and carbon-11 (C-11, t;, =20 min) are
two widely utilized radio isotopes for labeling PET neurotransmitters, owing
to their favorable decay properties, and are cyclotron produced in high spe-
cific activity (to stable isotopes). However, their short half-lives often pre-
clude distribution to other sites and necessitates the need to produce these
isotopes onsite increasing the cost for their use.

The development of SPECT ligands is important owing to the large num-
ber of medical centers routinely using SPECT systems, allowing this tech-
nology to benefit a larger patient population at a lower cost. Iodine-123
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Scheme 1. Incorporation of C-11 into an amide or ether position.

(I-123) is well suited for SPECT owing to its half-life (13.2 h) and imagable
gamma ray (158.9 KeV). The longer half-life is advantageous because
radiopharmaceuticals can be prepared in a regional pharmacy and shipped to
various nuclear medicine centers in a large area, thereby lowering the cost and
increasing the availability. In addition, there are two iodine radio isotopes, I-
125 and I-131, which are commercially available at low cost with suitable
specific activity for the initial development of new radioiodinated ligands.

3.1. Carbon-11

The incorporation of C-11 is routinely investigated because many neu-
rotransmitters contain a functional group that C-11 can be readily incorpo-
rated into under mild conditions. Owing to the short half-life, many facile
methods have been optimized for rapid C-11 incorporation (Scheme 1). A
widely utilized method is the addition of a labeled methyl group via C-11
labeled methyl iodide or methyl triflate to a secondary nitrogen or hydroxyl
moiety to afford a tertiary amine, amide, or ether, respectively (/2). The
introduction of the radiolabeled group at the final stage of synthesis affords
a purified radiopharmaceutical with high specific activity. Another routinely
utilized method is the introduction of the C-11 into a carbonyl moiety via C-
11 labeled carbon dioxide (Scheme 2) (13). However, in many cases, the C-
11 label is introduced earlier in the synthesis, resulting in a longer synthesis
time and affording a lower radiochemical yield and specific activity owing
to the decay of the C-11.

3.2. Fluorine-18

The introduction of F-18 is not as straightforward because naturally
occurring neurotransmitters do not contain a fluorine atom. However the
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longer half-life allows for F-18 incorporation at an earlier stage in the syn-
thesis and more elegant chemistry can be utilized. F-18 is usually intro-
duced as a fluoroalkyl group or placed in a biologically inactive position on
a phenyl ring via a nucleophilic displacement of a suitable leaving group
(Scheme 3) (14,15).
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3.3. Iodine-123

Analogous to F-18, naturally occurring neurotransmitters do not contain
an iodine atom. The introduction of an iodine moiety can cause a dramatic
increase in the lipophilicity hindering the ability of the ligand to effectively
cross the blood-brain barrier (BBB) and thus lowering the level of tracer
available for binding. In addition, the relatively large size of iodine has the
potential to interfere in the receptor-binding pocket interactions. Iodine is
typically placed in a metabolically stable position on an aromatic ring or an
alkenyl group via electrophilic iododemetallation of an alkyl stannyl, silyl, or
boronic intermediate with sodium iodine (Scheme 4) (/6). An alternative
method for iodine incorporation is via a halogen exchange reaction (/7).
However, a decrease in specific activity of the radiopharmaceutical is realized
when iodine for iodine exchange is utilized and may hinder its use as a suit-
able tracer owing to competition of the unlabeled ligand for the receptor site.

4. SPECT IMAGING STUDIES

4.1. R,S-IQNB

R-1-Azabicyclo[2.2.2]oct-3-yl a-hydroxy-a,o-phenylacetate (QNB) has
been shown to be a potent mAChR antagonist, and a proposed “three points
of attachment” model for binding of QNB to the receptor did not explain the
role of the second phenyl ring (/8,19). The addition of an iodine atom to one
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Fig. 1. Radioiodinated ligands developed for SPECT studies of mAChR.

of the phenyl rings was observed to afford an analog, 3-quinuclidinyl 4-
iodobenzilate, IQNB, Fig. 1), which retained a high mAChR binding affin-
ity in vitro (20). This modification inferred chirality (i.e., absolute
asymmetry in space) to the benzilic center and in addition to the chirality of
the quinuclidinyl ring, racemic IQNB contains four stereoisomers. Upon
separation (resolution) of the stereoisomers, R,S-IQNB was observed to be
slightly m1 selective (12-fold) in vitro but did not demonstrate subtype
selectivity in vivo (27). (Throughout this chapter, the first stereochemical
designation refers to the heterocycle ring and the second stereochemical des-
ignation refers to the benzilic moiety.) In initial animal studies, a positive
correlation between the mAChR concentration and R,S-IQNB binding was
demonstrated in various cerebral structures (22).

R,S-IQNB was subsequently labeled with I-123 and the first in vivo
imaging of cerebral mAChR in a healthy volunteer was reported and dem-
onstrated the potential utility of nuclear medicine technology for the imag-
ing of mAChR (23). Subsequent studies followed in healthy individuals
and patients with dementias (24—29). These studies demonstrated a mea-
sured difference in the distribution of activity between IQNB binding and
blood flow as measured by technetium-99m (Tc-99m) HMPAO, an estab-
lished blood flow tracer. Another study compared regional glucose metabo-
lism utilizing F-18-2-deoxyglucose (FDG) to IQNB binding and larger defects
were observed in IQNB binding as compared to FDG utilization in patients
diagnosed with dementia, although a better understanding of receptor quanti-
fication was required to determine various ligand-binding parameters.

Although in vitro binding assays indicate R,S-IQNB not to be subtype
selective, owing to the delayed time between radiotracer administration and
imaging required to allow sufficient localization of radiotracer and clear-
ance of nonspecific uptake (approx 24 h), R,S-IQNB accumulated in cere-
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bral regions containing a high concentration of the M; (m1, m4) subtype and
does not allow for the imaging of the M, (m2) mAChR subtype.

4.2. Iododexetimide

The successful in vivo imaging of mAChR utilizing R,S-IQNB spurred
the development of new radiopharmaceuticals to improve imaging proper-
ties, such as an increased ability to pass the BBB and a rapid clearance of
nonspecific binding. Dexetimide, another established potent muscarinic
antagonist, was reported to accumulate in cerebral regions containing a high
concentration of mAChR in a stereospecific and saturable manner (30).
When labeled with I-123, dexetimide (IDEX, Fig. 1) retained a high speci-
ficity for cerebral mAChR in vitro and in vivo although not demonstrating
mAChHR subtype selectivity (31).

In studies involving healthy individuals, IDEX showed favorable dosimetry,
high specific binding, and a clear binding profile not related to blood flow, af-
fording high quality images reflecting the known distribution of mAChR at 6 h
postinjection (32,33). As observed for R,S-IQNB, the activity accumulated in
the cortex and striatum with minimal uptake in cerebellum and thalamus, indi-
cating an apparent in vivo selectivity for M, rich cerebral regions.

IDEX has been utilized in studies of patients with temporal lobe epilepsy
(34-36) and although these studies show IDEX binding to be decreased in
the hippocampal region, no difference in IDEX binding was detected when
a partial volume correction was applied to the image analysis. In a study
involving patients diagnosed with mild AD, IDEX binding was observed to
be reduced in patients with mild probable AD in the temporal and temporo-
parietal cortex as compared to controls (37).

4.3. IQNP

Recently, we evaluated a novel QNB analog, 1-azabicyclo[2.2.2]oct-3-yl
a-hydroxy-a-(1-iodo-1-propen-3-yl)-phenylacetate (IQNP, Fig. 1), in which
the modification of one of the phenyl rings of QNB to an iodopropenyl moi-
ety afforded a ligand with decreased lipophilicity and the potential for facile
passage across the BBB (38). Owing to the presence of two asymmetric
centers and the cis-tfrans isomerization of the double bond, racemic IQNP
contains eight stereoisomers. Upon resolution of the stereoisomers, E-R,R-
IQNP was observed to have an 80-fold higher binding affinity for the M,
(m1, m4) subtype over the M, (m2) subtype and Z-R,R-IQNP demonstrated
a high nonsubtype selective binding affinity in vitro (39).

Subsequent in vivo rat biodistribution studies utilizing E- and Z-R,R-
IQNP supported this significant difference in binding to the various mAChR
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subtypes (40,41). In vivo autoradiographic studies in rats showed that
although both the E- and Z-R,R-isomers label the thalamic nuclei to the
same degree, the E isomer labeled the pons, colliculis, and cerebellum to a
lesser degree. An ex vivo autoradiographic study utilizing healthy human
brain slices obtained at autopsy showed pretreatment with biperiden (M,
selective antagonist) inhibited the binding of E-R,R-IQNP (42). Subsequent
nonhuman primate imaging studies have also confirmed a significant differ-
ence in E- and Z-R,R-IQNP binding to the M| and M, subtypes (42—44).

A unique feature of iodine in the development of new radiopharma-
ceuticals is the availability of three radio isotopes with sufficient specific
activity that can be employed in a single in vivo biological study. By indi-
vidually analyzing the decay energy and half-life of each isotope, a direct in
vivo comparison of different ligands or stereoisomers is possible, allowing
each animal as its own control. In this manner the effects of age, injection
technique, circadian rhythm, and diet; for example, do not distort the data
and absolute differences in receptor binding can be evaluated. In a dual-
label study, I-125-Z-R,R-IQNP and I-131-E-R,R-IQNP were administered
to the same animal and, in agreement with previous individual studies,
E-R,R-IQNP bound selectively to cerebral regions containing a high con-
centration of the M; (m1, m4) subtype and Z-R,R-IQNP demonstrated non-
selective binding in vivo at 6 h postinjection (4/). A triple-label study was
also performed utilizing 1-123-Z-R,R-IQNP, I-131-IDEX, and I-125-R,S-
IQNB and Z-R,R-IQNP was observed to accumulate to a higher degree in
all mAChR regions. More importantly, Z-R,R-IQNP is the first example of
an iodinated ligand demonstrating a significant and prolonged binding in
cerebral regions containing a high concentration of the M, subtype. Initial
SPECT studies in progress with I-123-E- and Z-R,R-IQNP in healthy vol-
unteers have also confirmed the difference in subtype mAChR binding of
these isomers (Fig. 2) (45).

5. PET IMAGING STUDIES

5.1. Scopolamine

Because C-11 can be conveniently incorporated directly without a com-
promise in the biological behavior of the ligand, scopolamine (SCOP, Fig.
3), an established mAChR antagonist, was first investigated for imaging
mAChHR via PET (46). Preliminary in vivo studies in rats suggested the cere-
bral distribution of radioactivity paralleled mAChR populations and a sub-
sequent PET study performed in six healthy individuals demonstrated the
potential for imaging mAChR via PET (47). However, it was concluded the
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Fig. 2. Initial human volunteer SPECT imaging study utilizing I-123-E- and Z-
RR-IQNP (100 MBq) at 30 h postinjection. (Used with permission of Nobuhara,
Halldin et al., Karolinska Institute, Stockholm, Sweden.)

use of SCOP was not an ideal tracer owing an unfavorable binding profile
and lack of an appropriate compartmental kinetic binding model arising from
the short half-life of C-11.

5.2. QNB, Dexetimide, Benzotropine

The promising results of SCOP lead to the subsequent C-11 labeling
of QNB, dexetimide (DEX), and benztropine (BENZ) (Fig. 3) (48-50).
Of these ligands only C-11 BENZ has been utilized for the evaluation of
mAChR in the human brain and the localization of radioactivity was shown
to be specific for M; mAChR rich cerebral areas at 60 min postinjection
(50). In a study evaluating age-related changes in mAChR binding, a
decrease in BENZ binding was observed in regions of high density as com-
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Fig. 3. C-11-labeled ligands developed for PET studies.

pared to regions containing a relatively low density (5/). However, as
reported for SCOP, owing to the short half-life of C-11, the prolonged time
required for clearance of nonspecific binding to allow a better delineation of
receptor binding in receptor-rich areas was not achieved. As techniques for
processing PET data have improved overcoming the limited study time of
C-11 and the resultant poor receptor binding kinetics, a study involving six
healthy volunteers reported the anatomical standardization of cerebral
mAChR images obtained utilizing BENZ have the potential to delineate
physiological or pathological alterations (52).

5.3. Tropinyl Benzilate

To overcome long equilibration times as compared to transport rates that
make it difficult to evaluate mAChR viability accurately, C-11 tropanyl
benzilate (TROP, Fig. 3), was investigated (53). Imaging studies conducted
in female pigtail monkeys demonstrated at 50-80 min postinjection regional
localization of activity was consistent with mAChR distribution. Subsequent
imaging and kinetic analysis in six young, healthy volunteers demonstrated
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reliable receptor density information and an appropriate compartmental kinetic
model could be obtained (54). A subsequent study to quantify mAChR in
normal aging was performed and, as opposed to other studies and clinical
evidence, cerebral cortical cholinergic dysfunction in elderly subjects was not
attributable to a major loss of total muscarinic cholinoceptive capacity (55).

5.4. 4-N-Methylpiperidinyl Benzilate

A decrease in the ligand binding affinity may afford improved ligand-
receptor binding profile required for the development of kinetic compart-
mental model for the determination of receptor function and viability.
4-N-Methylpiperidinyl benzilate (NMPB, Fig. 3), the simplest of a series of
N-substituted benzilic esters, displays a lower binding affinity as compared
to QNB (56). An initial PET study utilizing C-11-NMPB allowed the devel-
opment of an appropriate compartmental model for the quantification of
mAChHR and an accurate distinction of receptor binding parameter (K;) to
estimate tracer delivery with acceptable precision in both intra- and
intersubject comparison (57).

In an aging study, a 45% age-related decrease in K5 was observed over
the age range of 1875 yr (58). In another study, patients were evaluated for
mAChHR occupancy after administration of trihexyphenidyl (anticholinergic
drug), L-dopa (antiparkinson drug), or triazolam (insomnia drug) to evaluate
the effect of drug therapy in the treatment of various dementias (59,60). It
was observed the administration of a therapeutic dose of trihexyphenidyl
caused a mean 28% inhibition of K5 and after administration of L-dopa no
significant change in K; was observed. Administration of triazolam, reported to
decrease cortical acetylcholine release, also caused a decrease in the binding of
NMPB in the temporal cortex and thalamus. This study demonstrates the poten-
tial of nuclear medicine for the measurement of drug-induced changes in
mAChR occupancy for more effective management of drug therapies.

In patients diagnosed with PD, K; values were observed to be 20%
higher in the frontal cortex as compared to age-matched controls (61).
However, alterations in cerebral blood flow (CBF) has the potential to
impart a significant influence on the results and must be taken into account
when interpreting the data, for example, an increase in CBF is expected to
cause an increase in ligand delivery and a higher cerebral accumulation of
activity. Because a decreased or unchanged CBF has been reported in
patients diagnosed with PD, the increase in NMPB binding is owing to
deviations in mAChR. It was postulated the increase in NMPB binding
was a response to a loss of ascending cholinergic input to the frontal cor-
tex and relates to frontal lobe dysfunction.
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In another study addressing the important role of CBF on the interpretation
of radiopharmaceutical-receptor binding studies, cerebral glucose metabolism
(via F-18-FDG), CBF (via Tc-99m-HMPAO), and mAChR binding (via C-11
NMPB) were measured in 18 patients diagnosed with “probable AD” (62). A
significant decrease in NMPB binding, a greater decrease in glucose metabo-
lism and a slight decrease in the CBF were observed in patients diagnosed
with mild or moderate AD as compared to controls. This study suggests that
although there was decrease in mAChR binding, FDG was a more sensitive
tool for the detection of degenerative cerebral regions in AD.

In a study evaluating of the role of mAChR in human narcolepsy, NMPB
uptake in the pons, thalamus, striatum, and cerebral cortex was measured in 11
patients and 21 normal controls (63). In addition, 7 of the 11 patients underwent
additional PET scans after alleviation of the symptoms by drug therapy. No
difference in NMPB binding between the patients and controls before or after
drug therapy was observed and does not support a major role for drug therapy
targeted at mAChR for the clinical improvement of human cataplexy.

5.5. (+)-N-Methyl-3-Piperidinyl Benzilate

(+)-N-Methyl-3-piperidinyl benzilate (3NMPB, Fig. 3), an analog of
NMPB, displays a decreased in vitro binding affinity as compared NMPB
and may afford improved binding kinetic parameters for quantification of
mAChHR function (64). Utilizing in vitro autoradiographic analysis in rats,
3NMPB exhibited high accumulation in the corpus striatum, hippocampus,
colliculis, and cerebral cortex, but the issue of receptor binding equilibrium
has not yet been addressed.

5.6. Fluorine-18-Labeled Ligands

F-18, with its longer half-life, has the potential for a longer imaging pro-
tocol to allow nonspecific binding to clear and to achieve ligand-binding
equilibrium for a higher target to nontarget tissue ratio. Surprisingly, only
the initial evaluation of fluorodexetimide (FDEX) (65), 1-azabi-
cyclo[2.2.2]oct-3-yl a-(1-fluoropentan-5-yl)-a-hydroxy-a-phenylacetate
(FQNPe) (66) and N-fluoroethyl-4-piperidinyl benzilate (FNEPB) have been
reported (Fig. 4) (67).

6. DEVELOPMENT OF mAChR SUBTYPE-
SPECIFIC LIGANDS

The radiopharmaceuticals discussed earlier demonstrate the potential for
the noninvasive in vivo evaluation of mAChR function and viability utiliz-
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FNEPB

ing nuclear medicine protocols. However, a major disadvantage is the lack
of demonstrated mAChR subtype selectivity of these radiopharmaceuticals.
The ability to image the various mAChR subtypes independently is of
importance owing to the role the mAChR subtypes are postulated to play in
various biological processes and diseases. For example, the m2 subtype is
postulated to decrease in the early stages and, as a response, the m1 subtype
is postulated to be upregulated in later stages of AD. The ability to image
selectively the m2 mAChR subtype is therefore of importance for an early
diagnosis and a better understanding of the progression of AD. Another
expected benefit for the selective subtype imaging of mAChR is the moni-
toring of various drug regiments to afford more effective treatments. There-
fore, there is a need for the design and evaluation of new radio-
pharmaceuticals targeted to the individual mAChR subtypes.

6.1. PET Ligands

5,11-Dihyro-8-chloro-11-[4-[3-[(2,2-dimethyl-1-oxopentyl)ethylamino]-
propyl]-1-piperidinyl]-acetyl]-6H-pyrido[2,3-b][1,4]benzodiazepin-6-one
(BIBN 99, Fig. 5) is a lipophilic M, antagonist with central nervous system
(CNS) activity, able to cross the BBB, and demonstrates a m2/m1 selectiv-
ity of 33 to 1 in vitro (68). C-11-BIBN 99 has recently been reported
although the in vivo biological evaluation was not discussed (69).
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A fluorinated QNB analog, R-1-azabicyclo[2.2.2]oct-3-y] S-a-hydroxy-
a-(4-fluoromethyl)phenyl-a-phenylacetate (FMeQNB, Fig. 5), was shown
to have a m2/m1 selectivity of 7 to 1 in vitro (70). In rats studies, F-18-
FMeQNB uptake was nearly uniform in all brain regions, reflecting the
reported m2 subtype concentration, and was reduced by 36-54% in all cere-
bral regions following co-injection of unlabeled FMeQNB. In subsequent
monkey PET imaging studies, FMeQNB demonstrated cerebral uptake with
slow clearance that was displaced by QNB to a greater extent in the thala-
mus (high m2 concentration) as compared to the cortex (low m2 concentra-
tion). These results support the assumption that FMeQNB displays selective
m?2 binding in vivo but until the development of a proven m2 subtype selec-
tive ligand able to cross the BBB, the subtype selectivity of FMeQNB cannot
be firmly established. As observed for other QNB analogs, FMeQNB demon-
strates a slow receptor binding off-rate that prohibits the determination of vari-
ous kinetic parameters required for the evaluation of mAChR viability.

6.2. SPECT Ligands

The modest ability of E-R,R-IQNP to differentiate between the M; and
M, mAChR subtypes in vitro and in vivo is encouraging in the development
of radioiodinated subtype ligands. Changes in the benzilic or the hetero-
cycle moieties of QNB have been shown to influence mAChR binding
affinity and subtype selectivity of new analogs. An IQNP analog, 1-methyl-
piperidin-4-yl a-hydroxy-o-(1-iodo-1-propen-3-yl)-a-phenylacetate (IPIP,
Fig. 5) has been prepared in which the quinuclidinyl ring was modified to a
1-methylpiperidin-4-yl ring and resulted in a decrease in the lipophilicity
allowing a more effective passage across the BBB (7/7). The individual I-125
IPIP isomers were evaluated in vivo in rats and demonstrated a rapid and high
accumulation in regions of the brain containing mAChR. Although not dem-
onstrating an increased cerebral uptake, E-R-IPIP selectively accumulated in
M, rich cerebral regions by 4 h postinjection. Z-S- and Z-R-IPIP initially dem-
onstrated a significant and uniform uptake in cerebral regions containing
mAChR indicating nonsubtype selectivity with Z-S-IPIP demonstrating simi-
lar kinetic binding as observed for Z-R,R-IQNP. Z-R-IPIP, however, demon-
strated a faster release from the M, site and may have potential in the
evaluation of changes in receptor function in M, rich cerebral regions.

IPIP is a member of a unique class of radiopharmaceuticals that can be
radiolabeled either with I-123 on the allyl position for SPECT studies or by
C-11 in the N-methyl position for PET studies. Ex vivo metabolic studies
with Z-S-IPIP demonstrated the N-methyl group to be stable in vivo and the
desmethyl compound does not cross the BBB. In addition, if IPIP is metabo-
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Fig. 5. Ligands investigated for evaluation of mAChR subtypes.

lized after release from the receptor pocket, potential metabolites were not
observed to compete with IPIP binding at the receptor site making this posi-
tion attractive for C-11 labeling. Initial studies have shown E-R-IPIP is
readily radiolabeled with C-11 under mild conditions (72).

7. CONCLUSIONS

The development of radiopharmaceuticals targeted to mAChR have dem-
onstrated the potential for the detailed study of mAChR density and viabil-
ity by nuclear medicine imaging techniques for a variety of biological
processes and disease states. The evolution of appropriate kinetic binding
models for interpretation of imaging studies have allowed a better under-
standing of the radiopharmaceutical-receptor binding kinetics in vivo.
Although a variety of “false” neurotransmitters labeled with either C-11, F-
18, or I-123 have been developed, these radiopharmaceuticals do not pos-
sess ideal receptor binding properties to allow a complete understanding of
kinetic binding parameters of the ligand-receptor interaction. Future devel-
opments in radiopharmaceutical selectively design include the ability to bind
the radiopharmaceutical to individual mAChR subtypes for a better under-
standing of the role of the mAChR subtypes in aging, memory, movement,
and disease processes. Improved imaging protocols to optimize ligand-
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receptor kinetic models will afford a more detailed modeling and under-
standing of the receptor binding parameters. In addition, this new genera-
tion of mAChR subtype selective radiopharmaceuticals will allow for an
increased role of nuclear medicine studies as an accepted tool in the early
diagnosis and treatment of various dementias and diseases. Nuclear medi-
cine protocols will also serve as an important tool in the monitoring of
various drug regiments affording improved drug therapy and an efficient,
cost-effective modality of treatment leading to an improvement in the qual-
ity of life.
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GABA, Receptors

Autoradiographic Localization of Different
Ligand Sites and Identification of Subtypes
of the Benzodiazepine Binding Site

Cyrille Sur and John Atack

1. INTRODUCTION

GABA is generally accepted as the major inhibitory neurotransmitter
within the vertebrate brain. Pharmacologically, the responses to GABA were
initially characterized in terms of their sensitivity to a variety of agonists
and antagonists. Thus, fast, ion channel-mediated effects that can be blocked
by bicuculline, SR 95531 (both of which act at the GABA binding site), and
picrotoxin and stimulated by GABA, muscimol, and isoguvacine, are medi-
ated by GABA , receptors. On the other hand, bicuculline-insensitive effects
which are stimulated by GABA and baclofen and inhibited by phaclofen,
are mediated by G-protein linked, metabotropic GABAp receptors. In addi-
tion, a third type of GABA receptor, the so-called GABA( receptor, has
been identified on the basis of its bicuculline and baclofen insensitivity (/).
In the present chapter, we will concentrate on the autoradiographic identifi-
cation of bicuculline-sensitive GABA , receptors.

The bicuculline-sensitive GABA , receptor possesses a rich pharmacol-
ogy. Thus, there are two agonist (GABA) binding sites defined in terms of
their low and high agonist affinity, which can be labeled using either
[*H]GABA, [*H]muscimol, [*H]bicuculline, or [*’H]SR 95531. In addition,
the GABA , receptor contains a convulsant (picrotoxinin) binding site that
lies within the ion channel itself and can be labeled with [3S]#-butylbicyclo-
phosphorothionate ([*>S]TBPS), [*H]#-butylbicycloorthobenzoate ([*H]TBOB),
or [*H]4'-ethynyl-4-n-propylbicycloorthobenzoate ([PH]JEBOB).

From: Ion Channel Localization Methods and Protocols
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In addition to GABA and convulsant binding sites, the GABA 4 receptor
also contains binding sites for a number of different classes of compounds,
which can act either by direct activation of the receptor (e.g., barbiturates)
or by modulation of the actions of GABA (2). This latter class includes com-
pounds that act at the steroid, loreclezole, anaesthetic, ethanol, and benzodi-
azepine binding sites, all of which exert their actions via allosteric
modulation of the activation by GABA or opening of the channel. Because
binding to the benzodiazepine site of the GABA, receptor mediates the
anxiolytic, anticonvulsant and muscle-relaxant effects of clinically used ben-
zodiazepines (such as diazepam), this binding site has been the most inten-
sively studied binding site on the GABA, receptor and has resulted in a
classification of GABA 4 receptor subtypes based on their affinity for differ-
ent benzodiazepine site ligands (2). A more detailed understanding of this
heterogeneous benzodiazepine binding pharmacology in vertebrate brain tis-
sue has emerged from a characterization of the pharmacological properties
of recombinant GABA , receptors.

GABA, receptors are pentamers made up of subunits assembled from
the 16 members (al-6, p1-3, y1-3, d, €, w, and 0) of this gene family
(1,3). The majority of GABA, receptors in the brain contain o, f§, and y
subunits in the stoichiometry of 2 a, 2 3, and 1 y proteins (4,5). The benzo-
diazepine binding site of the GABA , receptor occurs at the interface of the
a and y subunits and thus these subunits define the pharmacology of this
binding site with the type of § subunit having little effect (/,2). Because the
predominant y subunit in the brain is y2, the major contributor to heteroge-
neity of benzodiazepine site pharmacology of native GABA , receptors must
therefore be variations in the subunit composition. For example, [*H]Ro 15-
4513 labels the benzodiazepine site of GABA , receptors containing al, a2,
a3, a4, a5, and a6 receptors but diazepam (and other classical benzodiaz-
epine agonists as well as the antagonist Ro 15-1788) only displaces binding
from receptors containing the a1, a2, a3, or a5 subunit, with the a4 and a6
subunits conferring diazepam insensitivity (6). Thus, classical benzodiaz-
epines only bind to GABA , receptors containing a1, a2, a3, or a5 subunits.

To summarize, although heterogeneity of binding at the agonist (GABA)
and convulsant binding sites of GABA, receptor subtypes have been
reported (7,8—10), no subtype-selective compounds for these binding sites
are available. Similarly, although loreclezole is known to preferentially
interact with GABA, receptors containing 2 and 3 but not 31 (//), no
radioligand is available to exploit this selectivity. In contrast, the pharma-
cology of the benzodiazepine binding site has been extensively studied and
has yielded a variety of ligands that can be employed to distinguish between
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the benzodiazepine site of GABA receptors containing different o subunits.
The use of various ligands available to anatomically localize either the total
population of GABA , receptors or more specific subtypes based on benzo-
diazepine pharmacology is described later.

2. GABA, RECEPTOR BINDING SITES:
METHODS AND APPLICATIONS

2.1. GABA Binding Site
2.1.1. Methods

Adult mice were killed by decapitation and the brains were carefully
removed and frozen in iso-pentane cooled to —60°C with dry ice following
which brains were stored at —70°C. Twelve um thick sections of brain
mounted in Lipshaw M-1 embedding matrix were cut at —15°C using a Leica
Cryocut 1800 cryostat. Sections were thaw-mounted onto microscope slides
and allowed to dry at room temperature. Air-dried sections were then stored
at —70°C until required for autoradiography.

For autoradiography, sections were thawed at room temperature and
washed in three changes of ice-cold 10 mM Tris/1 mM EDTA, pH 7.4, for
30 min. and then allowed to dry. Air-drying after this preincubation is not
essential but is often more convenient, especially if a large number of sec-
tions are to be processed. Thus, sections can be washed in batches rather
than on a timed schedule as would be required if the incubation started
immediately following the preincubation. Sections were then incubated for
45 min at 4°C in Tris/EDTA buffer containing 5 nM [*H]muscimol (NEN,
specific activity: 20.0 Ci/mmol). Nonspecific binding was defined using 100
uM GABA and specific binding is generally >95% of total binding. Sections
were washed twice for 1 min in ice-cold Tris/EDTA buffer. The use of a
relatively long (2 min) wash time results in dissociation of [*H]muscimol
from low affinity sites such that only the high-affinity GABA binding sites
are labeled (8). After washing, sections are dipped in distilled water and
dried in a stream of cold air. It is important that drying is performed as
quickly as possible to prevent diffusion of ligand away from the site of the
receptor. Once dry, sections were apposed to [*H]Hyperfilm (Amersham)
for 8 wk. Films are then developed using Kodak D19 developer.

2.1.2. Distribution

The distribution of rat brain [*H]muscimol binding sites is shown in Fig.
1A. Thus, [*H]muscimol binding has a relatively widespread distribution in
cortical and subcortical regions. Nevertheless, this distribution is more
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[EH]lmuscimol

Fig. 1. Autoradiograms showing the distribution of [*H]muscimol (A)
and [?S]TBPS (B) binding sites in coronal sections of mouse brain. Calibration
bar, 1.5 mm.

restricted than that of either [3S]TBPS (Fig. 1B) or [*’H]Ro 15-1788 (Fig.
3A). For example, muscimol preferentially labels the more superficial (lay-
ers I-IV) compared to deeper layers of the cortex, whereas
[*H]benzodiazepines and [*>S]TBPS have high levels of binding in all re-
gions of the cortex (8). Discrepancies are also seen in the hippocampus,
globus pallidus, and hypothalamus, where [*H]muscimol binding is rela-
tively low (Fig. 1A [8]), yet there is appreciable [*H]Ro 15-1788 and
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[>3S]TBPS binding. In addition to the divergence of the distribution of
[*H]muscimol-labeled GABA binding sites and the convulsant and benzo-
diazepine binding sites, there is also a discrepancy between the distribution
of GABA binding sites labeled with either [*H]muscimol and
[*H]bicuculline (8).

This latter anomaly is probably related to the different affinity and ago-
nist-preferring states of the GABA binding sites labeled with [*H]muscimol
and [*H]bicuculline. Hence, the agonist binding site of the GABA , receptor
can be labeled by either at the high-affinity GABA site using the agonists
[*H]GABA (in the presence of baclofen to block binding to GABAg recep-
tors) and [*H]muscimol or by using antagonists at the low-affinity GABA
binding site, [*H]bicuculline or [*H]SR 95531. It is important to note that
since, by definition, all GABA, receptors contain a GABA binding site,
then these ligands should bind to GABA , receptors irrespective of whether
or not they contain a benzodiazepine binding site. However, the abundance
of GABA , receptors in the brain that do not contain a benzodiazepine bind-
ing site, either because they do not contain a y subunit or because they con-
tain a yl (which confers relative insensitivity to benzodiazepines (/,2) is
relatively small (4). Accordingly, the biggest discrepancies between the
binding of [*H]benzodiazepines and GABA biding site ligands occurs in
regions, such as the cerebellum (8), where there is a relatively large propor-
tion of GABA 4 receptors that do not possess a y2 subunit.

Although there is a modest degree of agreement between the distribution of
the binding of different GABA binding site ligands, for example [FH]GABA
and [PH]SR 95531 (12) or between [’H]GABA (73) and [*H]muscimol (74),
discrepancies do occur and are probably related to a heterogeneity of GABA ,
receptor subtypes (8). These differences appear to be most striking in the cer-
ebellum, where there is a marked difference in the distribution of high- and
low-affinity GABA binding sites, labeled with [*H]muscimol (/4) and
[*H]bicuculline (15), respectively. Furthermore, although the distribution of
binding sites labeled with [PH]|GABA and [°’H]SR 95531 are generally similar
(12) in certain regions of the brain, there is a discrepancy because [*H]SR
95531 also binds to monamine oxidase-A (16).

2.2. Convulsant Binding Site
2.2.1. Methods

Mouse brain sections were prepared as described earlier (Section 2.1.1.).
Frozen sections were thawed and washed at 4°C for 30 min in 3 changes of
buffer 50 mM Tris-HCI/1 mM ethylenediaminetetracetic acid (EDTA), pH
7.4) and then air-dried. Sections were then incubated for 90 min at 25°C in
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buffer (50 mM Tris-HC1/120 mM NaCl, pH 7.4) containing 10 nM
[*3S]TBPS (NEN, specific activity 68.7 Ci/mmol) and nonspecific binding
was established using 10 uM picrotoxin. Under these conditions, specific
binding is >98% of total binding. Following incubation, slices are given two
5 min washes in incubation buffer followed by rapid dipping in de-ionized
water and drying under a stream of cool air. When dry, sections are apposed
to Kodak X-OMat film for 2 d.

2.2.2. Distribution

The convulsant (picrotoxinin) binding site lies with the ion channel of the
GABA 4 receptor and can be labeled with [3S]TBPS (/7) and Fig. 1B shows
the distribution of these binding sites in mouse brain. There are high levels
of binding in the cortex, globus pallidus, amygdala, and stratum oriens of
the hippocampus and lower levels are found in the caudate/putamen and
hypothalamus (Fig. 1B [17]). The distribution of [**S]TBPS binding sites
differs from the distribution of [*H]muscimol binding sites in so far as the
globus pallidus, which has high levels of [*>S]TBPS binding has low levels
of [*H]muscimol and in the cerebellum the molecular layer is enriched in
[*3S]TBPS binding sites, whereas [*H]muscimol binding sites are highly
expressed in the granular layer (18). Discrepancies between [*H]muscimol
and [¥S]TBPS binding may in part be related to heterogeneity of [*>S]TBPS
binding, because a. and y subunit composition can affect the [*>S]TBPS bind-
ing properties of the GABA , receptor (7).

The convulsant (picrotoxinin) binding site can also be labeled with either
[*H]t-butylbicycloorthobenzoate ([*'H]TBOB [10]) or [*H]4'-ethynyl-4-n-
propylbicycloorthobenzoate ([*HJEBOB /[79]). Although the distribution of
[3S]TPBS, [*H]TBOB, and [’HJEBOB binding sites are at a gross level
generally in agreement (i.e., a widespread distribution throughout cortical
and subcortical regions), discrepancies do occur (8,79). On the other hand,
the distributions of [*’H]TBOB and [*H]EBOB are in very good agreement
with each other (/0,19), suggesting that these two ligands bind to common
determinants of the convulsant binding site but that these features are only
partially shared with [*3S]TPBS.

[*H]TBOB binding also correlates poorly with the distribution of
[*H]muscimol binding sites but correlates well with the distribution of the
benzodiazepine sites ligands [*H]zolpidem and [*H]oxoquazepam, which
preferentially label the benzodiazepine binding site of GABA, receptors
containing an a1 subunit (8,70,20).

An addition factor to be considered in the choice of radioligand for iden-
tifying the convulsant binding site of the GABA , receptor is the fact that
being a higher energy B-emitter, the exposure times for [*>S]TBPS (2-3 d)
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are appreciably shorter than for [PH]TBOB or [*'HJEBOB (2-3 wk). On the
other hand, the anatomical resolution obtained using [PH]TBOB or
[*H]EBOB is much higher than that for [>>S]TBPS.

3. BENZODIAZEPINE BINDING SITE SUBTYPES:
METHODS AND APPLICATIONS

The relationship between a specific benzodiazepine pharmacological
profile and the presence of a given o subunit in the GABA, receptors
provides a unique opportunity to use selective [*H]benzodiazepine site
ligands to visualize specific GABA , receptor subtypes in the central ner-
vous system (CNS). To this end, several radiolabeled benzodiazepine site
ligands have proven invaluable tools. For example, the combined popula-
tion of GABA, receptors with a benzodiazepine binding site containing
either and al, a2, a3, a4, a5, or a6 subunit can be labeled with [PH]Ro
15-4513. Inclusion of diazepam with [3H]Ro 15-4513 restricts the label-
ing to a4 and a6 containing GABA, receptors. The difference between
[*H]Ro 15-4513 in the presence and absence of diazepam therefore repre-
sents GABA , receptors containing a1, a2, a3, and o5 subunits and this
receptor population can be identified directly using [*H]benzodiazepines,
such as diazepam, flunitrazepam, or Ro 15-1788. More specific analysis
of individual subtypes of GABA, receptor can be achieved using
[*H]zolpidem to label a1 subunit containing receptors, whereas more
recently, [*’H]L-655,708 has been reported as a compound with selectivity
for GABA 4 receptors containing an a5 subunit (2/,22). In the following
section, the methods used for mapping subtypes of GABA 4 receptor in the
mammalian CNS based on their benzodiazepine pharmacology (i.e., their
o subunit composition) will be described.

3.1. Labeling of a1, a2, a3, a4, a5, a6 Receptors with [PH]Ro
15-4513

3.1.1. Methods

Slide-mounted tissue sections kept at —70°C are thawed at room tempera-
ture and washed in three changes of ice-cold buffer (50 mM Tris-HCl/1 mM
EDTA, pH 7.4) for 30 min. Slides are then air-dried for 15 min and incu-
bated for 60 min at 4°C in Tris/EDTA buffer containing 8 nM [*H]Ro 15-
4513 (NEN, specific activity: 21.7 Ci/mmol). Nonspecific binding is
determined by incubating sections in 8 nM [*H]Ro 15-4513 plus 40 uM
bretazenil, a benzodiazepine site ligand that interacts with all subtypes.
Under these conditions specific binding represents >98% of total binding.
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A [*H]Ro15-4513 | B [PH]Ro15-4513

Fig. 2. Autoradiograms showing the distribution of total [*H]Ro 15-4513 bind-
ing sites in mouse forebrain (A) and cerebellum (B) as well as of diazepam-insensi-
tive [*'H]Ro 15-4513 binding sites (C,D). Calibration bar, 3 mm.

Labeled tissue sections are rinsed twice for 1 min each in cold Tris/EDTA
buffer, dipped in distilled water and dried in a stream of cold air. They are
then exposed in the dark to [*H]Hyperfilm (Amersham) for 3 wk.

3.1.2. Distribution

As previously reported (23) [’H]Ro 15-4513 binding sites have a wide-
spread distribution in rat brain with high levels of expression in the cortex,
cerebellum and hippocampal formation. As shown in Fig. 2A, a similar pat-
tern is observed in mouse brain with, for instance, very intense [*H]Ro 15-
4513 labeling in cortical layers III-IV, dentate gyrus, stratum oriens of
CAI1-CA3 fields of the hippocampus, lateral amygdaloid nucleus, olfactory
bulb (not shown), and cerebellum granule cell layer (Fig. 2B). A moderate
to intense [*’H]Ro 15-4513 labeling is encountered in others brain regions.
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The overall distribution of [*H]Ro 15-4513 binding sites is in agreement
with the localization of different GABA, receptor subunits determined by
in situ hybridization (24,25) and immunocytochemistry (26). It also closely
matches the distribution of benzodiazepine sites visualized by [*H]Ro 15-
1788 autoradiography with the exception of cerebellar granule cells that are
more labeled by [’H]Ro 15-4513 because of the high expression (~30% of
all GABA , receptors) of a6fy2 receptors in this brain area (27). Similarly,
one might expect that compared to [*H]Ro 15-1788 binding there would be
higher levels of [*H]Ro 15-4513 binding in area expressing a.4fy2 receptors
such as thalamus and hippocampus (see Section 3.2.2.). However, the rela-
tively low proportion of this subtype (~6—10% [28,29]) means that in these
regions, the levels of [*H]Ro 15-1788 and [*H]Ro 15-4513 are comparable.
In conclusion, [*H]Ro 15-4513 is a versatile and easy to use radioligand for
autoradiographic localization of all benzodiazepine binding sites. However,
in routine experiments that do not specifically look at the cerebellum [*H]Ro
15-1788 is usually preferred because of its similar pattern of labeling, its
higher binding affinity, and specific radioactivity.

3.2. Labeling of a4 and 0.6 Receptors with PH]Ro 15-4513
in the Presence of 10 uM Diazepam

3.2.1. Methods

They are identical to those used for [*H]Ro 15-4513 autoradiography
except that 10 uM of diazepam is included in the incubation solution and
slides are exposed to [*H]Hyperfilm for 6-8 wk. Bretazenil (40 uM) is used
to determine nonspecific binding.

3.2.2. Distribution

As shown in Fig. 2C, Diazepam-Insensitive (DIS) [*H]Ro 15-4513 bind-
ing sites have a restricted and low-level expression in rodent telencephalon.
A moderate to intense signal is observed in the CA1-CA3 fields of the hip-
pocampus, amygdala nuclei, and the dentate gyrus, respectively. In cortical
regions and thalamus, the expression of DIS [*H]Ro 15-4513 binding sites
is very low. Analysis of rodent-brain sagittal sections revealed also the pres-
ence of low levels of DIS [*H]JRo 15-4513 binding sites in the olfactory
bulb, striatum, hypothalamus, and brainstem (23,28). In the CNS, with the
exception of the cerebellum, DIS [*H]Ro 15-4513 have been shown to cor-
respond to the expression of a4fy2 receptors (28,29). Although the expres-
sion pattern of DIS [*H]Ro 15-4513 sites is relatively consistent with the
distribution of a4 mRNA (24) and protein (28,30), the virtual absence of
DIS [*H]Ro 15-4513 sites in the thalamus despite the presence of a4 mRNA
suggests the existence of a4 subunit-containing GABA , receptors that do
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not possess a [*’H]Ro 15-4513-sensitive binding site. Indeed, in the thalamus
as well as in the hippocampus the existence of a40 receptors that lack a
benzodiazepine site has been reported (29). Thus, although the combination
of [*H]Ro 15-4513 plus diazepam easily allows the visualization of a4fy2
receptors it does not permit the study of all a4 subunit-containing GABA
receptors.

In the cerebellum (Fig. 2D), an intense DIS [*H]Ro 15-4513 labeling is
observed in the granule cell layer, where they account for around 35-50%
of total [*H]Ro 15-4513 benzodiazepine binding sites (23). The localiza-
tion of DIS [*H]Ro 15-4513 sites in cerebellum agrees well with the
expression of 06 mRNA and protein in the granule cell layer (25) and the
proportion of a6fy2 receptors (27). However, as already stressed for o4
receptors, this autoradiographic approach is not suitable to investigate the
30% of a6 receptors co-assemble with a § subunit (27).

3.3. Labeling of a1, a2, 03, and o5 Receptors
with PH]Ro 15-1788

3.3.1. Methods

The methods are very similar to those described earlier for [*H]Ro 15-
4513. Following a 30-min preincubation and air-drying, sections are incu-
bated 60 min at 4°C in Tris/EDTA buffer containing 2 nM [*H]Ro 15-1788
(NEN, specific activity: 87 Ci/mmol), washed twice for 2 min in cold Tris/
EDTA buffer, dipped in distilled water, and dried. After 3 wk exposure,
[*H]Hyperfilm was developed and autoradiograms analyzed. The nonspe-
cific signal is defined by incubating sections in solution containing 2 nM
[*H]Ro 15-1788 plus 10 uM Flunitrazepam.

3.3.2. Distribution

The benzodiazepine [*H]Ro 15-1788 has been widely used to study the
distribution of benzodiazepine binding sites in human, rat, and mouse brain
(17,22,31). [*H]Ro 15-1788 binding sites have a widespread distribution in
rodent CNS (Fig. 3A,B) with high levels of expression in regions such as
cortex, hippocampus, amygdala, globus pallidus, and cerebellum. This pat-
tern of distribution is similar to that seen with the classical benzodiazepine
agonists [*H]flunitrazepam and [*H]diazepam (20,32) as well as the atypical
anxiolytic [*H]alprazolam (32) and is in agreement with the known distribu-
tion of the various o subunit mRNAs and polypeptides (24-26). For in-
stance, [*H]Ro 15-1788 signal in the hippocampus arises from the high
expression of a2, a3, and a5 subunits, whereas in other brain regions it
roughly follows the distribution of a1fy2 receptors, the predominant neu-
ronal GABA , receptor subtype (4). In conclusion [3H]Ro 15-1788 is a very
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A [FH]Ro15-1788 | B [PH]JRo15-1788

c [*H]L-655,708 | D [*H]Zolpidem

Fig. 3. Autoradiograms showing the widespread distribution of [*H]Ro 15-1788
binding sites (A,B) in mouse brain. As shown in (C), a5 receptor expression visu-
alized by [PH]L-655,708 is mostly restricted to the mouse hippocampal formation.
As illustrated in (D), [*H]zolpidem binding sites have a widespread expression in
rat brain. Calibration bar: 3 mm (A—-C) and 4 mm (D).

convenient and useful radioligand to study benzodiazepine sensitive GABA ,
receptors given its high specific activity and the virtual lack of nonspecific
labeling after 3 wk exposure.

3.4. Labeling of a1 Receptors with [PH]Zolpidem

3.4.1. Methods

Frozen sections were thawed at room temperature for 15 min and
preincubated in 50 mM Tris-HCI, pH 7.9, for 30 min. Then they were incu-
bated for 30 min at 4°C with 10 nM [3*H]zolpidem. Nonspecific binding was
determined on adjacent sections with 10 mM of zolpidem. Labeled sections
were washed in cold Tris-HCl buffer for two times 30 s, dipped in distilled
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water and dried in a stream of cold air. Sections were exposed for 5 wk to
[*H]Hyperfilm.

3.4.2. Distribution

As illustrated in Fig. 3D, [*H]zolpidem binding sites have a heteroge-
neous distribution in rat brain with, for example, intense autoradiographic
signal being found in substantia nigra, layer IV of the cortex and amygdala
areas. Extensive autoradiographic analysis have mapped the brain localiza-
tion of [*H]zolpidem binding sites and shown the correspondence between
their distribution and the presence of al subunit containing GABA
receptors (20). Furthermore, in an elegant study, Niddam and co-workers
have determined the proportion of [*H]zolpidem binding sites in various
central nervous system areas by quantitatively comparing [*H]zolpidem and
[*H]flunitrazepam autoradiographic signals (20). They demonstrated that
[*H]zolpidem binding sites account for more than two third of total benzodi-
azepine binding sites in regions such as olfactory bulb, cortex, septal
nucleus, globus pallidus, substantia nigra, colliculus, and molecular layer of
the cerebellum.

[*H]oxo-quazepam has also been used as a ligand to selectively identify
a1 subunit containing GABA , receptors (33). However, this radioligand
has relatively high levels of nonspecific binding (in the region of 50% of
total binding) and from that point of view [*H]zolpidem is a better
radioligand for autoradiographic studies.

In conclusion, the availability of the al subunit containing GABA
receptor selective ligand [*H]zolpidem has been very useful in both map-
ping the brain distribution of this receptor isoform and quantitatively deter-
mining its contribution to the total benzodiazepine receptor population
throughout the brain. Moreover, the distribution of a1 containing GABA ,
receptors forms the neuroanatomical basis for the understanding of the
unique behavioral properties of drugs such as zolpidem (34).

3.5. Labeling of a5 Receptors with [PH]L-655,708
3.5.1. Methods

Following 30 min preincubation, incubation is carried out at 4°C for 2 h
in Tris/EDTA containing 2 nM [*H]L-655,708 plus 10 mM zolpidem to
exclude low affinity binding to other a (i.e., al, a2, and a3) subunit con-
taining GABA , receptors. Slides are then washed twice for 1 min each in
cold buffer, dipped in cold distilled water, dried, and exposed to
[*H]Hyperfilm for 8 wk. Nonspecific labeling is determined using 10 uM
flunitrazepam. Under these conditions, specific binding represents >95% of
total binding.
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3.5.2. Distribution

The distribution of [*H]L-655,708 binding sites in rodent brain is highly
regionalized. As illustrated in Fig. 3C, intense [*H]L-655,708 labeling is
observed in the hippocampus and the endopiriform nucleus, whereas a mod-
erate to low labeling is present in the different cortical areas. [*H]L-655,708
binding sites are virtually absent from the thalamus, with the exception of
the paraventricular nucleus, which exhibits a moderate labeling. Extensive
mapping study in rat brain with [*’H]L-655,708 revealed also the presence of
moderate labeling in the olfactory bulb, amygdalo-hippocampal area, and
some hypothalamic nuclei (22). This pattern of [?H]L-655,708 binding sites
expression is in agreement with the distribution of both a5 subunit mRNA
(24,25) and a5 polypeptide (26,30). Comparative quantitative analysis of
[*H]L-655,708 and [*H]Ro 15-1788 binding sites expression revealed that
a5 subunit containing GABA , receptors account for around 25% of total
benzodiazepine sites in CA1-CA3 fields of rat hippocampus, 13% in
endopiriform nucleus, and less than 10% in brain regions such as cortex,
amygdala, basal ganglia, and thalamus (22).

In addition to [3H]L-655,708, [*’H]RY-80 has also been used to specifi-
cally label a5 subunit containing GABA , receptors (35). This compound
has an a5 selectivity similar to that of [*H]L-655,708 and a comparison of
the autoradiographic distribution of binding sites identified by these two
radioligands has demonstrated an essentially identical anatomical localiza-
tion (36). In summary, [*H]L-655,708 is a useful a5 subunit selective
radioligand that allows a precise qualitative and quantitative analysis of a5
subunit containing GABA, receptors in the CNS. Not only should this
radioligand prove useful in understanding the role of this GABA , receptor
subtype in physiological and pathophysiological situations, but it should aid
the interpretation of the behavioral properties of a5 subtype selective drugs
in the same way that [*H]zolpidem has aided in the elucidation of the mecha-
nism of action of the novel pharmacological properties of zolpidem.

4. APPLICATIONS OF GABA
AND BENZODIAZEPINE SITE
AUTORADIOGRAPHY

Besides the mapping and the quantification of specific receptor subtypes
described above, GABA and benzodiazepine sites autoradiography can be
used to analyze GABA 4 receptors in various physiological and pathological
conditions. In this chapter, we do not intend to give an exhaustive list of all
the applications of GABA, receptor autoradiography, but rather we shall
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present selected examples that should raise the awareness of the reader about
the multiple applications of this technique. More detailed examples of the
application of autoradiography to the study of the physiology and patho-
physiology of benzodiazepine binding sites is available elsewhere (37).

In addition to GABA and benzodiazepine sites, GABA , receptors pos-
sess binding sites for steroids such as alphaxalone, 3a-OH-5a-pregnan-20-
one or pregnenolone sulfate (2) that enhance GABA-induced chloride flux.
Autoradiographic analysis of [3*S]TBPS binding modulation is a method of
choice to study functional interactions between neurosteroids and GABA ,
receptors in a brain region selective manner (38).

GABA, receptor autoradiography has been shown to be a technique of
choice to investigate the regulation of this inhibitory ligand-gated channel
in human pathological brain samples. In Alzheimer’s patient hippocampus,
no change was observed in the number of GABA , receptors labeled with
[*H]lmuscimol (39). Similarly, autoradiographic studies with
[*H]flunitrazepam failed to demonstrate any reduction of benzodiazepine
binding sites in Alzheimer’s disease hippocampus, whereas there was a 40%
decrease in entorhinal cortex (39,40). More recently, [*H]L-655,708 has
been used to demonstrate a relative preservation of a5 subunit containing
GABA, receptors in the hippocampal formation of Alzheimer’s patients
(41). Similar autoradiographic approaches has been used to study GABA ,
receptors in the brain of schizophrenic (42) or epileptic (43) patients. The
autoradiographic analysis of GABA , receptor system has also been widely
employed in animal models of epilepsy (44), paroxysmal dystonia (45), and
Parkinson’s disease (10,46).

Finally, GABA , receptor autoradiography has proved to be an invaluable
tool in confirming the loss or modification of specific GABA , receptor sub-
units in transgenic mice as well as the regional specificity of such changes
along with establishing compensatory up- or downregulation of other recep-
tor subunits (47—49).

5. CONCLUSIONS

Autoradiography is a versatile and powerful method to explore not only
the distribution but also the quantity, regulation, and modulation of GABA ,
receptors in the CNS. As discussed, the molecular resolution of this approach
relies heavily on the availability of high-affinity radioligands with selectiv-
ity for any given receptor subtype. At present, GABA, receptor subtypes
have been defined in terms of their benzodiazepine pharmacology. Although
there is no doubt that this has greatly enhanced our understanding of the
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function of GABA 4 receptor subtypes, there is a continuing need to further
define the roles of these different subtypes (for example, there is currently
no compounds available to differentiate between a2 vs a3 subunit-contain-
ing GABA , receptors). Moreover, there is undoubtedly heterogeneity in the
agonist and convulsant binding sites of GABA , receptors that remain unex-
plored and additional insights may come from transgenic mice. For instance,
if PH]TBOB and [*H]EBOB appear to be associated with .1 subunit con-
taining GABA , receptors, are these binding sites lost in a1 subunit knock-
out mice?

Subtype selective ligands have proved extremely useful in untangling the
complex pharmacology of benzodiazepine receptor isoforms. Future goals
should be the development of selective ligands, whether binding at the ago-
nist, convulsant, or benzodiazepine binding site, that will allow an even more
precise dissection of the roles of the multiplicity of GABA , receptor sub-
types, including those containing recently discovered subunits such as 6 or €
(3,50).
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Localization of ATP P2X Receptors

Xuenong Bo and Geoffrey Burnstock

1. INTRODUCTION

The biological effects of extracellular purine compounds were first
observed 70 years ago (/). The first evidence that ATP might be a neu-
rotransmitter came from the studies of sensory innervation in the 1950s (2).
It was found that antidromic stimulation of sensory nerves led to vasodilata-
tion of rabbit ear artery, which was accompanied by ATP release. In the
early 1960s, a nonadrenergic, noncholinergic (NANC) neurotransmission
was recognized in the autonomic nervous system. Early evidence indicated
that the principal active substance released from at least some of these nerves
was ATP (3). The concept of purinergic neurotransmission was proposed by
Burnstock in 1972 (4). It is now recognized that ATP acts as a neurotrans-
mitter, cotransmitter, or neuromodulator in many systems (5).

In 1978, Burnstock proposed the basis for subclassifying the receptors
mediating the actions of extracellular purines into P;- (adenosine as the
endogenous ligand) and P,-purinoceptors (ATP and ADP as the endogenous
ligands) (6). This was based on agonist potency order, specific antagonism,
and cross-membrane signal transduction mechanism. P;-purinoceptors were
further divided into A and A, adenosine receptors according to their effects
on adenylate cyclase (7). An A5 subtype was proposed in 1986 (8).

Diverse effects of ATP and its analogs on peripheral tissues have also
been observed. In 1985, subclassification of P,-purinoceptors into P,x- and
P,y-subtypes was proposed by Burnstock and Kennedy (9). After that a num-
ber of other P2 subtypes were proposed including P, on platelets, P, on
mast cells (10), and P,y for a receptor responsive to both ATP and UTP
(11).1In 1993 two P2Y purinoceptors were cloned and recognized to belong
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to the G protein-coupled receptor family (/2,73). In the following year, two
P2X receptors were cloned and recognized as ATP-gated cation channels
(14,15). It then became clear that, like many other neurotransmitters, ATP
also acts through two subfamilies of receptors, one is via the G protein-
coupled receptors, and the other is via ion channel receptors. Therefore, the
P2 purinoceptors were reclassified into two subfamilies, i.e., the P2X (ion
channel) and P2Y (G protein-coupled) receptors (16). The P2Y receptor sub-
family encloses the former P,y and P,y receptors, whereas the P2X subfam-
ily encloses the former P,k and P, receptors. So far, 10 P2Y and seven P2X
receptor subtypes have been cloned. Recently, we have cloned another novel
P2X receptor subtype from embryonic chick skeletal muscle (/7). Molecu-
lar cloning and characterization of P2 receptor subtypes have expanded our
knowledge about this receptor family (/8,19).

Great progress has been made in the study of P2 receptors, including their
classification, distribution, biological functions, selective agonists and
antagonists, signal transduction mechanisms, biochemical characteristics,
and molecular properties (/9). The development of potential therapeutic
agents targeting P2 receptors is undergoing rapid expansion. Conditions being
explored include cystic fibrosis, asthma, inflammation, hypertension, inconti-
nence, cancer, and pain. In order to reduce side-effects of potential drugs,
tissue distribution of targeted receptors is an important factor to be considered
in addition to the selectivity of the drugs. In this chapter, we provide protocols
of the commonly used experimental techniques for localization of ATP P2X
receptors in our laboratory. Similar techniques with modification by individual
researchers have been used in many other laboratories.

2. METHODS

2.1. Autoradiography
2.1.1. Development of Radioligand

Before the cloning of P2X receptor subtypes, the existence of P2X recep-
tors was supported by evidence from pharmacological and electrophysi-
ological studies (20). No information was available about the tissue
distribution of P2X receptors. Because a,p-methyleneATP (a,f-MeATP)
was considered the most potent P2X receptor agonist in pharmacological
studies due to its resistance to ATPases, we had this compound tritiated by
Amersham International plc. Radioligand binding studies showed that
[*H]o,B-MeATP bound specifically to P2X receptors in smooth muscle of
urinary bladder with a K, value of 10 nM (21,22). Autoradiogaphy with this
radioligand showed specific binding sites were localized in smooth muscle
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of urinary bladder, vas deferens, and blood vessels (21,23,24). For the first
time, P2X receptors could be quantitated and the distribution visualized.
After molecular cloning of P2X receptor subtypes, it was recognized that
only P2X,, P2X;, and chick P2X; (17) receptors are responsive to a,[3-
MeATP, so the radioligand binding sites we reported were mainly for P2X;
receptors. Although eight P2X receptor subtypes have been cloned so far,
few selective agonists and antagonists for the subtypes are currently avail-
able. [*H]o.,B-MeATP still remains the main radioligand available to study
P2X receptors responsive to o,3-MeATP. [*3S]Adenosine 5'-0-(3-
thiotriphosphate) (ATPyS) has been used to study P2X receptors in the
absence of Ca?* in radioligand binding assay (25), but not for autoradio-
graphic localization of P2X receptors.

[*H]a,3-MeATP is now commercially available from both Amersham
Pharmacia Biotech AB (Uppsala, Sweden) and NEN Life Science Products
Inc. (Boston, MA).

2.1.2. Tissue Preparation

Fresh tissues were dissected, embedded in OCT compound (Sakura
Finetech, The Netherlands), and frozen in isopentane precooled in liquid
nitrogen. Cryostat sections (14 um in thickness) were cut and thaw-mounted
onto gelatin-coated slides. Sections can be stored at —80°C for 2 mo without
significant loss of binding sites.

2.1.3. Radioligand Binding

Slide-mounted sections were preincubated in 50 mM Tris-HCl buffer with
protease inhibitors (1 mM ethylene glycol-bis N,N,N',N'-tetraacetic acid
(EGTA), 1 mM benzamidine hydrochloride, 0.1 mM phenylmethylsulfonyl
fluoride (PMSF), 0.01% bacitracin, and 0.002% soybean trypsin inhibitors,
Buffer A, pH 7.4) at 30°C for 10 min to remove endogenous ligands and the
embedding matrix. They were then transferred to Buffer A containing 1-10 nM
[*H]a,B-MeATP and incubated at 30°C for 15 min. Nonspecific binding
was determined in the presence of 100 uM f3,y-methylene ATP. At the end of
the incubation the sections were washed in ice-cold 50 mM Tris-HCl buffer
and rinsed in ice-cold distilled water. The sections were dried rapidly under
a stream of cold air.

2.1.4. Generation of Autoradiograms
2.1.4.1. EMULSION-COATED COVERSLIPS

Autoradiograms were produced by the method of Young and Kuhar (26).
Nuclear emulsion (Ilford K5, diluted 1:1 with distilled water) was melted in
a hot water bath. Coverslips were coated with the emulsion and dried over-
night at room temperature. The emulsion-coated coverslips were attached to
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one end of each slide with cyanoacrylate adhesive. The assemblies were
packed tightly and exposed for 2 wk at 4°C in a desiccator. The emulsion
was developed in Kodak D-19 (20°C, 3 min) and fixed in [lford Hypam for
5 min. After being washed in running water for 30 min, the slides were
soaked in double-distilled water for 5 min, and then the sections were stained
with 0.5% Toluidine blue. Sections were dehydrated in graded ethanol (from
70-100%) and cleared in Histo-Clear (National Diagnostics, Manville). The
coverslips and the slides were bound together tightly with D.P.X. Mountant
(BDH). The autoradiograms were examined under a microscope. Both
bright- and dark-field images of the same field of view were photographed
for comparison.

2.1.4.2. HyrerriLM-H

After the sections were incubated with the radioligand, washed, and dried,
Hyperfilm-*H (Amersham Pharmacia) was applied over the sections and
exposed for 2 mo at room temperature. The films were developed and fixed
those for emulsion-coated coverslips.

2.1.5. Semi-Quantitation of Autoradiograms

Autoradiographic slides were viewed under a photomicroscope with an
oil immersion objective lens. The images were captured by a video camera
attached to the microscope. Video signals were processed by a Seescan 13000
image processing system using the software Solitaire Plus (Seescan Ltd., Cam-
bridge, UK). Autoradiographic grains over the sections and the background
were counted. Grain densities in different tissues were compared.

For autoradiograms generated with Hyperfilm->H, the images were cap-
tured with a video camera and processed with the same Seescan image analy-
sis and the optical densities of the labeling in different tissues or structures
were measured and compared.

2.1.6. Examples of P2X Receptor Localization by Autoradiography

P2X receptors were found to be highly expressed in smooth muscle of rat,
guinea pig, and rabbit urinary bladder and vas deferens in radioligand bind-
ing assays (2/-23), therefore, the exposure time was much shorter than for
the autoradiography of many other neurotransmitter receptors. In 2 wk high
density silver grains were generated over the smooth muscle of rat urinary
bladder, vas deferens and blood vessels (Fig. 1). The specific binding was
displaced by an excessive amount of unlabeled {3,y-methyleneATP. In the
brain and spinal cord, the density of [*’H]o.,3-MeATP binding sites was much
lower than that of in urinary bladder smooth muscle, therefore, exposure
time of 2 mo was required to generate the autoradiograms with Hyperfilm-
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Fig. 1. Autoradiograph of [*H]o,B-methyleneATP binding sites in rat tissues.
Bright field views of sections of urinary bladder (A), vas deferens (D), and ear
artery (G), stained with 0.5% Toluidine blue; (B), (E), and (H) are dark-field views
of the same fields of (A), (D), and (G), respectively, showing the total binding of
[*H]o.,B-methylene ATP to the sections; (C), (F), and (I) are dark-field views of the
sections adjacent to (A), (D), and (G), respectively, showing the nonspecific bind-
ing to the sections after displacement with ,y-methyleneATP. (bv, blood vessel;
ep, epithelium; sm, smooth muscle) Scale bar, 50 um. (Reprinted with permission
from ref. 21).

3H (27). Pseudocolor images in Fig. 2 show the binding site densities in
different regions of rat brain. The specific binding was also displaced by
unlabeled f3,y-methyleneATP (Fig. 2C) and the antagonist pyridoxalpho-
sphate-6-azophenyl-2',4'-disulfonic acid (PPADS) (Fig. 2B).

2.2. Immunocytochemistry
2.2.1. Light Microscopy

2.2.1.1. T1sSUE PREPARATION

Animals were killed by asphyxiation with CO, and perfused immediately
with 4% paraformaldehyde. The tissues of interest were dissected and
postfixed in the same fixative overnight. They were then saturated with 20%



Fig. 2. Pseudocolor images of autoradiograph of [’H]o.,-methylene ATP binding sites
in rat brain. Yellow represents the area with the highest density, followed by orange, red,
pink, and blue. Indigo shows the background. (A) The image of a horizontal section
showing the total binding of [*H]o., f-methylene ATP; (B) The image of an adjacent sec-
tion of (A) showing binding after the displacement by 100 mM PPADS; (C) The image
of an adjacent section of (A) showing the binding after the displacement by 100 uM f3,y-
methylene ATP. Scale bars, 5 mm. (Reprinted with permission from ref. 27).

Fig. 4. Immunostaining of recombinant P2X, receptors in 1321N1 cells with a mouse
monoclonal antibody. 1321N1 cells were transfected with pcDNA3.1/Zeo-P2X, and left
for two days before immunostaining with FITC-conjugated secondary antibody. Scale
bar = 100 um.

Fig. 7. Whole mount in situ hybridization of chick embryos (Day 4) with digoxigenin-
labeled cP2Xg RNA probe. (A) Lateral view of the whole embryo. (B) Section over the
brain showing the expression of cP2Xg RNA in mesencephalon (MeE) and myelencepha-
lon (MyE). (C) Section over the middle part of the embryo showing the expression of
cP2Xg RNA in myotome (MT), neurotube (NT) and notochord (NC). (D) Longitudinal
section along lower spine showing the expression of cP2Xg RNA in myotome and
neurotube. (Reprinted with permission from ref. 27.)
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sucrose in phosphate-buffered saline (PBS). Thereafter, the tissues were rap-
idly frozen, cut into sections of 10-um in thickness, and thaw-mounted on
poly-L-lysine-coated slides.

2.2.1.2. SOURCES OF ANTIBODIES

Anti-P2X receptor polyclonal antibodies (PAbs) used in our laboratory
were provided by Roche Bioscience Institute (Palo Alto, CA). They were
raised in New Zealand rabbits by multiple injections of synthetic peptides
corresponding to 15 amino acids of the carboxyl termini of the cloned rat
P2X receptors (28). Several other laboratories have used PAbs against P2X
receptors from other sources (29—-32). Some antibodies were generated us-
ing the extracellular loops of P2X receptor protein as antigens (32).

PAbs against rat and human P2X,, rat P2X,, rat P2X,, and rat P2X,
receptors are available commercially from Alomone Labs Ltd. (Jerusalem,
Israel) and Chemicon International, Inc. (Temecula).

We have produced an anti-P2X, receptor monoclonal antibody (MADb)
using a polypeptide corresponding to the extracellular loop. A species of
IgM antibody was found to bind specifically to P2X, receptors. However,
the affinity of the antibody was low, therefore a high concentration of anti-
body was required to generate detectable signal, which also created high
background staining. We have used it successfully on cell lines transfected
with P2X, receptor cDNA. However, its usage on tissue sections is limited.

2.2.1.3. IMMUNOSTAINING WITH THE EXTRAVIDIN PEROXIDASE-CONJUGATED
CoMPLEX PROCEDURE

Standard procedures were followed with some modifications according the
operator’s personal experience (see refs. 33 and 34 for reference). 3,3'-
Diaminobenzidine (DAB) was used to generate a color product. Because of the
low level of expression of some P2X receptors in certain tissues, several inten-
sification methods were used that are described in Sections 2.2.1.4.-2.2.1.6.

2.2.1.4. NICKEL INTENSIFICATION METHOD

To enhance the DAB-generated immunostaining signals with nickel, sec-
tions bound with Extravidin peroxidase were incubated in a solution con-
taining 0.05% DAB, 0.04% nickel ammonium sulfate, 0.2% [(3-p-glucose,
0.004% ammonium nitrate, and 1.2 U/mL glucose oxidase in PBS to gener-
ate immuno-signals.

2.2.1.5. SILVER-GOLD INTENSIFICATION METHOD

The DAB color product in the sections can be enhanced by the silver-
gold intensification method (35). After color development, the sections were
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washed in PBS for 3 x 5 min and in 2% sodium acetate for 2 x 15 min. They
were then treated with 10% thioglycolic acid for 6-12 h at room tempera-
ture, followed by 2% sodium acetate washes for 2 x 15 min. A developer
was prepared by mixing Solution A (5% sodium carbonate) and Solution B
(0.2% ammonium nitrate, 0.2% silver nitrate, 1% tungstosilicic acid, and 5
mL formaldehyde) in a ratio of 1:1. The sections were developed for 6-10
min. Close monitoring under the microscope is essential to prevent over-
reaction. The development was stopped with 1% acetic acid for 5 min, fol-
lowed by a wash in 2% sodium acetate for 5 min. The sections were treated
in 0.05% tetracholoauric acid for 5 min, followed by another wash in 2%
sodium acetate for 5 min. The sections were then washed in 3% sodium
thiosulfate for 2 x 10 min and finally in 2% sodium acetate for 5 min and
PBS for 10 min.

Alternatively, following the PBS and sodium acetate wash after the color
reaction, the sections were treated in 0.1 mM cupric sulfate for 10 min. After
being washed in 2% acetic acid for 2 x 5 min, the sections were treated with
1% hydrogen peroxide in 2% sodium acetate for 30 min. The other steps
were the same as described earlier.

2.2.1.6. TYRAMIDE SIGNAL AMPLIFICATION METHOD

The principle of this technique is to use horseradish peroxidase to cata-
lyze the deposition of biotin-labeled tyramide onto tissue sections close to
the enzyme, which will significantly enhance the signal. A kit called TSA-
Indirect can be purchased from NEN Life Science Products. The
manufacturer’s protocol was followed closely in our experiment.

2.2.1.7. IMMUNOSTAINING OF TRANSFECTED CELLS FOR FLUORESCENT
MIcRroscory

Cells of the human astrocytoma cell line, 1321N1, were first grown to
80% confluence in vented flasks and then seeded in chambered coverglass
(Nalge Nunc International, Rochester, NY). After 2 d, the cells were trans-
fected with a mixture of 1 ug pcDNA3.1/Zeo-P2X, and 5 uL. SuperFect
Transfection Reagent (Qiagen GmbH, Hilden, Germany). One to two days
after the transfection, the cells were fixed in 4% paraformaldehyde and 0.2%
picric acid and processed for standard fluorescent immunostaining (33,34).
Anti-P2X, receptor monoclonal antibody was partially purified from the
culture medium of the hybridoma. It was diluted at a ratio of 1:30 with the
blocking solution consisting of 5% normal goat serum, 0.1% bovine serum
albumin (BSA), and 0.1 M glycine in PBS. Fluorescein-5-isothiocyanate
(FITC)-conjugated goat anti-mouse immunoglobulin (DAKO, Glostrup,
Denmark) was diluted 1:300 in PBS with 0.1% BSA. After the final wash,
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the chambers were removed carefully and coverslips were mounted with
Citifluor (Ted Pella Inc., Redding).

2.2.2. Electron Microscopy

The protocols for electron microscopic immunocytochemistry of P2X
receptors are standard peroxidase-antiperoxidase complex and Extravidin-
perioxidase conjugated complex methods (see refs. 36 and 37).

2.2.3. Examples of Immunolabeling of P2X Receptors

Using the nickel-intensified Extravidin-perioxidase conjugated complex
method, a population of neurons in rat dorsal root ganglion, mainly the
small-sized, were heavily stained with anti-P2X; receptor antibody, whereas
another population showed a moderate level of staining (Fig. 3A). Many
large neurons were immunonegative. In the trigeminal ganglion, similar pat-
tern was observed and the nerve fibers were shown with higher magnifica-
tion (Fig. 3B).

Using the tyramide signal amplification method, large nerve bundles in
the connective tissues in the circumvallate papillae and a dense network of
nerve fibers at the base of taste buds were stained strongly with the anti-
P2X; receptor antibody (Fig. 3C) (38). The nerve fibers penetrated the basal
lamina of the taste buds and many varicose fibers reached the tips of the
buds. Some nerve fibers also appeared in the epithelium where no taste buds
were seen. With the silver-gold intensification method, the P2Xj5 receptor
immuno-signal in the taste buds was even more stronger than the tyramide
amplification method (Fig. 3D), therefore, the silver-gold amplification
method is quite useful when the level of protein expression or the affinity of
the primary antibody is low.

Owing to the higher level of expression of recombinant P2X receptors in
transfected cells, amplification of immuno-signals may not be needed.
Immunostaining with fluorescent secondary antibody is an easy and fast
method to detect the expression of the recombinant receptors expressed in
cell lines. Figure 4 shows the staining of a single 1321N1 cell transfected
with P2X, cDNA with an anti-P2X, receptor monoclonal antibody. Dense
labeling on the membrane is visible.

Electron microscopic immunostaining revealed immunoreactivity to
P2X, in rat cerebellum (Fig. 5) (36). The most prominent immunoreactivity
was observed in the molecular layer of the cerebellar cortex, where it labeled
a small subpopulation of spines/thorns of Purkinje cell dendrites. The
immuno-positive dendritic spines of Purkinje cells synapsed with immuno-
negative axon varicosities of granule cells. In some labeled dendritic spines,
the pronounced P2X; immunoreactivity was concentrated at the postsynap-
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Fig. 3. Immunostaining of P2X; receptors with rabbit polyclonal antibodies in
rat tissues. The standard procedure used was the Extravidin-perioxidase-conjugated
complex method. (A) Immunopositive neurons in the dorsal root ganglion with
nickel intensification. (B) Immunopositive neurons and nerve fibers in trigeminal
ganglion with nickel intensification. (C) Immunopositive nerve fibers in circum-
vallate papillae in rat tongue with tyramide amplification. (Reprinted with permis-
sion from ref. 38) (D) Immunopositive nerve fibers in circumvallate papillae in the
tongue with silver-gold intensification. Scale bars, (A), 500 um; (B), 50 um; (C, D),
100 wm.

tic density of the junction, leaving the other region of the dendrite less well
labeled (Fig. 5B).

2.3. In Situ Hybridization

Many books describing the protocols for in situ hybridization are avail-
able (39,40). Although the basic procedures are the same, individual proto-
cols vary significantly, based on the operator’s personal experience. The
following describes the experimental protocol used in our laboratory.

2.3.1. Synthesis of Digoxigenin-Labeled Probes

Segments of cDNAs (450-1100 bp) from the coding regions of P2X
receptors were subcloned into vectors such as pBluescript SKII (Stratagene,
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La Jolla, CA) or pcDNA II (Invitrogen, Carlsbad). Digoxigenin-UTP-
labeled cRNA probes were synthesized as run-off transcripts on linearized
plasmid DNA using a DIG-RNA labeling kit (Roche Diagnostics). The
yields and the sizes of the DIG-probes were checked with agarose electro-
phoresis. The probes were kept at —80°C and can be used within 1 yr.

2.3.2. In Situ Hybridization on Cryostat Sections

Cryostat sections (10-20 wm in thickness) were cut, thaw-mounted onto
silanized microscope glass slides, and fixed immediately in freshly prepared
4% paraformaldehyde for at least 30 min. The slides were washed in PBS
for 3 x 10 min and then soaked in 70% ethanol (slides can be stored in this
solution for several days at 4°C). The slides were rinsed in ultra-pure water
for 2 x 10 min and in 0.1 M HCI for 10 min. After a further wash in PBS for
2 x 10 min, the slides were placed in a mixture of 0.1 M triethanolamine, pH
8.0 (adjust pH with HCI) and 0.25% acetic acid anhydride (mixed just before
use) for 20 min. Sections were then washed with PBS for 2 x 5 min, dehy-
drated in an ascending ethanol series (70, 80, and 95% ethanol) for 5 min
respectively and air-dried. Sections were incubated in prehybridization
buffer containing 50% formamide, 50 mM Tris-HCI, 20 mM NaCl, 25 mM
ethylenediaminetetraacetic acid (EDTA), 2.5x Denhardt’s solution, and
0.25 mg/mL tRNA in a humidified chamber for at least 3 h at 37°C. Hybrid-
ization was performed in a buffer containing 50% formamide, 20 mM Tris-
HCI, 1 mM EDTA, 1x Denhardt’s solution, 0.5 mg/mL tRNA, 0.1 mg/mL
polyA* RNA, and 0.1 M dithiothreitol (DTT) with various concentrations of
antisense probe at 55-70°C overnight. After hybridization the sections were
washed in 0.2x SSC solution at 55°C for 30 min, in 0.1x SSC/50%
formamide solution at 55°C for 3 x 60 min, and finally rinsed in 0.2x SSC
for 10 min at room temperature.

The hybridization signal was detected with an anti-digoxigenin antibody
conjugated to alkaline phosphatase (anti-DIG-AP antibody) (Roche Diag-
nostics) using 4-nitroblue tetrazolium chloride (NBT) and 5-bromo-4-cloro-
3-indolylphosphate (BCIP) (Roche Diagnostics) as substrates. The sections
were equilibrated in Buffer 1 (100 mM Tris-HCI, 150 mM NaCl, pH 7.5) for
10 min, and then blocked for 30 min in Buffer 2 consisting of 1% Blocking
reagent (Roche Diagnostics) and 0.5% BSA dissolved in Buffer 1. Slides
were placed in the humidified chamber and anti-DIG-AP antibody (1:1000-
2000 diluted in Buffer 2) was applied and incubated at 4°C overnight. After
incubation, the sections were washed in Buffer 1 for 2 x 15 min, equili-
brated for 3 min in Buffer 3 (100 mM Tris-HCI, 100 mM NaCl, 50 mM
MgCl,, pH 9.5), and then developed in the dark with Buffer 3 consisting of
0.35 mg/mL NBT, 0.175 mg/mL BCIP, and 0.25 mg/mL levamisole. When
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an appropriate level of color reaction appeared (from 30 min to overnight),
the development was stopped by washing the slides in TE buffer (10 mM
Tris-HCI, 1 mM EDTA, pH 8.0). For permanent storage the slides were
washed in water, air-dried overnight, rinsed briefly in Histo-Clear, and then
mounted in DPX mountant. It should be noted that mounting medium con-
taining any kind of alcohol can lead to fading of hybridization signal. Back-
ground control experiments included substitution of the specific antisense
probe with the corresponding sense probe, or omission of the specific
riboprobe.

2.3.3. Whole Mount In Situ Hybridization

Chick embryos (up to 6 d old) were dissected and fixed in freshly pre-
pared 4% paraformaldehyde in PBS at 4°C for 2 h to overnight (embryos
can be stored in the fixative at 4°C for several weeks without significant loss
of signal). Collected embryos were washed in PBT buffer (PBS with 0.1%
Tween-20) for 2 x 10 min. They were dehydrated in 25, 50, and 75% metha-
nol in PBT (10 min in each solution) and in 100% methanol for 2 x 10 min
(embryos can also be stored at this stage at —20°C for several months).
Embryos were rehydrated in the reverse order in methanol solutions,
bleached with 6% hydrogen peroxide in PBT for 1 h, and washed in PBT
three times. For better penetration of probes, embryos were treated with pro-
tease K (10 ug/mL in PBT) for 20 min (digestion time can be adjusted ac-
cording to the age of the embryos) and washed twice in PBT. They were
postfixed in 0.2% gluteraldehyde/4% paraformaldehyde in PBT for 20 min,
followed by three washes in PBT.

Prehybridization was carried out in a buffer containing 50% formamide,
5x SSC, 50 ug/mL yeast RNA, 1% sodium dodecyl sulfate (SDS), and 50 ug
heparin at 55°C for 2 h, followed by overnight hybridization with 1 ug/mL
DIG-RNA probe at 55°C (longer hybridization time is required for older
embryos). After hybridization, the embryos were first washed with Solution
1 (50% formamide, 5x SSC, and 1% SDS) at 55°C for 30 min, in Solution 2
(50% formamide and 2x SSC) at 55°C for 2 x 60 min, and finally in TBST
(0.8% NaCl, 0.02% KCI, 1% Tween-20, 25 mM Tris-HCI, pH 7.5, with
levamisole added to 2 mM on the day of use) for three times.

To detect the hybridization signals, the embryos were first preblocked
with 10% normal goat serum in TBST for 60-90 min and then incubated
with 1:2000 diluted anti-DIG-AP antibody in 10% normal goat serum in
TBST and rocked lightly overnight at 4°C. The antibody can be preabsorbed
with chick embryo powder to reduce background staining. However, this
step may not be needed. After antibody binding, the embryos were washed
in TBST for 3 x 15 min, and then, the buffer was changed hourly throughout
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the day. The wash was continued overnight with light shaking. On the fol-
lowing day, the embryos were washed 3 x 15 min with freshly prepared
NTMT buffer (100 mM NaCl, 100 mM Tris-HCL, pH 9.5, 50 mM MgCl,,
0.1% Tween-20, 2 mM levamisole). Color reaction was carried out in the
dark with NTMT containing 0.35 mg/mL NBT and 0.175/mL BCIP until
desired color intensity was achieved. To stop the reaction, the embryos were
washed in PBT with 20 mM EDTA. Finally, the embryos were fixed in 4%
paraformaldehyde before storing.

The embryos can be photographed with a dissection microscope fitted
with a camera. To help the orientation, the embryos were placed into a trough
made in 1% agarose gel in a petri dish. Whole embryos were photographed
and then embedded in gelatin-albumin gel. Sections of the embryos (100-
um thick) were obtained with a vibratome.

2.3.4. Examples of In Situ Hybridization

Individual cells can be clearly labeled with digoxigenin-labeled probes as
the color reaction only occurs close to the fixed mRNAs inside the cells. In
Fig. 6A, Purkinje cells in rat cerebellum were labeled by a P2X, receptor
DIG-RNA probe (41). Neurons in rat mesenteric ganglion were also labeled
with the same probe (Fig. 6B). In rat nodose ganglion (Fig. 6C) and trigemi-
nal ganglion (Fig. 6D), neurons were labeled with a P2X; receptor DIG-
RNA probe. Some neurons were stained more heavily than others, reflecting
the different level of expression of P2X; mRNA transcript in different neu-
rons. Similar pattern were also observed in immunocytochemical studies
(42,43).

Whole mount in situ hybridization of the newly cloned chick P2Xg recep-
tors showed discrete pattern of expression of cP2Xg RNA transcript in Day
4 embryo (Fig. 7). The hybridization signals were observed in myotome,
brain, the ventral part of the neural tube, and notochord.

3. CONCLUSION

So far, only the conventional methods have been used for localization of
P2X receptors. Autoradiography with [*H]o.,3-MeATP has provided a lot of
information about the distribution of P2X receptors before data from the
molecular cloning of P2X receptor subtypes became available. This
radioligand labels all o,3-MeATP responsive P2X receptors without the
problem of species specificity. However, autoradiography with the tritium-
labeled ligand is a time-consuming process. Moreover, the inability to dis-
tinguish the P2X receptor subtypes also limits its use. The development of
subtype-specific agonists and antagonists will solve the latter problem.
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Fig. 5. Electron microscopic immunostaining of P2X; receptor with rabbit
polyclonal antibodies in rat cerebellum. Molecular layer of rat cerebellum processed
for perioxidase anti-perioxidase conjugated complex (A) and Extravidin-
perioxidase-conjugated complex immunocytochemistry (B) showing P2X-positive
dendritic spines of Purkinje cells involved in the formation of asymmetric axo-
dendritic synapses. (A) Note the P2X,-negative varicosity of the parallel fiber
(PFV) of the ascending granule cell axon upon the P2X-positive dendritic spine
(GI, neuroglia process). x 56,000. (B) A P2X-positive postsynaptic dendritic spine
displaying labeling mostly at the postsynaptic density (arrow) (SV, spherical syn-
aptic vesicles). x 97,000. (Reprinted with permission from ref. 36.)

The development of anti-P2X receptor polyclonal antibodies in several
laboratories has significantly expanded the tools available to study the distri-
bution of P2X receptors. Simple immunocytochemistry procedures allow
researchers to process a large amount of tissue in a short time. The availability
of many signal enhancement techniques has provided the opportunity to reveal
the existence of P2X receptors in very fine structures such as the sensory nerve
fibers in the skin. They are also the only tools used to study the subcellular
distribution of the receptors. The immunostaining of P2X; receptor found on
the postsynaptic membrane has provided further evidence that ATP acts as a
neurotransmitter. The main drawback is the possible nonspecific binding of
the antibodies to other proteins, and therefore, caution should be exercised in
carrying out the experiments and interpreting the results.

In situ hybridization is usually the first method to be used to study the
cellular expression of newly cloned receptors. With high stringency hybrid-
ization and proper controls, the results should be quite reliable. However,
this technique is more complicated than immunocytochemistry and requires
RNase-free operation. It can identify the cells which express the RNA tran-
scripts, but is unable to locate the target organ.
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Fig. 6. In situ hybridization of rat tissues with digoxigenin-labeled RNA probes.
Purkinje cells in the cerebellum (A) and neurons in mesenteric ganglion (B) were
labeled with a P2X, receptor RNA probe. Neurons in nodose ganglion (C) and
trigeminal ganglion (D) were labeled with a P2X5 receptor RNA probe. Scale bars,
(A), 500 wm, (B) =50 wm, (C, D) = 100 um.
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Small Conductance Calcium-Activated
Potassium Channels in Rat Brain

Autoradiographic Localization Using Two
Specific Toxins, Apamin and Scyllatoxin

Marc Borsotto

1. INTRODUCTION

Calcium-dependent potassium channels (KCa channels) are involved in
numerous physiological processes such as neurosecretion, action potential,
and regulation of repetitive activity (/,2). As regards to their biophysical
and pharmacological properties, KCa channels can be divided into three
groups called BKCa, IKCa, and SKCa channels.

BKCa channels have a large unitary conductance (150-200 pS) (3,4), and
are present in the plasma membrane of numerous excitable and nonexcitable
cells. These channels are voltage-sensitive, and are blocked by TEA (5) and
by scorpion toxins such as charybdotoxin (6,7) and iberiotoxin (8). They are
responsible for the fast component of the afterhyperpolarization phase (a
phase that follows an action potential) and then they help to repolarize the
cell membrane (2,9,10).

IKCa channels exhibit a single channel conductance of 20-80 pS, and
are present in blood cells (//) and in smooth muscle cells (/2,13). They
are voltage-sensitive. IKCa channels are weakly sensitive to TEA and are
blocked by charybdotoxin but not by iberiotoxin (/4). It was proposed that
these channels could help set the cell resting potential and regulate electro-
genic processes (15).

SKCa channels have smaller single-channel conductances of 8—20 pS
(16,17). They are activated in a voltage independent manner by
submicromolar calcium concentrations, and are TEA-insensitive (4). They
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are found in a wide variety of excitable and nonexcitable cells where they
play fundamental roles. These channels are activated by the calcium
increase, which occurs during an action potential, and their activation pro-
duces a membrane hyperpolarization, which results in an inhibition of the
cell firing. The decrease of the intracellular calcium concentration is slow,
indicating that SKCa channels opening generates a long-lasting hyperpolar-
ization also called slow afterhyperpolarization (SAHP) (/6). Controlling
sAHP is essential to control spike frequency of repetitive action potentials
and necessary for a normal neurotransmission by protecting the cell from
tetanic activity.

SKCa channels can be divided into two classes (/8), channels that are
sensitive to the bee-venom toxin apamin and those that are apamin insensi-
tive. Apamin-insensitive SKCa channels are rare; the most studied and the
best characterized are those present in hippocampal pyramidal neurons
(2,19). Some cells, such as vagal neurons, express both apamin-sensitive
and -insensitive SKCa channels (78,20,21).

Apamin, a peptidic neurotoxin isolated from the honey bee Apis mellifera
venom, was the first purified and characterized toxin acting on potassium
channels. Apamin is a highly basic peptide of 18 amino acids (MW = 2000)
tightly bridged by two disulfide bounds (22). Apamin is one of the rare tox-
ins able to pass through the blood—brain barrier (BBB). Structure-function
studies demonstrated that the two arginine residues at positions 13 and 14
are essential for the apamin activity (23,24). It was also shown that the
integrity of the histidine residue 18 is not required for toxin activity. These
observations allowed the preparation of a radioactive monoiododerivative
of apamin (23), which was widely used to characterize the biochemical prop-
erties of the apamin receptor. Using !>’ I-apamin it was determined that the
affinity of apamin for its receptors was very high, Kd = 10-60 pM, but that
the number of apamin receptors was very low; the maximal number of sites
(Baw) ranged from 1-60 fmol/mg of protein (23,25-28). Only the pheo-
chromocytoma cell line (PC12) possess apamin binding sites with different
properties, high number of sites (B,,,, = 600 fmol/mg of protein), and low
affinity (Kd = 350 pM) (29,30). Apamin-sensitive SKCa channels are also
blocked by a neurotoxin purified from the venom of the scorpion Leiurus
quinquestriatus hebraeus called scyllatoxin (or leiurotoxin). Scyllatoxin
(ScyTx) is a 31 amino acid peptide (MW = 3400) bridged by three disulfide
bounds, structurally and immunologically unrelated to apamin (317,32).
Structure-function studies using chemical modifications of ScyTx have
shown that the arginine residues at positions 6 and 13 were essential for both
the binding and functional effect of the toxin (33). The integrity of the histi-
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dine residue 31 is necessary for a fully active toxin (32,33), thus to obtain a
iodinated peptide, the preparation of a synthetic derivative of ScyTx where
the Phe residue at position 2 was replaced by a Tyr residue, Tyr2-ScyTx,
was necessary (32).

125-Tyr2-ScyTx binding experiments indicate that the affinity of the toxin
for its receptors is also very high, Kd = 80 to 150 pM, and that the number of
the receptor sites is in the same range as that of apamin; B,,, = 1-50 fmol/mg
protein (32). ScyTx acts as a competitive inhibitor for the '>’I-apamin and
its receptor, and conversely apamin competitively inhibits '>I-Tyr2-ScyTx
binding (32).

In the central nervous system (CNS), apamin-sensitive SKCa chan-
nels are involved in a number of important processes. Injection with sub-
lethal doses of apamin produces: 1) an accelerated acquisition and a
better retention of learned tasks in rats and mice (34,35), associated with
an increase in the amounts of c-fos and c-jun mRNAs in the hippocam-
pus (36); and 2) a modification of the sleep patterns and a disturbance of
the circadian cycle (37).

From mammalian brain, three cDNAs encoding SK channels have been
cloned (10). These channels, called SK1, SK2, and SK3, belong to the
potassium channel family with one P domain (the pore-forming region) and
six transmembrane domains (/0). Cloned SK channels display the same
toxin-sensitivity difference, SK1 is apamin-insensitive (no effect for con-
centrations up to 100 nM), whereas SK2 and SK3 are both apamin sensitive.
Nevertheless, their sensitivities are different; K, 5 for apamin (concentration
that inhibits 50% of the channel activity) are 60 pM and 1 nM for SK2 and
SK3, respectively (10,38). Molecular biology approaches have confirmed
the heterogeneity of the SKCa channels seen with the biochemical and elec-
trophysiological investigations.

Apamin receptors also exist in peripheral tissues. Apamin induces con-
tractions of smooth muscles previously relaxed by epinephrin or
neurotensin (26). Normal adult skeletal muscle does not contain apamin
receptors, however, on denervated skeletal muscles (16,39), or on muscles
from patients suffering of myotonic dystrophy (MD), apamin binding sites
can be measured (40). Apamin was shown to be able to abolish myotonia
induced on arm muscles of patients with MD (41); nevertheless, it
appeared that MD is not owing to a defective gene of one of the cloned
SKCa channels (42).

Here we describe the use of apamin and scyllatoxin for localization of
apamin sensitive SKCA channels in CNS by the in situ hybridization tech-
nique on rat brain sections.
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2. MATERIALS AND METHODS

2.1. Animals

Adult male Sprague Dowley rats weighing 150-200 g were used. They
were kept at constant room temperature under standardized light/dark con-
dition (12 h/12 h). Food and water were given ad libitum.

2.2. Rat Brain Membrane Preparations

Synaptosome membranes were prepared from rat brains by the method
described in Abita et al. (43). Protein concentration was determined by the
Hartree method (44).

2.3. Radioactive Toxin Labeling

Iodinations at high specific radioactivity of toxins were obtained as
described in (23) for apamin and in (32) for scyllatoxin.

2.4. Binding Experiments

Rat brain synaptosomes (0.3 mg/mL) were incubated with increasing con-
centrations of '>I-apamin in a buffer containing 10 mM Tris-HCI at pH 8.0,
5.4 mM KCI and 0.1% bovine serum albumin (BSA). Samples were incu-
bated for 30 min at 0°C and then 0.8 mL aliquots were filtered under reduced
pressure through a GF/C filter (Whatman) presoaked for at least 1 hin 0.5%
PolyEthylenlmine (PEI) in water. Each filter was rapidly washed twice with
5 ml of cold 10 mM Tris-HCI, pH 8.0, and then counted in a gamma counter
apparatus. Nonspecific binding was measured in parallel experiments in
presence of an excess (1 wM) of unlabeled apamin.

2.5. Brain Section Preparation

Rats were halothane-anesthetized and sacrificed by decapitation; their
brains were immediately removed and frozen in isopentan at —40°C. Brain
sections 15-um thick were cut on a cryostat microtome, and thaw-mounted
onto polylysine- (or cold chromalun/gelatin-) coated glass slides. Slides were
stored at —20°C until used.

Brain sections were preincubated 15 min at 4°C in a buffer containing
140 mM choline chloride, 5.4 mM KCI, 2.8 mM CaCl,, 1.3 mM MgSO,, 20 mM
Tris-HCIL, pH 7.4, and 0.1% BSA. Then sections were incubated 30 min at
4°C in the same buffer with 20 pM of '*’I-apamin dissolved in 100 mM Tris-
HCI, pH 7.4/0.1%BSA. The nonspecific component was determined by
using a large excess (1 pM) of unlabeled apamin added 15 min before add-
ing 25 pM of '»I-apamin. Scyllatoxin competition experiments were per-
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formed by adding to the binding buffer increasing concentrations, 10 pM to
10 uM, of synthetic unlabeled scyllatoxin instead of unlabeled apamin.

At the end of the incubation times, sections were washed 3 times for 20 s
in 100 mM Tris-HCI pH 7.4/0.1% BSA and once in distilled water. Slides
were dried with a cold stream of air and exposed on autoradiographic film
for 12 d at room temperature.

2.6. Autoradiogram Quantification

Sets of 21 standards were prepared as followed. Known amounts of
inactivated '’I-apamin were mixed with brain tissue aliquots previously
crushed to an homogenous degazed paste; another alternative is to use com-
mercial autoradiographic 12’1 microscales (Amersham). Blocks were frozen
in the same way as described for rat brains. 15-pm thick sections were cutted
in a cryostat microtome and thaw-mounted onto glass slides. A set of '*I
standard slides was exposed on the same autoradiographic film as the labeled
sections. Then standards were used to quantify the radioactivity by analyz-
ing the film with a computer image analysis system (Pericolor 2000,
Numelec).

Labeled slides were prepared by incubating sections with increasing con-
centrations, 6400 pM, of '?’I-apamin in the same buffer as mentioned pre-
viously. Nonspecific binding was determined with 1 uM of unlabeled
apamin. The nonspecific binding was homogenous over the whole brain.
Specific binding component was calculated by subtracting the nonspecific
component from the total binding. For each area a mean value was calcu-
lated from 6-8 measurements in three different animals. Biochemical
parameters were calculated using the Scatchard plot analysis of the equilib-
rium binding data.

3. BRAIN DISTRIBUTION OF APAMIN
RECEPTORS

The distribution of apamin-sensitive SKCa channels was approached
using the quantitative autoradiographic analysis. Quantitative autoradiogra-
phy is a particularly efficient technique to analyze mutual interaction in dif-
ferent parts of the brain (but also in a number of other tissues) of different
types of toxins associated with one (or more) class of ionic channels. This
type of technique is very dependent on the quality of the ligand used. The
high affinity of apamin to its receptor was revealed as a very convenient
characteristic to study the localization of apamin receptors on rat brain sec-
tions. Equilibrium binding studies on rat brain synaptosomes preparations
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indicated that the nonspecific binding of '?°I apamin is very low, less than
10% at a concentration corresponding approximately to the Kd value, 20 pM
(Fig. 1A).

First kinetic of association of '2°I apamin to its receptor on rat brain sec-
tions was measured by using 20 pM of labeled toxin. The half-life of asso-
ciation determined was 11 min and the maximal binding was reached at 30
min. The nonspecific binding was homogeneously distributed and corre-
sponded to less than 20% (Fig. 2B) at this concentration of iodinated apamin.
A time of incubation of 30 min was chosen because it was long enough to
reach equilibrium and short enough to preserve the integrity of the brain
sections.

1251 apamin binding to rat brain sections was found to be saturable and of
high affinity. The Scatchard plot of these data indicated a Kd value of 25 pM
and a Bmax value of 15.5 fmol/mg protein (Fig. 1B). These values are in
good agrement with those measured on rat brain synaptosomes, Kd = 18 pM
and Bmax = 12.5 fmol/mg protein (Fig. 1A).

Similar measurements can be performed with each brain area using the
autoradiographic procedure; typical curves of equilibrium binding experi-
ments are given in Fig. 1C,D. When brain sections were incubated with in-
creasing concentrations of !2’I-apamin, the optical densities (ODs) of
autoradiograms for the different brain structures increased. Computeriza-
tion of these ODs by comparison with ODs of the radioactive standards al-
lowed the calculation of the concentration of bound apamin on each area.
Kd values measured with this protocol ranged from 15.0-26.1 pM; how-
ever, in the majority of the structures Kd values are in the 20 pM range. The
Bmax value is dependent from the structure observed and varied from 2.0-
61.6 fmol/mg of protein. The lower Bmax value is measured in the white
matter tracts and the higher in the lateral septum area (for detailed results,
see ref. 45). The fact that Kd values are similar indicates that the observed
variations in the autoradiographic labeling corresponds to a difference in the
number of apamin binding sites between brain areas.

In the olfactory bulb, the higher site density was observed for the anterior
nucleus (Fig. 2A) and the lower for the olfactory tubercle (Fig. 2B). As for
the other white matter tracks, a very low-grain density was observed in the
corpus callosum (Fig. 2B). Small differences of apamin binding sites were
observed in different frontoparietal cortex regions (Fig. 2B,C). In the basal
ganglia a moderate level of specific apamin binding was associated with the
caudate putamens and with the accumbens nucleus and ventral pallidus (Fig.
2C,D). The globus pallidus presented a very low labeling (Fig. 2E). In the
amygdala structure, only the basolateral and basomedial nuclei had a high
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Fig. 1. (A) and (B) Equilibrium binding experiments of 125I-apamin. Incubations
were performed as described in Section 2. (A) On rat brain synaptosomes. Each value
is the mean of four determinations obtained from two separate experiments. Specific
binding (A) correspond to the difference between the total binding (M) and the non-
specific binding (O). Inset, Scatchard plot of these data. (B) Specifically bound '231-
apamin; F, free !2°I-apamin. Kd = 18 pM, Bmax = 12.5 fmol/mg of protein. (B) On
coronal brain sections. For each concentration three section levels were used: 1) fore-
brain with cerebral cortex and basal ganglia, 2) lower midbrain with hippocampus,
and 3) hindbrain with cerebellum and medula oblongata. Each value is the mean of
four determinations obtained with three separate experiments. () Total binding,
(O) nonspecific binding, (A) specific binding. Inset, Scatchard plot of these data,
(B) specifically bound »I-apamin; F, free '»I-apamin. Kd = 25 pM, Bmax = 15.5
fmol/mg of protein. (C) and (D) Autoradiogram determination of '>>I-apamin bind-
ing to coronal rat brain sections. Autoradiogram were obtained and quantified as
described in Section 2. Each value represent the mean of 4-6 measurements for three
studied animals. (H) Total binding, (O) nonspecific binding, (A) specific binding.
(C) Lateral septal nucleus. (D) Intermediate septal nucleus. Note the large difference
in the specific binding between the two structures, Scatchard plots (not shown) indi-
cate Kd values of 21.2 and 26.2 pM, and Bmax values of 29.4 and 8.0 fmol/mg of
protein for lateral and intermediate septal nucleus, respectively.



82 Borsotto

ACg
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SHi
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Fig. 2. Autoradiographic distribution of apamin receptors in rat brain. Coronal
sections were incubated with 20 pM of '*’I-apamin in absence (A—O) or in presence
(nonspecific binding) of 1 uM of unlabeled apamin. Abbreviations: AO, anteror
olfactory nucleus; FrP, frontoparital cortex; Acg, cingular cortex anterior area; Cpu,
caudate putamen; Shi, septohippocampal nucleus; Acb, accumbes nucleus; LSD,
dorsal lateral septum; LSI, intermediate lateral septum; MS, medial septum; VDB,
diagonal band of the septum; Tu, olfactory tubercle; ic, internal capsule; GP, glo-
bus pallidus; SCh, suprachiasmatic nucleus; AV, anteroventral thalamic nucleus;
LH, lateral hypothalamic area; LD, laterodorsal thalamic nucleus; MHb, medial
habenula; MD, mediodorsal thalamic nucleus; VPL, ventroposterior thalamic
nucleus; AHy, anterior hypothalamic area; SO, supraoptic hypothalamic nucleus;

(continued)
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Non Specific Binding

DLG, dorsal lateral geniculate nucleus; CM, central medial thalamic nucleus; VMH,
ventromedial hypothalamic nucleus; Or, stratum oriens; DG, dendate gyrus; MG,
medial lateral geniculate nucleus; Rad, stratum radiatum; Ent, entorhinal cortex;
SuG, superior colliculus; Op, optic nerve layer; InG, intermediate grey layer; APT,
anterior pretectal area; SN, substancia nigra; MM, median mammilary nuclei; Str,
striate cortex; CG, central grey; R, red nucleus; IP, interpeduncular nucleus; S,
subiculum; 3, oculomotor nucleus; Te, temporal cortex auditory area; Pn, pontine
nuclei; IC, inferior colliculus; Tg, tegmental dorsal nuclei; PnO, pontine reticular
nucleus; GrL, cerebellar granular layer; Mol L, cerebellar molecular layer; wm,
cerebellar fibers white matter tracts; Vco, ventral cochlear nucleus; RPn, raphe
pontis nucleus; SOI, superior olive; Ve, vestibular nuclei; SP5, nucleus of the spi-
nal tract of the trigeminal nerve; 10, inferior olive.
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density of apamin receptor (Fig. 2G,H). Differences in the apamin binding
site densities were seen in the septal region. The dorsal, ventral, and
septohippocampal nuclei presented very high densities, whereas a moderate
level of binding was observed over the intermediate lateral septal nucleus
and a low level over the medial septal nucleus and the vertical limb of the
diagonal band (Fig. 2D). Distribution of apamin binding sites was also het-
erogenous in the hippocampal formation. Stratum oriens and the subiculum
possessed very high densities, whereas other hippocampal structures pre-
sented high to moderate levels of labeling (Fig. 2G-L). The majority of
thalamus nuclei showed a moderate amount of apamin binding sites, whereas
habenula showed a high density (Fig. 2G,H). A low level was found in the
pretectal area (Fig. 2F-K) and in the hypothalamus (Fig. 2E-H). In the
suprachiasmatic and supraoptic nuclei a very high labeling was observed
(Fig. 2E-H). Moderate levels of apamin binding sites were seen in the infe-
rior colliculus (Fig. 2M) and in the superficial gray layer of the superior
colliculus; conversely, the deep layers presented only a low level (Fig. 2J—
L). The cerebelar cortex presented a high apamin binding-site density in the
granular layer and only a low density in the molecular layer (Fig. 2N,0).

Owing to a very fast dissociation kinetic (t;, = 60 s) of ScyTx from its
receptors, it was impossible to localize the ScyTx binding sites directly.
However when ScyTx is used instead of apamin to inhibit the '*I-apamin
binding, three main groups of apamin binding sites can be distinguished by
their ScyTx affinities (Fig. 3). The first group correspond to structures where
ScyTx have high affinities for apamin receptors; K, 5 comprised between
30-70 pM. The second group correspond to areas with intermediate affini-
ties, K 5 of 100—500 pM, and the third group to areas with the lower affini-
ties, K 5 of 800-1200 pM.

The first group contains regions like basolateral amygdaloid nucleus, stri-
ate cortex, central medial thalamic nucleus, medial septal nucleus, parietal
cortex, central medial thalamic nucleus, ventral tegmental area, and tempo-
ral cortex, auditory area. Spinal tract of trigeminal nerve, lateral septum,
and lateral peoptic area constitute the third group. All other brain structures
containing apamin binding sites belong to the second group.

Apamin receptors identified in these experiments could in principle be
present on several cell types existing on brain sections such as neuronal and
neuroglial cells, and endothelial and smooth muscle cells of blood vessels.
Apamin receptors have been found in smooth muscle (25) and the Kd values
for the association of apamin are nearly the same as these found on nerve
membranes (23). However, for several reasons apamin receptors identified
here are probably not related to the smooth muscle cells. First, the propor-
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Fig. 3. Autoradiographic distribution of scyllatoxin binding sites in rat brain.
Brain sections were incubated with 20 pM of '?’I-apaminin in the absence (A) or in
the presence (B-F) of synthetic scyllatoxin or unlabeled apamin (G). Abbrevia-
tions: CG, central grey; Cpu, caudate putamen; Cx, neocortex; DG, dentate gyrus;
Gr, cerebellar granular layer; LS, lateral septum; Mol, cerebellar molecular layer;
Or, stratum oriens; Thal, thalamus; WM, white matter.
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tion of muscular cells is negligible compared with the neuronal cells. Second,
no correlation appeared between the number of apamin binding sites and the
capillar density in different brain regions. Glial cell paticipation in !> I-apamin
binding cannot be evaluated unambiguously by the autoradiographic analysis
used here. Nevertheless, the white matter of cerebellum, which contains oli-
godendrocytes and fibrous astrocytes in high densities, only presents a very
low level of apamin binding. Moreover, the cerebellar cortex, which is rich in
astrocytes, is poor in apamin binding sites, whereas the granular layer where
the glial cell density is very low, is much richer in apamin binding sites. These
observations suggest that the presence of apamin receptors on rat brain sec-
tions is associated with the neuronal cells.

Confirmation was brought by the cloning of cDNAs encoding SKCa chan-
nels where one of them, SK1, is apamin insensitive and two of them, SK2 and
SK3, are apamin sensitive (/0). In situ hybridization performed with antisense
RNA probes indicates an excellent correlation between radioactive toxin
labeling and nucleic acid probe labeling (/0). SK1-mRNAs are mainly local-
ized, as expected, in hippocampal formations, but also in the anterior olfac-
tory nucleus, and to a lesser extent in olfactory tubercule, in cerebellum, and
in cortex. SK2-mRNAs are the most widely expressed, particularly in the hip-
pocampus formations, in anterior olfactory nucleus, and in granular layer of
cerebellum. SK3-mRNA are also widely distributed, with a maximal labeling
in the lateral septum and the supraoptic nucleus of the thalamus.

Autoradiographic studies performed on rat brain sections with !2I-apamin
demonstrated a very heterogenous distribution of the apamin receptors. In the
whole brain, apamin binds to its receptors with the same affinity, whereas
ScyTx affinities allows the discrimination between the three different groups
of apamin receptors. Several hypotheses could explain the existence of these
three types of structures: 1) three types of receptors, one for each group; 2)
two types of receptors, one with a high affinity and another with a low affin-
ity. (The group two [intermediate affinities] would be a mixture of the two
types; the low number of binding sites would explain the reason why they are
undifferentiated by the classical equilibrium binding experiment analysis); and
3) only one type of receptors would exist, the ScyTx binding affinities, then,
would be modulated by different associated proteins.

Identification of endogenous equivalent of apamin in pig brain (46) and
scyllatoxin in PC12 cells (30) argued in favor of the existence of several
apamin-sensitive SKCa subtypes. Recent cloning of the three cDNAs
encoding SKCa channels (/0) clearly indicates that more than one receptor
type exists because both SK2 and SK3 are able to bind apamin, although
with different affinity. At the time of this writing, no other cloning of SKCa
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channels was published (the SK4 isolated from fetal human brain /5] corre-
sponded to an IKCa channel); however, we cannot exclude the existence of
other members of this channel family. Intermediate affinities could also be
supported by the formation of heteromultimeric channels. It was shown that
SK1 (apamin-insensitive) and SK2 (apamin-sensitive) could assemble and
give rise to channels with intermediate sensitivities for apamin inhibition (38).
Heteromultimeric channel formation, together with the post-translation modi-
fications such as phosphorylation by protein kinases (47,48), could account
for differences seen in sSAHP in different brain regions (49,50).

4. CONCLUSION

Quantitative autoradiography analysis allowed the identification of brain
structures that contain apamin receptors. The use of two highly specific toxins,
apamin and scyllatoxin, led to discrimination between three different groups as
a function of their affinities for scyllatoxin, because apamin has equivalent
affinities for receptors belonging to the three groups. These results indicated
that apamin-sensitive potassium channels do not correspond to a unique chan-
nel protein but to a family of channel proteins. These observations revealed the
increased complexity of the SKCa channels, because it was already established
the existence of channels that were or were not sensitive to apamin. These
hypotheses were recently confirmed by the cloning of three cDNAs encoding
SKCa channels. One of them is apamin-insensitive and the two others are dif-
ferently sensitive to apamin. The complexity was even further increased by the
fact that these proteins could assemble to form heteromultimeric channels with
intermediate biophysical and pharmacological properties.

Existence of both specific toxins and cDNAs offer real opportunities to
understand the contribution of the different SAHP in physiological processes
where SKCa (apamin-sensitive and -insensitive) participate. This is of particu-
lar interest because SKCa channels are described to be involved in functions as
different as learning, memory, circadian-rhythm control, and sleep-wake cycle
duration. SKCa channels could constitute an important target for therapeutic
treatment of disorders concerning these different CNS functions, but also for
some diseases affecting peripheral organs like smooth or skeletal muscles.
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Mapping N-Type Calcium Channel
Distributions with w-Conotoxins

Geula M. Bernstein and Owen T. Jones

1. INTRODUCTION
1.1. General Background

Natural toxins have revolutionized the study of ion channels (/). Owing
to their specificity and potency, toxins form the basis of many of the most
important ligands used by modern biologists to identify, discriminate,
manipulate, or purify ion channels. An excellent example of the biological
contribution of toxins is the use of analogs of w-conotoxin GVIA (w-CgTx)
in visualizing the distribution of N-type voltage-dependent calcium chan-
nels (N-VDCCs) in neurons (Table 1). w-conotoxin GVIA was first isolated
from the venom of the Pacific cone snail Conus geographus by Olivera and
colleagues (2). This toxin drew attention because of its unusual pharmaco-
logical properties, which electrophysiological (3,4) and biochemical studies
(5,6) now indicate are owing to blockade of voltage-dependent Ca®* influx
into neurons by its exclusive interaction with N-VDCCs (see Section 1.2.2.).
Surprisingly, native w-CgTx proved to be a polypeptide of just 27 amino
acids (Fig. 1A), much shorter than most previously identified polypeptide
toxins (2). Preparation of a synthetic analog of w-CgTx confirmed both its
structure and activity (7).

1.2. Properties of w-CgTx
1.2.1. Physical Properties

Owing to the commercial availability of pure w-CgTx in radiolabeled and
unlabeled forms and its small size, it is one of the most extensively charac-
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terized toxins (2). The primary sequence of w-CgTx is notable for its pre-
ponderance of hydrophilic residues, especially hydroxyproline. Also present
are two lysine residues, which, together with two arginines and the amino
terminus, give the toxin a basic character. Structural NMR (8) shows that,
upon folding, the toxin adopts a compact structure stabilized by the forma-
tion of 3 disulfide bridges (Fig. 1).

1.2.2. Interaction with the N-Type Calcium Channel

The first evidence that w-CgTx interacts with VDCCs came from its abil-
ity to block Ca* influx into synaptosomes. Such channels appeared distinct
from those blocked by L-type VDCC ligands, notably dihydropyridines.
Electrophysiology (3,4), biochemical purification (5), and direct pharmaco-
logical analysis of cloned VDCC subtypes expressed in transfected cells
(9), indicates that the target for high-affinity w-CgTx binding is the N-VDCC
alone.

1.2.3. Structure-Activity Relationships

The binding of w-CgTx seems to occur with a 1:1 stoichiometry at a bind-
ing pocket in the external face of N-VDCCs (4). In equilibrium binding stud-
ies, w-CgTx interacts with N-VDCCs with extremely high affinity (K 40
pM) (6). Whether equilibrium is reached is equivocal, however. The asso-
ciation of w-CgTx is rapid and largely complete within 10 min (k,, = 3 x
1081-mol~!-min~"'), whereas any dissociation is extremely slow (k=5 x 107
min~!). The K;’s derived from the rates of binding are in the 0.1-5 pM range,
much lower than the equilibrium values (6). This discrepancy may reflect
binding to different channel conformations, consistent with biophysical data
showing a preferential interaction with the inactivated state (/0). For practi-
cal purposes, w-CgTx binding is essentially irreversible. The high affinity
probably reflects the ability of the toxin to make multipoint attachments
with residues in the N-VDCC binding site.

1.3. Use of w-CgTx-Based Labels in N-Channel Mapping
Studies

1.3.1. General Background

The use of toxins in mapping ion channels has its origins in pioneering
work on the nicotinic acetylcholine receptor (nAChR) and its selective, high
affinity interaction with specific radio- or fluorescent-labeled analogs of
snake-venom toxins (//,12). By labeling nAChRs with these toxin analogs,
it became possible to visualize nAChR dynamics at the neuromuscular junc-
tion (NMJ) and, thus, define key aspects of synaptogenesis. Realizing the
power of this strategy, several groups began to use toxin analogs to map
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neuronal voltage-dependent channels, a particularly difficult task owing to
their much lower density than nAChRs at the NMJ. Even so, by 1989 devel-
opments in imaging permitted the mapping of N-VDCCs in central neurons
(13).

1.3.2. Mapping and the Distribution of N-type Calcium Channels

An immediate question is why one would want to map N-VDCCs? The
answer lies in their key role in signal transduction (/4). Calcium channels,
generally, represent the primary route by which voltage-changes are coupled
to biochemical events. However, because Ca”* diffusion is highly restricted
in the nerve cytoplasm, the precise distribution of VDCCs is a major deter-
minant of the local Ca?* signaling and biochemical events defining nerve
function. By targeting the appropriate VDCC subtypes to select regions,
neurons can construct compartments with specific Ca>* signaling proper-
ties. The highly polarized distribution of N-VDCCs is consistent with this
notion.

N-VDCCs are concentrated at axon terminals but are absent from the axon
shaft (/5-79). At the axon terminals, the voltage-dependent activation of
presynaptic N-VDCCs provides, at least in part, the influx of Ca?* that trig-
gers neurotransmitter release at most central and some peripheral synapses
(18). A specific role for N-VDCCs in neurotransmission is supported by
their alignment in bands at sites of transmitter release, at least in frog (15,16)
and chick (/7). N-VDCCs are also found throughout most of the somata,
dendrites, and discrete subsets of dendritic spines (6, 13,20—22). In dendrites,
N-VDCCs seem to be involved in the back-propagation of action potentials
and other plasticity-related phenomena (23). Interestingly, in these locations
N-VDCCs are often clustered (6,13,20), indicating their possible recruit-
ment into macromolecular signaling complexes. Significantly, N-VDCC
distributions are highly dynamic and alter in synaptogenesis (/5), develop-
ment (6,24), and in models of seizure (25,26). The distribution of N-VDCCs
in tissues has also been determined for many species (27-34).

1.3.3. Why Map N-Channels with w-Conotoxins?

Diverse strategies have been employed for mapping N-VDCCs and other
channels (Table 1), so why would one use w-CgTXx, i.e., visualization-based
methods? In fact, there are numerous reasons. First, optical methods provide
composite maps of N-VDCCs throughout the cell. In contrast, the major
alternative — patch-clamp electrophysiology — involves “sampling” each
region, an impossible feat for a single neuron. Second, w-CgTx-based meth-
ods identify channels in regions of neurons that are too small to be accessed
by recording electrodes and in any case are easily adapted for analysis at the
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electron microscopic level. Alternatives such as Ca®* imaging are indirect,
have poor resolution and sensitivity, and are restricted to regions with many
active channels. Third, only w-CgTx-based methods permit the live imag-
ing needed to resolve the cellular dynamics of N-VDCCs and how they
respond to factors such as electrical activity, cell contact, and disease. Anti-
bodies cannot be used because live imaging demands labels that access ex-
ternal regions of the channels. This condition is satisfied by the polar
membrane-impermeant w-CgTx, but antibodies to external regions of N-
VDCCs have proved difficult to make. Immunocytochemistry also suffers
from a more subtle problem, especially relevant to mapping and trafficking
studies, concerning its tendency to overestimate the disposition of channels
at the cell surface. Specifically, the cell-permeabilization steps needed for
immunocytochemistry allow antibodies access to channel populations that
are both intracellular (for example on trafficking vesicles) and at the cell
surface, that are hard to resolve by light microscopy. One powerful alterna-
tive is to use green fluorescent protein (GFP) technology to visualize GFP-
tagged N-VDCCs in live cells (35). However, the transfection of such large
constructs and the resolution of their trafficking and distribution is presently
almost impossible in primary neurons. Fourth, because w-CgTxs bind selec-
tively and with high affinity to N-VDCCs in diverse species, including
humans, rats, mice, rabbits, bovines, and frogs (2), they are applicable to
diverse experimental models. In contrast, the utility of antibodies (especially
those against N-VDCC peptides) across species requires careful consider-
ation of the target sequence.
1.3.4. Mapping N-Channels with w-CgTxs: The Types of Labels and Their
Advantages and Disadvantages

Four classes of w-CgTx-based methods have been used to map N-
VDCCs: autoradiography, immunochemistry, avidin-biotin, and fluores-
cence. Examples of each are given in Tables 1 and 2. Autoradiography and
immunochemistry have major limitations and are not dealt with in detail.

1.3.4.1. AUTORADIOGRAPHY

Several studies have used autoradiography to map N-VDCCs in brain
(24,27-31,36), but this method is limited by its poor subcellular resolution,
especially with the more common ['>31]-w-CgTx label.

1.3.4.2. IMMUNOCYTOCHEMISTRY

Antibodies to w-CgTx are available commercially and have been used to
map N-VDCCs by indirect immunocytochemistry (32—-34). However, in spite
of its high resolution, this method is limited to fixed rather than live tissue.
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1.3.4.3. BioTINYLATED w-CGTx

Methods using biotinylated w-CgTx (Bi-w-CgTx) rely on the extraordi-
narily high affinity of biotin for avidin or related proteins (K4 10-°M). Tis-
sues labeled with Bi-w-CgTx are treated with avidin conjugated to a suitable
reporter and are then imaged appropriately (16—18). There are many advan-
tages to such methods. First, they are applicable to live or fixed samples.
Second, a plethora of reporters is available. Useful reporters include
fluorophores and gold particles, the latter being used for silver enhanced or
electron microscopy. Third, such methods can provide considerable signal
amplification because avidin-conjugates often bear multiple reporters (37).
Fourth, Bi-0-CgTx is easy to make as the conjugation reaction is efficient
and the conjugates easy to detect during purification by high-performance
liquid chromatography (HPLC). Fifth, the binding properties of Bi-w-CgTx
are well-characterized (38). The only real disadvantage of this method is the
multiple steps needed for labeling and the tendency of avidin and
streptavidin (but to a lesser extent neutravidin) to bind nonspecifically with
some cell surface components (37).

1.3.4.4. FLUORESCENT w-CGTX ANALOGS

The identification of N-VDCCs labeled with fluorescent analogs of -
CgTx is the simplest way to map N-VDCC distributions, especially in live
cells and thus forms the focus of the rest of this chapter
(6,13,15,20,25,26,39). Their advantages over other w-CgTx-based methods
include the ease of labeling and detection, applicability to live imaging and
the potential use of the fluorophore as an antigen in subsequent immunocy-
tochemistry. Moreover, fluorescent-w-CgTxs can be used for other special-
ized fluorescence applications such as fluorescence photobleach recovery
(FPR) studies of N-VDCC mobility (/3) and energy-transfer measurements.
The major disadvantage is that fluorescent w-CgTxs are not especially easy
to prepare, although several are available commercially. The low number of
fluorophores associated with each labeled channel is another potential dis-
advantage, but the severity of this problem largely depends on the sensitiv-
ity of the imaging microscope.

2. METHODS

For the sake of simplicity and their versatility, we will focus on the prepa-
ration, characterization and use of fluorescent w-CgTxs. In addition, because
fluorescent w-CgTxs are somewhat more difficult to prepare than their
biotinylated counterparts, they amply illustrate the bulk of pitfalls likely to
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be encountered. For a wider treatment of the design, construction, and use of
fluorescent ligands, see ref. 40.

2.1. Preparation of Fluorescent w-Conotoxins
2.1.1. Some Basic Considerations

The ideal fluorescent w-CgTx is a conjugate whose emission is well-
resolved from any background fluorescence and whose high affinity limits
the time-dependent decrease in specific fluorescence caused by dissociation
and dilution into the surrounding medium. Both the fluorescence and the
affinity depend on the choice of fluorophore. Ideal fluorophores are those
that are bright, photostable, and have physicochemical properties that do not
unduly influence the N-VDCC-w-CgTx interaction or the solubility of the
w-CgTx. No particular fluorophore is ideal but some are considerably better
than others, our preference is for those that are water-soluble and excited
by the emission lines of our available microscopes. Fluorophores to avoid
are those that emit <500 nm owing to cellular autofluorescence, ones that
are very nonpolar such as most pyrene derivatives, and those that are
extremely large such as phycocyanins (MW >700,000). Some fluorophores
can give wholly unexpected problems. Thus, the Bodipy dyes are highly
quenched when conjugated to w-CgTx and are destroyed by many common
HPLC solvents. Also important is whether the fluorophore is available in a
suitable form for conjugation. Fortunately, most common fluorophores are
available as reactive intermediates from suppliers such as Molecular Probes,
Inc. (www.probes.com). Finally, fluorophores for which antibodies are
available are useful as they can be used in immunocytochemistry. More-
over, because many anti-fluorophore antibodies quench the fluorescence of
the fluorophore, and are cell-impermeant, they can be used to resolve cell
surface (quenchable) and intracellular (nonquenchable) label. A list of
excellent fluorophores and their structures is given in Table 3.

2.1.2. Labeling

The attachment of fluorophores to w-CgTx relies upon the availability of
chemically reactive amino acid functional groups in the polypeptide. Sev-
eral potentially useful residues exist (notably the N-terminus, lysines, argin-
ines, and tyrosine) but almost all w-CgTx conjugation reactions target the
primary amines of the N-terminus and the lysines (at positions 2 and 24)
(25,38). The reasons are twofold. First, the chemistry of amine conjugations
is simple and well defined. Second, diverse fluorophores containing amine-
reactive functional groups are available. The most useful functional groups
are the N-hydroxysuccinimidyl (NHS) esters (or their more water-soluble
Sulfo-NHS counterparts), because these are mild, efficient, and leave few
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Table 3

Structures, Wavelengths of Maximum Excitation (A.,) and Emission
(8.m), and Extinction Coefficients of Useful Fluorophores

for Conjugation to w-CgTx

Fluorophore Structure Aoy Ao € (lit/mol/cm)

Cy3 550 570 150,000

5-Carboxyfluorescein 494 517 78,000
(5-FAM)

Alexa Fluor 546 556 572 99,000

Texas Red 595 615 112,000

5-Carboxytetramethylrhodamine 555 580 89,000

(5-TAMRA)

by-products. The basic conjugation reaction, shown in Fig. 2. involves ami-
nolysis of the NHS-ester of the desired fluorophore. A reliable recipe that
works every time is given in the accompanying flow chart for Fluorescein
w-CgTx (Fig. 3).

2.1.3. Resolution of the Labeling Reaction Mixture

Once terminated, the labeling reaction must be resolved to isolate the
desired products. This is not always easy. Owing to the presence of three
potentially reactive sites in w-CgTx, there are as many as seven species of
conjugate (3 singly-, 3 doubly-, and 1 triply-labeled) as well as unreacted w-
CgTx. There are also numerous dye products including the hydrolyzed
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w-Conotoxin GVIA Fluorescent conjugate
H (Imaging label)
@ : Aminolysis .
0
FIuorophore-NHS Ester / NHS FIuorophore-AcId
H,0
Hydrolysls
(o]

Fig. 2. Reaction for the conjugation of a fluorescent label to w-CgTx. The desired
labeling reaction involves aminolysis of the active N-hydroxysuccinimidyl (NHS)
ester form of the fluorophore (F) with a lysine side chain or N-terminal amine in -
CgTx. The competing reaction, involving hydrolysis of the NHS-label to the non-
amine reactive fluorophore acid, is also shown.

fluorophore and its glycine adduct. To make matters worse, some labels are
impure or isomeric mixtures.

The most important task is to remove any unreacted w-CgTx, because
this will compete with the fluorescent w-CgTx for N-VDCC binding sites.
Free dye products must also be removed to prevent nonspecific staining.
The best way to achieve these objectives satisfactorily is through the use of
HPLC (Fig. 3) (6,13,20,25,38). The losses encountered with alternative
chromatographic methods owing to nonspecific binding are enormous, even
with columns equilibrated with eluents containing carrier proteins such as
bovine serum albumin (BSA). The dye and unmodified toxin removal steps
can be done in one step by reversed-phase HPLC (RP-HPLC) on a C;g col-
umn (/3). However, it is much easier to identify the products if the w-CgTx
-containing materials are first resolved from the dye components using an
ion-exchange step (6,40). The column we prefer is the sulfopropyl-based
TSK SP5W. Once a useful elution profile has been established, it is usually
possible to optimize the run time. One effective strategy for anionic labels is
first to elute all the free dye products, then elute the protein-containing frac-
tions in one step using a high salt solution. The protein-containing fraction,
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Reaction:
250pg w-CygTx; 2:1 label:peptide;
24% (viv) DMSO/NaHCO, pH 8.2;
200l final volume

127ul of 158mM
NaHCO, pH 8.2

Add 28.5u1 DMSO

251 of 10mg/ml native
w-CgTx (250 pg;82nmol)

Prepare 4mg/ml 5-FAM-
SE fresh in dry DMSO

Add 19.5pl (165nmol)
while vortexing

[ Incubate 30’ in dark, room temperatureJ

|

Quench by adding 7.4mg solid
glycine (0.5M final concentration)

fl Two-Step HPLC Purification: "

Load onto cation exchange column Load onto C,; reversed-phase column
(TSK-SP-5PW 0.75x7.5cm or similar) (Vydac TP218 4.6x250mm or similar)

T

Elute with gradlent e.g. 0-100% 1M
NH,Ac in 1%(v/v) acetic acid;1ml/min

Elute with gradient e.g. 0-100% CH,CN
in 0.1%(v/v) trifluoracetic acid;1ml/min

flow rate; monitor A,y and A,gonm

flow rate; monitor A, and A,,nm

Pool & partially concentrate peptide
fractions under vacuum (Speed-Vac)

Pool peak fractions separately, aliquot
and dry under vacuum(Speed-Vac).
Store in dark <-20°C.

Fig. 3. Flow chart for the labeling and purification of fluoresceinated w-CgTx
(5-FAM-w-CgTx). Note: The NHS (or sulfo-NHS) esters rapidly hydrolyze to the
nonreactive fluorophore-carboxylate, especially at alkaline pHs. Thus, stock solu-
tions of the NHS-labels should be made in dimethylsulphoxide (DMSO) and used
fresh (preferable), or kept frozen until needed. The sulfo-NHS labels are best made
in water and used immediately. Because NHS (or sulfo-NHS) esters react with
unprotonated amines, the conjugation reaction is favoured by higher pHs but such

(continued)
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now devoid of dye, can then be partially concentrated and resolved by the
reversed-phase C;g column.

The simplest way to identify each species of product is to compare chro-
matograms corresponding to the conjugation reaction with those for parallel
control reactions lacking either w-CgTx or label (40) (Fig. 4). Because
HPLC runs and solvents can vary slightly with time, it is best to run all
chromatograms on the same day, the conjugation reaction being run after
the controls. Peaks are best identified using an absorbance detector. Whereas
pure w-CgTx and most fluorophores can be detected <350 nm, the latter also
possess characteristic absorbances at higher wavelengths where w-CgTx
cannot be detected. Consequently, multi-channel detectors are better than
single-channel detectors because they can be set to wavelengths that dis-
criminate between the fluorophore-containing components and native -
CgTx, respectively. Peak identification can also be determined crudely.
Fractions containing free and conjugated dye often have a different color to
the naked eye. Moreover, once dried, unmodified and conjugated w-CgTxs
are white or colored powders, respectively, that are easily re-dissolved in
water. In contrast, dry, free dye products usually form dark, water-insoluble
patches or stains.

2.1.4. Storage and Handling of the Label

As peptides, w-CgTx and its derivatives are prone to hydrolyze in aque-
ous solutions. Thus, they are best stored as lyophilized powders in sealed
tubes. Concentrated stock solutions made in water and frozen and stored in
aliquots at —20°C or lower are stable for several months. Repeated freeze-
thaw cycles and storage at 4°C should be avoided rigorously. Solutions used
in cell labeling can be frozen and re-used, but this is not wise owing to the
risk of conjugate breakdown and increased nonspecific staining. Fluores-
cent analogs should be stored in foil or dark containers owing to their photo-
sensitivity. Polypropylene plasticware or silanized glassware must always
be used! This point cannot be emphasized too strongly. Through experience

pHs also enhance the undesirable hydrolysis reaction. At the optimum pH of around
8.0 the labeling reaction is extremely rapid and complete within a few minutes.
Controlling the reaction stoichiometry is critical to prevent under- or
overmodification and for simplifying purification. The stoichiometry we prefer is
around 2 moles of label/mol of w-CgTx. The reaction efficiency is sensitive to the
concentration of both the label and w-CgTx, thus dilute reactions (<0.1 mM toxin)
should be avoided. Components containing amines other than w-CgTx, such as
buffers containing Tris or proteins like BSA, interfere and must be avoided. Too
low or high a concentration of DMSO reduces the yield; we use 10-25% (v/v).
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Fig. 4. Examples of HPLC Profiles obtained during purification of a Cy3-conju-
gated w-CgTx. (A) Preliminary separation of free dye products from protein-con-
taining fractions (underlined) by cation-exchange HPLC (TSK-SP-5PW). Flow rate
1 mL/min. Solvent B (95% ammonium acetate in water). (B) Resolution of peptidic
fraction by HPLC on Cg reversed phase column. Note appearance of two distinct
mono-modified products (peaks I and II) and unmodified w-CgTx (¥).
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we have found that w-CgTx and its derivatives bind strongly to polystyrene,
untreated glass, and even some metal syringe needles. Such nonspecific
binding can often, but not always, be reduced using solutions containing
proteins such as BSA (0.1-1%). The serum in cell culture media seems to
have a similar effect.

2.2. Product Characterization
2.2.1. Quantitation and the Stoichiometry, Location, and Fidelity of Labeling

The amount of conjugate and the degree and sites of labeling are impor-
tant parameters in determining the potency and predicting the biological
activity of w-CgTx analogs (13,20,25,38) (see below). The simplest way to
determine the amount of conjugate and the degree of labeling, N; (moles/
mole w-CgTx) is through conventional spectrophotometry using the appro-
priate extinction coefficients for w-CgTx and label. In principle, it is pos-
sible to determine N; from the areas of the dye and dye + label product peak
heights in HPLC runs. However, this can be risky as the dye extinction coef-
ficients are often influenced by the composition of the HPLC solvent and
can change markedly when eluting with a solvent gradient.

In some cases, the amount of product is too low to determine accurately
by spectrophotometry and is, thus, best determined by amino acid analysis
(38). Determination of Ny and also the precise sites of labeling is done using
one of two methods: amino acid analysis or mass spectrometry (25). In both
procedures, the labeled w-CgTx is unfolded by reduction of its three disul-
fide bonds, alkylated to prevent re-oxidation, and then digested with a pro-
tease that cleaves at lysine residues (such as Lys C). To identify labeled sites
by amino acid analysis, the digestion products are resolved by HPLC, and
their amino acid compositions determined. Because conjugation of lysine
residues blocks their sensitivity to cleavage by the protease, larger fragments
of novel, but predictable, amino acid composition are generated. Although
this approach has been applied to biotinylated w-CgTx conjugates (38), it
is time-consuming and the data can be hard to interpret. A much more
sophisticated approach relies on mass spectrometry to identify the sites of
labeling from the molecular weights of the proteolytic fragments. Not only
is this method unambiguous, but it is also highly sensitive and, with the
widespread availability of mass spectrometry service facilities, convenient
and cost-effective.

In some circumstances, the properties of the fluorophore may be altered
undesirably (see Section 2.1.1.). Gross chemical changes introduced during
labeling and purification can be resolved by mass spectrometry. Alterations
in the optical properties of the fluorophore can also occur, in particular
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quenching of the fluorescence emission following conjugation. Such
changes are best resolved through spectrofluorimetry, if possible using a
well-characterized protein adduct of the fluorophore (e.g., a BSA or IgG
conjugate) rather than the free dye, as a reference.

2.2.2. Biological Activity of the Product

The value of imaging labels depends on their biological activity and must
be determined for each conjugate. Modification of w-CgTx has two detri-
mental effects: elimination of bonding sites and interposition of the
fluorophore between w-CgTx and the N-VDCC binding pocket. The activ-
ity of the toxin is best assessed by membrane binding or electrophysiology
assays (13,20,25).

Membrane binding assays test the ability of the conjugated-w-CgTx to
displace ['»1]-0-CgTx binding from synaptic membranes (13,20,25,38).
However, as successful labeling reflects the label’s residence time on its
target, it is more accurate to express the utility of the label in terms of its
dissociation rate constant k¢ rather than the more easily measured equilib-
rium affinity constant k; (38). Fortunately, the rate constants (k,,) for asso-
ciation of w-CgTx labels with N-VDCCs are similar and, thus, differences
in k;’s are an indirect, convenient, and largely valid reflection of k.. To
determine the relative potencies of competitors, it is best to compare dose-
response curves for inhibition of binding with respect to those for unmodi-
fied w-CgTx (13,20,25). As arule of thumb, modifications to w-CgTx lower
its affinity rather than its selectivity. Mono- and di-conjugated w-CgTx
derivatives typically bind 10- (Kd 0.4 nM) and 100- (Kd 4 nM) fold less well
than native w-CgTx (Kd 40 pM), respectively. Membrane-binding assays
have numerous benefits: they are sensitive, reasonably cheap, do not require
very expensive equipment to perform, and are ideal for screening large num-
bers of potential conjugates. The major criticism levelled at such assays is
their limitation to measuring just one aspect of toxin function: binding.

Electrophysiology is the most widely used alternative to binding assays
(13,20) and is often claimed to be a more appropriate way to monitor the
biological activity of toxin conjugates because it tests the blockade of func-
tional channels. This argument is specious, because no w-CgTx conjugate
has ever been made that is active in binding but not electrophysiological
assays (or vice versa). More serious, electrophysiology is not straightfor-
ward, requires expensive equipment, is wasteful of conjugate, and is a poor
estimate of w-CgTx potency owing to difficulties in controlling the concen-
tration owing to nonspecific binding, tissue permeation (brain slices), or
mode of application.
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2.3. Imaging with Fluorescent w-Conotoxins
2.3.1. General Considerations

The density of N-VDCCs can be very low so the fluorescence emanating
from neurons labeled with fluorescent w-CgTxs is quite weak
(6,13,15,20,25,26,39). Thus, any step that improves the fluorescence signal-
to-noise ratio is useful. How is this achieved? First, it is critical to use the
right probes (see above). Second, even with an “ideal” conjugate, the appro-
priate hardware is essential. To attain the desired sensitivity, we collect
images using laser-scanning confocal microscopes (LSCMs) (6,20,25,26).
Imaging systems fitted with high sensitivity cameras are also suitable (/3).
Unfortunately, regular fluorescence microscopy rarely works and requires
tissues such as the frog NMJ where N-VDCCs are highly concentrated (75).
Even then, long film-exposure times are necessary. Confocal imaging is
ideal owing to its ability to remove contributions from out-of-focus light. In
addition the ability of LSCM to obtain high-resolution images in optical sec-
tions <1 wm thick, to depths of up to 300 um, is key to imaging labeled tissues,
discriminating between fluorescence emanating from the cell surface rather
than internally, and for reconstructing images in three dimensions.

2.3.2. Imaging Protocol

To map the distribution of N-VDCCs in tissues such as hippocampus,
fresh brain slices are labeled with fluorescent w-CgTx using conditions that
aid survival but obviate internalization (Fig. 5) (6,20,25,26). The tissue is
then washed to remove free label. For live imaging, the slices are main-
tained using a specially adapted thermostatted and aerated microscope cham-
ber. For more permanent, and often more crisp images, fluorescent
w-CgTx-labeled slices are fixed using 2-4% paraformaldehyde, cleared in
methyl salicylate, and mounted prior to viewing. Fixation has no discernible
effect on the fluorescence of any of the w-CgTx conjugates we have tried.
Images of labeled cells in culture are obtained identically (13).

In general, the fluorescence emission is collected via epifluorescence
optics, amplified, and displayed in real time. Image data is then stored on a
computer for further processing and display. The analysis of the images is
an entire discipline in itself, for which the reader is referred to excellent
texts on digital image processing (47). As a guideline, it is advisable to col-
lect Z-series where possible. The image series provide a good impression of
the disposition of the label and allow the creation of image stacks. Such
stacks can be used to generate 3D images throughout the cell, thus, allowing
one to follow fluorescent w-CgTx labeling along processes such as den-
drites as they thread above and below individual confocal planes (20). The
3D images also aid in discriminating between cell surface and intracellular
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Brain slices (150-400pm) or cells in culture

Wash with ice cold phosphate-
buffered saline (PBS)

Add 2pM native wCgTx in PBS
(or phenol red-free medium)

I

| Leave 1hr, <20°C

Add 200nM fluorescent wCgTx in
PBS (or phenol red-free medium)

Add 200nM fluorescent wCgTx+
2pM native wCgTx in PBS (or
phenol red-free medium)

Wash 3X with ice cold PBS to
remove unbound label

[ Fixed Cell Imaging |
|

[ Fix with 2-4% paraormaldenyde/PBs |

Maintain cell viability with
95%C0,/5%0,; 20°C

Wash 3X with PBS

i |

Immunocytochemistry
if required

Clear tissue slices

Fig. 5. Flow chart for the labeling of brain slices or cultured cells with fluores-
cent-0-CgTx.

labeling. Image stacks also serve as important source data for many
deconvolution algorithms used in image enhancement. Always note the type
of objective, its numerical aperture, the refractive index of the immersion
medium, e.g., oil, and the excitation wavelength. The precise image format
is also important. We convert our BioRad PIC images into TIFF files and
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use these as source images for processing. Such files also serve as sources
for generating 2D matrices of the pixel intensities at each X,Y coordinate.
The resulting matrices allow one to develop user-defined image processing
algorithms such as those used to show enhanced N-VDCC expression in
epileptic brain tissue (25,26). Processed images (as TIFF or JPEG files) are
displayed in programs such as Powerpoint, CorelDraw, or Adobe Illustra-
tor. Typical examples are shown in Fig. 6.

2.3.3. Issues for Successful Imaging
2.3.3.1. LABEL CONCENTRATION

The affinity of labeled w-CgTx derivatives for N-VDCCs is lower than
that of unmodified w-CgTx and is further diminished by ions like Ca®*, often
present in label solutions. Thus, higher concentrations are often needed for
labeling N-VDCCs than are used in w-CgTx blocking experiments. Higher
concentrations of label are also required for imaging brain slices (0.2-2 uM)
vs dissociated cultures (50-500 nM) owing to poor tissue permeation.

2.3.3.2. SuitABLE CONTROLS

Specimens labeled with fluorescent-w-CgTx must be processed in paral-
lel with appropriate controls (42), which include: (1) an unlabeled specimen
and (2) a specimen preincubated with an excess of unmodified w-CgTx prior
to incubation with fluorescent w-CgTx (see Fig. 5). The first control assesses
the background fluorescence in the specimen, whereas the second control
assesses the nonspecific binding of the fluorescent w-CgTx. To preclude
exchange between bound unmodified and fluorescent w-CgTx excess
unmodified w-CgTx should be added before, during, and after the fluores-
cent w-CgTx.

2.3.3.3. INTERNALIZATION

The lengthy incubation of live cells with fluorescent w-CgTx facilitates
nonspecific labeling via ligand internalization (43). During labeling, most
internalization occurs by fluid phase endocytosis. Once the free ligand has
been washed off, internalization arises by endocytosis of labeled N-VDCCs.
Because endocytosis is temperature and tonicity-dependent, incubating
specimens at or below 20°C, or in hypertonic media, often curbs ligand
internalization, although these conditions may affect the viability of the cells,
especially in brain slices.

2.3.3.4. AUTOFLUORESCENCE

Intracellular or “auto” fluorescence is a persistent problem in neurons
that arises from endogenous flavonoids and lipofuchsin (20,42).
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Fig. 6. Images of rat hippocampal neurons labeled with fluorescent-w-CgTx. (A)
Adult rat hippocampal brain slice showing subfields CA3 and dentate gyrus (DG)
labeled with fluorescein-w-CgTx at low magnification (6x). Scale bar, 300 um. (B)
Contour plot (128 level grayscale) showing the distribution of fluorescence in three
dimensions for the slice shown in (A). (C) and (D) Images of dendrites (arrowheads)
in CA1 hippocampal neurons labeled with fluorescein-w-CgTx at intermediate ([C]
Scale bar, 30 um) and high ([D] Scale bar, 5 wm) resolution. A group of dendritic
spines is indicated by the bracket. Images (C) and (D) were obtained in collaboration
with Dr. L. Mills. For further images and details, see refs. (6,20,25,26).

Autofluorescence occurs over a wide spectral range and is worst in old or
dying cells. Autofluorescence is best dealt with by recognizing its proper-
ties and distribution. For example, it usually decreases with increasing wave-
length. Lipofuchsin fluorescence has a granular appearance.

2.3.3.5. PHOTOBLEACHING

Photobleaching refers to the decrease in fluorescence intensity seen upon
sustained excitation and its extent reflects the fluorophore, the strength of,



Mapping N-Channels 113

and period of exposure to, the excitation beam and buffer oxygenation (42).
Photobleaching is especially problematic with intense light sources such as
the lasers used in LSCM. Most of those fluorophores shown in Table 3 do
not photobleach excessively. Nevertheless, it is essential that sample expo-
sure times are minimized and the light source attenuated as much as pos-
sible using the lowest apertures and the highest neutral-density filters giving
acceptable images.

2.3.3.6. FIXATION AND MOUNTING

Background fluorescence can occur when fixing neurons (42). Paraform-
aldehyde is better than glutaraldehyde and any background fluorescence is
often removed by borohydride reduction and clearing agents like
methylsalicylate (20). Mounting should be done with a medium that con-
tains anti-oxidants to reduce photobleaching.

2.3.3.7. IDENTIFICATION OF CELLS AND SUBCELLULAR COMPARTMENTS

Labeling with fluorescent w-CgTxs is compatible with routine immuno-
cytochemistry protocols. Standard markers that we use include GFAP and
neurofilament L to resolve glia and neurons, respectively. Somatodendrites
are reliably resolved using antibodies to MAP-2 (13), whereas total neurites
are visualized using anti-f3-tubulin. In high magnification studies, the fluo-
rescence of labeled N-VDCC:s is related to processes using vital stains like
Dil (20). In disperse live cell cultures, the cell surface can be defined using
fluorescent-tagged wheat-germ agglutinin.

2.3.3.8. OPTIMIZATION OF LABELING

Once a labeling method has been developed, it is highly reproducible and
can be applied to tissues from different brain regions. Irreproducible label-
ing mainly arises via alterations in label concentration, incubation condi-
tions, and tissue quality. Optimization is most useful when background
fluorescences are high and usually only requires alterating the labeling time,
the concentration of label used, or the time taken to wash cells.

3. CONCLUSIONS AND FUTURE PROSPECTS

The use of w-CgTx-based labels for mapping N-VDCCs makes possible
experiments that simply cannot be addressed in other ways. Although the
purification is involved, the ease and reliability of the conjugation reactions,
and the labeling strategy offset any disadvantages. Moreover, the plethora
of fluorophores that are currently available or being developed allows one to
tailor and make probes for a variety of novel applications. Some future



114 Bernstein and Jones

developments that we envisage include the coupling of w-CgTx to pH or
Ca”*-sensitive indicators to follow N-VDCC trafficking. Other develop-
ments are likely to emphasize the live imaging of labeled N-VDCCs. The
development of ever more sensitive w-CgTx-based methods should ulti-
mately lead to the mapping of individual N-VDCCs and our ability to define
how their distributions are regulated. In summary, the future for labeled w-
CgTxs seems very bright.
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Fluorescent Imaging of Nicotinic Receptors
During Neuromuscular Junction Development

Zhengshan Dai and H. Benjamin Peng

1. INTRODUCTION

Synaptic transmission at the vertebrate neuromuscular junction (NMJ) is
accomplished by activity-dependent release of the neurotransmitter acetyl-
choline from the motor terminal and its detection by nicotinic acetylcholine
receptors (AChRs) residing in the postsynaptic membrane of the skeletal
muscle cell. The vesicular release at the nerve terminal is a highly efficient
process that ensures the exocytosis of several hundred quanta upon each
nerve impulse. The high fidelity of the ACh detection is based on the fact
that AChRs are clustered to extremely high density at the postsynaptic mem-
brane. Thus, the hallmark of NMJ development is the temporal and spatial
registration of the vesicular release mechanism and the postsynaptic AChR
clustering.

Fluorescently conjugated o-bungarotoxin (BTX) is the probe of choice
for mapping the distribution of AChRs in skeletal muscle cells. The action
of this toxin on skeletal muscle nicotinic receptors was first described by
Lee and Chang over 30 years ago (/). As an alpha neurotoxin purified from
the venom of the banded krait Bungarus multicinctus, this proteinaceous
toxin binds with extremely high affinity in an essentially irreversible man-
ner to the a.-subunit of skeletal muscle AChRs. Because of its small size (M,
8,000D) and high specificity for AChRs, it readily penetrates through tissue
with minimal background labeling. Thus, it provides an ideal marker for
AChRs in skeletal muscle. The application of fluorescent BTX in mapping
AChRs constitutes the main topic of this chapter. Through the use of this
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powerful reagent, great strides have been made in the exploration of AChR
cluster formation that accompanies NMJ development. We are now begin-
ning to unravel the cellular and molecular mechanisms involved in the
assembly of this postsynaptic specialization. In this endeavor, the use of
cultured skeletal muscle cells has stood out as one of the most fruitful
approaches in deciphering the clustering process. In this chapter, the meth-
odology and observations on producing AChR clusters in cultured muscle
cells are used to illustrate AChR imaging with fluorescent BTX. In particu-
lar, experimental data from the use of cultured Xenopus myotomal muscle
cells obtained in our laboratory are featured.

2. IMAGING ACHRS WITH FLUORESCENT BTX

Nicotinic AChRs in skeletal muscle are pentamers with a molecular mass
of 250 kDa consisting of two o subunits and one each of 3, 9, and y subunit
(2). During vertebrate development, the y subunit is replaced by € subunit as
the NMJ matures (3,4). BTX binds with a 1:1 stoichiometry to the a subunit
and thus each AChR can bind two BTX molecules. The site density of
AChRs in skeletal muscle cells has been estimated by electron-microscopic
autoradiography on specimens labeled with I'*-conjugated BTX to be on
the order of 10,000 per um? at the NMJ (5). The density falls three orders of
magnitude just a few micrometers away from the junction. At this high den-
sity, AChR clusters can be easily detected by light microscopy after labeling
with fluorescently conjugated BTX. Because BTX’s specificity for AChRs
is extremely high, cell area away from the NMJ on the muscle cell generally
shows very low background in adult muscle fibers. In noninnervated or den-
ervated muscle fibers, a low background fluorescence is detected in
nonjunctional region, reflecting the increased site density of diffusely dis-
tributed AChRs. Thus, the relative site density of AChRs can be readily
quantified with the aid of fluorescent BTX.

The use of fluorescently conjugated BTX was pioneered by Anderson
and Cohen (6) and by Ravdin and Axelrod (7). The availability of lysine
residues in this molecule allows it to be conveniently conjugated with con-
ventional fluorophores such as fluorescein isothiocyanate or
tetramethylrhodamine isothiocyanate. Fluorescent BTX is now available
commercially in a number of fluorophores covering a wide spectral range
(e.g., Molecular Probes, Eugene, OR).

The excellent tissue penetrability of BTX allows it to be used to label muscle
cells in culture as well as in sectioned or whole-mount muscle specimen. This
is in sharp contrast to antibody-based reagents, which generally penetrate poorly
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into tissues. Because BTX recognizes an extracellular epitope on AChR, cells
can be conveniently labeled in the living state. However, this toxin remains
highly specific for tissues fixed by aldehydes or by organic solvents such as
ethanol or methanol. Thus, it is a versatile probe for AChRs.

3. EXPERIMENTAL STUDIES ON ACHR
CLUSTERING

3.1. Spontaneously Formed AChR Hot Spots

In cultured muscle cells, AChRs spontaneously cluster in the absence of
motor innervation (8—/0). These hot spots are functionally defined as
nonsynaptic AChR clusters. Hot spots form more likely on the surface fac-
ing the substratum (ventral) as shown in Fig. 1A. Less frequently, they form
on the top (dorsal) surface of the cells. Interestingly, the morphology of
ventral vs dorsal hot spots is often different. The ventral hot spots tend to be
more compact in appearance whereas the dorsal ones are more diffuse and
often assume an elaborate spider web pattern (Fig. 1A inset). These hot spots
bear a high degree of similarity in structure and in molecular composition to
postsynaptic AChR clusters at the NMJ. The molecular complex consisting
of transmembrane, cytoskeletal and extracellular-matrix proteins character-
istic of the postsynaptic membrane are also present at the hot spot (/7).
Membrane infoldings characteristic of mature NMJs, are also a prominent
feature of the hot spots, in particular the ventral ones as observed with elec-
tron microscopy or fluorescence imaging (Fig. 1B) (12,13).

Hot spots also develop in denervated muscle or in muscle that is pre-
vented from innervation in vivo (/4—16). This indicates that they are not
owing to artifactual condition of tissue culture. Recent studies have shed
light on the signal involved in hot-spot formation. When the synaptic orga-
nizing molecule agrin (detailed in Section 3.3.) is expressed in the
extrajunctional region of either innervated or denervated muscle, AChR
clusters that are not associated with the motor terminal are also induced
(17,18). These agrin-induced clusters are structurally and molecularly simi-
lar to hot spots. This suggests that agrin may play a role in the formation of
hot spots.

3.2. AChR Clusters Induced by Innervation

The formation of high-density AChR clusters in the postsynaptic mem-
brane can be conveniently studied in tissue culture (9,7/9-22). When muscle
cells are cocultured with spinal motoneurons, AChR clusters are induced at
nerve-muscle contacts (Fig. 2 and inset). This induction appears unique to
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Fig. 1. AChR hot spots that form spontaneously in cultured Xenopus muscle
cells after tetramethyl rhodamine-BTX (R-BTX) labeling. (A) Hot spots on the
ventral surface. These clusters are more compact in shape. Inset, a hot spot on
the dorsal surface. A more diffuse appearance is seen. (B) A hot spot seen in top
(0°) and lateral (90°) view. The lateral view shows the localization of AChRs along
membrane folds at the hot spot.

motoneurons as sensory or sympathetic neurons fail to induce cluster for-
mation when cocultured with muscle cells (/9). Despite the presence of
AChR hot spots as described earlier, neurons induce new clusters de novo
and generally ignore those pre-existing receptor clusters (8). In culture, the
neurite generally grows along or underneath the muscle fiber and seldom
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Fig. 2. AChR clustering induced by innervation in culture. (A) R-BTX image;
(B) phase contrast (same for subsequent figures). Arrows point to sites of nerve-
muscle contact along the edge of the muscle cell. Inset in (B) shows a cluster at a
nerve-muscle contact beneath the muscle cell.

grows over it. By labeling muscle cells with fluorescent BTX either prior to
or after spinal neuron coculture, the contribution of AChR pools either pre-
existent at the cell surface or from the intracellular store to the cluster for-
mation can be determined. From these studies, it has been shown the
pre-existent surface AChRs are induced to aggregate under the neural signal
(8). In addition, there is evidence that local insertion of new receptors at the
nerve-muscle contacts also contributes to the cluster formation in chick
myotubes (24).

3.3. AChR Clusters Induced by Agrin

First purified from the cholinergic synapse-rich electric organ of Tor-
pedo, agrin is a heparan-sulfate proteoglycan that induces AChR cluster for-
mation in vitro and in vivo (25-28). Although it was first characterized as a
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Fig. 3. AChR clusters induced by bath application of agrin. Clusters are induced
along the entire muscle cells.

NMlJ-organizing molecule, it has now been shown to be an ubiquitous com-
ponent of the basement membrane of a number of tissues (29-317). Through
alternative splicing, several forms of agrin are produced. The form, which
has an insert of 8, 11, or 19 amino acids at the Z position (also referred to as
B position in chick), is especially potent in causing AChR clustering and is
specifically expressed by neural tissue (27,32,33). When agrin is bath-
applied to cultured muscle cells, a large number of AChR clusters is induced
(Fig. 3). These clusters tend to be smaller than hot spots in Xenopus muscle
cells. The effective concentration of agrin necessary for inducing AChR
clustering is in the nano- to picomolar range. Thus, it is a highly potent
inducer of AChR clustering. Targeted deletion of the agrin gene in mice
results in severe disruption of NMJs with a dramatic loss of AChR clusters
at nerve-muscle contacts (34,35). As described earlier, ectopic expression
of agrin by plasmid injection into adult muscle also results in AChR cluster
formation. These results have demonstrated the essentiality of agrin as a
motoneuron-derived molecule for postsynaptic induction at the NMJ.
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Fig. 4. AChR clusters induced by beads coated with HB-GAM. AChRs are
aggregated discretely at the bead-muscle contact. The size of the cluster is propor-
tional to the size of the bead. The arrow points to a small bead that is associated
with a small cluster.

Unlike the spatially discrete process of nerve innervation, agrin’s effect
on AChR clustering is produced by a diffuse application to the bath in cul-
tured muscle cells. Interestingly, although agrin application in the bath
results in its binding to the entire muscle cell in culture, only a subset of
these binding sites develop AChR clusters (36,37). Thus, agrin may exert its
stimulatory effect in conjunction with a muscle-derived cofactor, which has
a nonuniform distribution at the cell surface and dictates the location of
AChR clustering induced by agrin.

3.4. AChR Clusters Induced by Beads

Spatially discrete induction of AChR cluster formation can be produced by
growth factor-coated microspheres in cultured Xenopus muscle cells (Fig. 4). A
number of factors, including basic fibroblast growth factor (bFGF), heparin-
binding growth-associated molecule (HB-GAM,; also known as pleiotrophin),
midkine, insulin, insulin-like growth factor-I1 (IGF-I) and polycations such as
polylysine, were found to be strong inducers of AChR clustering when applied
via beads (38—43). AChRs are clustered discretely at the bead-muscle contacts
in the same manner as nerve innervation. The size of the clusters is dictated by
the size of the beads used (Fig. 4). Thus, clusters with diameter ranging from
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submicron range to more than 10 wm can be induced on muscle cells. The larger
clusters generally consist of an ensemble of smaller aggregates (Fig. 4). The
onset of AChR clustering follows immediately after bead-muscle contacts. In
addition to AChR clustering, the beads also induce the formation of membrane
invaginations resembling postsynaptic folds (40). Thus, this offers a versatile
system to study the molecular mechanisms underlying AChR cluster formation
in muscle cells.

3.5. AChR Clusters Induced by Electric Fields

DC electric field is a potent stimulus to effect AChR clustering in cultured
muscle cells. In response to experimentally imposed field on the order of 0.1-
0.5 mV/um, AChRs become clustered along the cathodal edge of the muscle cell
within several hours (Fig. 5) (44,45). Recent studies suggest that the field is not
the motive force for the migration of AChRs but appears to be a triggering
mechanism that recruits AChRs to the cathodal side, because AChRs continue
to cluster following the termination of the field exposure (46).

In nonmuscle cells, DC electric field can also induce clustering of certain
transmembrane proteins. For example, a recent study has shown that recep-
tors for epidermal growth factor are concentrated on the cathodal face of
keratinocytes in response to DC electric fields (47). Although the mecha-
nism involved in the field-induced clustering of transmembrane proteins is
not clearly understood, recent studies have implicated the activation of
tyrosine kinase receptors in the cases of AChRs and EGFRs (46,47). As
discussed later, tyrosine kinase activation appears to be the common
denominator underlying all forms of AChR clustering processes.

3.6. AChR Clustering Induced by Rapsyn

Rapsyn is a peripheral membrane protein that specifically associates with
AChRs in skeletal muscle and in Torpedo electric organ (48—52). Biochemi-
cal and molecular studies have shown its association with the cytoplasmic
domain of AChR subunits (53-56). It exists in a 1:1 stoichiometry with the
AChR (57). Targeted deletion of rapsyn gene results in the abolishment of
AChR clustering in skeletal muscle (58). Thus, rapsyn is a key molecule
involved in AChR cluster formation. Experimentally, when rapsyn is
expressed in heterologous cell types, such as Xenopus oocytes and embry-
onic cells or fibroblasts together with AChR subunits, clustering of the
receptors is observed (59-61). Overexpression of rapsyn in cultured muscle
cells also results in a large increase in AChR clusters which are generally
smaller than spontaneously formed hot spots (Fig. 6). When rapsyn is
expressed on its own without AChRs, it forms clusters by itself (59-61).



Fig. 5. AChR clusters induced by DC electric fields. A field of 0.5 mV/um was
applied to these muscle cells. The arrows indicate the field direction: +, anode; —,
cathode. AChRs aggregate along the cathode-facing edge of these muscle cells. As
shown in these examples, the entire cathodal edge is often populated by AChRs.
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Fig. 6. Rapsyn-induced AChR clustering. Muscle cultures were prepared from
Xenopus embryos injected with a mixture of rapsyn and GFP mRNAs at 1-2-cell
stage. The GFP was used as a marker for rapsyn-expressing cells. (A,B) The left
cell in this pair shows GFP fluorescence (B) and is thus overexpressing rapsyn.
This cell shows a large number of microclusters, whereas the nonfluorescent cell
on the right (without rapsyn overexpression) exhibits the normal hot-spot pattern.
(C) Microclusters induced by rapsyn overexpression at a higher magnification.

Thus, rapsyn has the innate property of membrane association to form com-
plexes (62,63). Using antibodies against phosphorylated tyrosine, one can
detect the concentration of phosphotyrosine-containing proteins at these
rapsyn patches induced by its overexpression (59,64). Thus, rapsyn is also
capable of recruiting signaling molecules in addition to its interaction with
AChRs. Its assembly in response to synaptogenic signal appears to be key to
understanding the formation of AChR clusters in skeletal muscle cells.

3.7. AChR Microclusters Induced by Crosslinking

In addition to stimulus-induced clustering, AChRs can also be aggregated
by crosslinking with multivalent ligands in cultured muscle cells. In one
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procedure, AChRs are first labeled with biotinylated BTX and then fol-
lowed by fluorescently conjugated avidin, which presents four biotin-
binding sites (65,66). As shown in Fig. 7, microclusters of AChRs are
observed following the crosslinking step. Other crosslinking method can
also be used. For example, following BTX labeling, anti-BTX antibody
is applied to be followed by a fluorescently conjugated secondary anti-
body. Crosslinking generally results in a decrease in the lateral mobility
of AChRs and this causes an inhibition in the stimulus-induced cluster-
ing process (67).

4. MECHANISM OF ACHR CLUSTER
FORMATION

4.1. Lateral Mobility of AChRs and Diffusion-Mediated
Trapping

In all procedures described earlier, the contribution of AChRs pre-
existent on the cell surface to the experimentally induced clusters can be
demonstrated by prelabeling AChRs with fluorescent BTX and follow-
ing their accumulation after the stimulus is applied (68). This indicates
that AChRs on the cell surface undergo lateral migration and become
concentrated at the clusters. Lateral diffusion of AChRs can be directly
measured by FRAP (fluorescence recovery after photobleaching)
method. Cultured muscle cells are first labeled with fluorescent BTX. A
spot on the order of 1 wm on the cell surface is then photo-bleached by a
laser beam delivered through the microscope objective. The recovery of
fluorescence as a result of the exchange of bleached AChRs with the
surrounding unbleached ones owing to the receptors” lateral diffusion in
the plane of the membrane is monitored with a greatly attenuated excita-
tion laser beam. From this measurement, the diffusion coefficient of dif-
fusible AChRs on the cell surface is estimated to be on the order of 1010
to 107'" cm?/s (69-71). In comparison, AChRs within the cluster are
essentially immobile, with a diffusion coefficient less than 10~1? cm?/s.
This sharp contrast in AChR mobility before and after clustering gives
rise to the diffusion-mediated trap hypothesis, which depicts that AChRs
at the surface of muscle cells are freely diffusible and their immobiliza-
tion by traps induced by synaptogenic stimuli results in their clustering
(70,72). This hypothesis is generally supported by experimental data,
although it has not yet been definitively tested. The observation that
immobilization of AChRs by crosslinking agents abolishes AChR clus-
ter formation lends support to this model.
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Fig. 7. Microclusters induced by AChR crosslinking. Muscle cells were first
labeled with biotinylated BTX, then followed by fluorescently conjugated
streptavidin. Diffuse AChRs form microclusters after this procedure. Arrows point
to two hot spots.
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4.2. The Role of Tyrosine Kinases in AChR Clustering

Recent studies have implicated the role of tyrosine kinase activation in
the formation of AChR clusters. Using anti-phosphotyrosine antibodies,
AChHR clusters induced by nerve, agrin, growth factor-coated beads and DC
electric fields are associated with phosphotyrosine labeling (Fig. 9B)
(46,66,73). Although several AChR subunits are substrates of tyrosine
kinases, they cannot account for all the phosphotyrosine labeling at AChR
clusters. This is shown by the fact that phosphotyrosine localization occurs
prior to AChR accumulation at clusters induced by growth factor-coated
beads in cultured muscle cells (66). Recent studies from our lab have shown
that when AChR clustering is inhibited by its crosslinking, phosphotyrosine
is still clustered in response to bead or agrin stimulation (67). In addition,
inhibitors to tyrosine kinases block AChR clustering induced by several
stimuli in cultured muscle cells (46,66,74).

In nerve and agrin-induced AChR cluster formation, recent data have shown
that muscle-specific kinase (MuSK) plays a key role in the signaling process
(75,76). MuSK is a receptor tyrosine kinase that is expressed in high level in
skeletal muscle in a developmentally regulated fashion (77-80). Its expres-
sion is high during embryonic development when synaptogenesis takes place
but is downregulated after NMJs are formed. Denervation causes an
upregulation in its expression in adult animals. Targeted deletion of MuSK
results in severe disruption in NMJ formation with a total absence of AChR
clustering (75). In cultured myotubes, MuSK is activated as shown by its
tyrosine phosphorylation by agrin. However, agrin by itself does not bind to the
ectodomain of MuSK. This interaction is thought to be mediated by another yet
unidentified component residing on the surface of the skeletal muscle (76).

The tyrosine kinases responsible for AChR clustering induced by other
stimuli are not known. Because several growth factors can induce AChR
clustering when applied via beads as described earlier suggest that their cog-
nate receptors are also capable of conveying the key signal for the assembly
of AChRs. The fact that the electric field effect on AChR clustering is also
blocked by tyrosine kinase inhibitors (46) suggests a novel kinase activation
mechanism by ligand-independent process. Thus, despite the disparity in
the nature of AChR cluster-inducing stimuli listed earlier, the involvement
of tyrosine kinase is a common denominator for all of them. It will be of
interest to decipher whether these stimuli elicit a common downstream sig-
naling pathway after the tyrosine kinase activation.

4.3. The Role of the Cytoskeleton in AChR Clustering

As described earlier, rapsyn is a myristoylated peripheral membrane pro-
tein that is associated with the cytoplasmic domain of AChR subunits and is
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essential for the formation of AChR clusters. A recent study has shown dis-
tinct motifs within this molecule are involved in its membrane targeting and
AChR clustering properties (63). Although rapsyn is clearly associated
with AChRs within the cluster, it is not yet clear whether diffusely distrib-
uted AChRs are also complexed with rapsyn. In addition to rapsyn, AChR
clusters are associated with a large array of cytoskeletal proteins, most nota-
bly the dystrophin/utrophin complex. Whereas dystrophin is enriched along
the postsynaptic folds at the NMJ, its close relative utrophin is localized at
the AChR-rich domain of the postsynaptic membrane (8/). Despite their
close relationship, AChR clusters still form when both dystrophin and
utrophin are deleted in double-knockout mice (82,83).

In addition to these specialized proteins, AChR clusters are also associated
with ubiquitous cytoskeletal proteins such as F-actin and microtubules (68,84—
86). Because disruption of microtubule assembly does not affect the clustering
process (our unpublished results), this cytoskeletal protein is unlikely involved
directly in cluster assembly. F-actin concentration at AChR clusters has been
shown by both light (Fig. 8) and electron microscopy. Our recent study has
shown that local actin polymerization is elicited by signals that elicit AChR
clustering and blocking this process with latrunculin A abolishes the clustering
(87). This suggests that F-actin assembly is a necessary condition for AChR
cluster formation. Thus, local actin polymerization stimulated by synaptogenic
signals may lead to the erection of a cytoskeletal scaffold upon which AChR
clusters are assembled. It is not clear at this moment how AChR and rapsyn
interact with this cytoskeleton, although other proteins within the AChR cluster
complex, such as dystrophin and utrophin, are known to interact with F-actin
(88,89). A recent study has indicated a novel transmembrane interaction between
the ectodomain of MuSK and rapsyn and gives rise to the hypothesis that MuSK
is a component of the scaffold for rapsyn and AChR anchorage at the postsynap-
tic membrane (90). Taken together, the protein complex that serves as an orga-
nizer of the AChR cluster seems to consist of ubiquitous cytoskeletal proteins
such as actin, specialized sarcolemma components such as rapsyn and signaling
molecules such as the tyrosine kinase MuSK.

5. DISPERSAL OF ACHR CLUSTERS

Once assembled, AChR clusters are stable sarcolemma structures that can
withstand detergent extraction as a result of their cytoskeletal anchorage
(84). However, the dispersal of AChR clusters is observed in vivo in asso-
ciation with synaptic remodeling and competition (9/). AChR cluster dis-
persal is also a prominent feature of cultured muscle cells. In response to
nerve innervation or to the treatment of other synaptogenic stimuli such as



Imaging ACh Receptors During NM] Formation 133

F-actin

Fig. 8. F-actin and AChR colocalization. HB-GAM-coated beads induce both AChR
clustering (A) and F-actin assembly visualized with fluorescein-conjugated phalloidin
(B). Beads that induce both specializations are marked with asterisks in (C).
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beads, agrin, and electric field, pre-existing hot spots are dispersed (92—-94).
An example of bead-induced hot-spot dispersal is shown in Fig. 9A. Unlike
cluster formation, which occurs locally at the site of stimulation, cluster
dispersal occurs more globally. Hot spots undergoing dispersal are often far
away from sites of new cluster formation. Our recent study has shown that
the rate of hot-spot dispersal is inversely related to its distance from the
bead stimulus (93). Clusters closest to the beads are the first ones to undergo
dispersal.

The role of tyrosine phosphatase in the dispersal of AChR clusters is
implicated from our recent study based on two lines of evidence (93). First,
cluster dispersal induced by innervation or by beads can be blocked by
tyrosine phosphatase inhibitors such as vanadate and phenylarsine oxide.
Second, microinjection of the constitutively active form of Yersinia tyrosine
phosphatase results in hot-spot dispersal in a stimulus-independent fashion.
These data suggest that tyrosine phosphatase activity induced by synaptic
stimuli is capable of destabilizing AChR clusters globally across the muscle
cell to result in their dispersal. Furthermore, we also found that AChR clus-
ters formed in the presence phosphatase inhibitors become more scattered
and not strictly confined to contact sites with the neurite or beads (Fig. 9 B
and C). This suggests that local tyrosine phosphatase activity at the site of
synaptic stimulation may help regulate the spatial discreteness of AChR
accumulation. Thus, the phosphatase may exert both a global, action-at-a-
distance influence on hot-spot dispersal and a local effect on defining the
boundary of newly formed AChR clusters.

6. CONCLUSIONS

The formation of AChR clusters in skeletal muscle as a result of innerva-
tion has offered a simple and versatile experimental paradigm for under-
standing molecular mechanisms of ion-channel clustering. The availability
of the highly specific BTX is certainly a key to the rapid advance in cellular,
molecular, and biochemical characterization of this receptor. Fluorescently
conjugated BTX has provided an extremely powerful tool in this analysis.
Recent studies on the signal-transduction process in NMJ formation may
lead to an elucidation of the detailed mechanism for the clustering of this
prototypical ligand-gated channel. As has been described in this chapter,
AChR clustering in cultured muscle cells can be induced by a disparate array
of experimental stimuli. It will be of great interest to understand how each
type of stimulus impacts on presumably a common signaling cascade.

Studies with fluorescent BTX has not yielded detailed information on the
movement of AChRs on the cell surface. Future study with BTX in conjunc-
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Fig. 9. Dispersal of AChR hot spot as a result of new cluster formation. (A)
Time course of cluster dispersal after new cluster formation is triggered by beads.
A hot spot on the left side of the cell undergoes dispersal as a result of bead-induced
new cluster formation. The intensity of R-BTX labeling is represented by height
and by shading. (B) Discrete localization of AChRs and phosphotyrosine (PY) at
the bead-muscle contact. Left, phase contrast; middle, BTX labeling; right, anti-PY
antibody labeling. (C) Effect of pervanadate, a tyrosine phosphatase inhibitor, in
causing a scattering of AChRs and PY clusters at the bead contact.



10y




Imaging ACh Receptors During NMJ Formation 137

tion with highly fluorescent marker molecule or microspheres may allow
detailed mapping of AChR movement on the surface of cultured muscle
cells. Toward this goal, we have recently experimented with the use of
the highly fluorescent molecule phycoerythrin as a marker for AChR.
Muscle cells were first treated with biotinylated BTX followed by labeling
with streptavidin-conjugated phycoerythrin (Molecular Probes). As shown
in Fig. 10, phycoerythrin specifically labels muscle cells but not fibroblasts
in our cultures in a finely punctate manner. With time-lapse recording, these
phycoerythrin-BTX puncta are found to undergo movement in the plane of
the membrane. This may provide a means for continuous monitoring of
AChR movement. Cluster formation, however, has not been observed in
these treated cells, presumably owing to the crosslinking of AChRs, as
described earlier. Future studies using these highly fluorescent markers in
monovalent form may allow unprecedented observation on AChR cluster
formation in real time.
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High Affinity Scorpion Toxins for Studying
Potassium and Sodium Channels

Lourival D. Possani, Baltazar Becerril, Jan Tytgat,
and Muriel Delepierre

1. INTRODUCTION

Snake, scorpion, cone snail, sea anemone, spider, and honeybee venoms
contain most of the peptidic natural ligands that recognize ion-channels (for
recent reviews, see refs. /—6). This chapter is focused mainly at peptides
isolated from scorpion venoms. Four different families of toxins have been
described that specifically interact with ion channels: Na*-channels (2,7,8),
K*-channels (6,9,10), Cl--channels (1), and Ca**-channels (12). There are
two classes of peptides that are best studied: K*-channel specific toxins (here
called K-toxins), represented at this moment by 51 distinct peptides having
from 29-42 amino acid residues, closely packed by three or four disulfide
bridges (10,13,14) and Na*-channel specific toxins, simply called Na-tox-
ins, from which 85 different peptides are known (2) excluding some for
which only the cDNA sequences are published. The Na-toxins contain from
60-76 amino acid residues, closely bound by four disulfide bridges (2). The
Cl-channel specific toxins are represented, thus far by chlorotoxin, a 36
amino acid long peptide that affects Cl--channel (/7). The Ca?*-channel spe-
cific toxins refers to the ryanodine sensitive Ca>*-channels and a voltage-
sensitive Ca’*-channel. The first is represented by proteins extracted from
the venom of the scorpion Pandinus imperator, and were called IpTxi and
IpTxa (12), whereas the second is called kurtoxin, with 63 amino acids
crosslinked by four disulfide bridges. Kurtoxin affects the function of Ca*-
channel of T-type, although not very specific, because it also recognizes
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Na*-channels at higher concentration (/5). IpTxi is a 15 kDa molecular
weight heterodimeric protein with phospholipase activity, which inhibits
indirectly the binding of ryanodine to its receptor, by a mechanism thought
to involve liberation of certain fatty acids from hydrolyzable phospholipids,
whereas, IpTxa is a 33 amino acids long peptide, that directly activates
ryanodine binding to the Ca%*-channel receptor (12).

Concerning the use of scorpion toxins as markers of ion-channel distribu-
tion in various excitable tissues, there is little information in the literature,
as it will be discussed later.

In this chapter we will review the state of the art concerning the diversity
of K*- and Na*-specific scorpion toxins, their nomenclature, their structures,
and sites of action. Genes coding for these toxins will be briefly mentioned.
A short review on other natural ligand-peptides from other sources is added
at the end of the chapter.

2. ISOLATION AND PRIMARY STRUCTURE
DETERMINATION

Hundreds of distinct peptides have been isolated from approx 30 differ-
ent species of scorpions. Usually, the purification procedure starts with chro-
matographic separation based on molecular-weight sieving, such as
Sephadex G-50, followed by ion-exchange chromatography and a final step
using high-performance liquid chromatography (HPLC) (for review, see
refs. 2,6,8). Recently, most laboratories use direct separation of peptides by
HPLC, or use HPLC after a pre-purification of soluble venom by means of
gel-filtration chromatography, that resolves families of peptides based on
their molecular weights. In the venoms of about 1500 distinct species of
scorpions world-wide distributed, a rough calculation close to 100,000 dif-
ferent peptides was estimated to exist, from which less than 200 are really
known in terms of their primary sequences and specific functions (2). An
important advance has recently been given to this matter, thanks to the
development of novel molecular biology techniques, which allow to obtain,
in a short time and from small amounts of DNA or mRNA, the primary
structure of putative toxic peptides, as will be mentioned later. In the case
where direct peptide sequencing and nucleotide sequencing have both been
performed, the authenticity of the primary structure found is unequivocal.
Sequences deduced from cloned genes or amplified by polymerase chain
reaction (PCR) technologies, need further confirmation, owing to peptide
maturation and postranslational modifications.

The primary structure is nowadays determined by direct Edman degrada-
tion, using automatic machines or by mass spectrometry measurements (2).
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Most of the peptides require an enzymatic digestion and separation of pep-
tides by HPLC in order to obtain the overlapping amino acid sequences.
Amino acid analysis and mass spectrometry measurements are complemen-
tary data necessary to confirm the complete primary structure determina-
tion. In special cases, nuclear magnetic resonance (NMR) spectrometry data
are used to confirm, for example, amidated residues at the C-terminal posi-
tion (/6). The disulfide bridges are usually obtained by mild enzymatic
cleavage of native toxin, followed by HPLC separation and simultaneous
sequencing of the pair of peptides maintained together through disulfide
bonds (17,18). Exceptional cases, where double cysteine residues are con-
tiguous, require either mass spectrometry analysis or special chemical
derivatization for completion of the covalent structure determination of these
peptides. But this is a general strategy not restricted to scorpion toxins (/9).

3. CLASSIFICATION OF SCORPION TOXINS

Scorpion toxins specific for Na*-channels were originally divided into
alpha and beta-types (for review, see refs. 2,8). The first were initially found
in the venom of North African scorpions, from which Androctonus australis
toxin II was chosen as a prototype. This toxin binds to site 3 of Na*-channels
in a voltage-dependent manner, slowing or blocking the inactivation mecha-
nism of these channels, whereas the beta-type toxins bind to site 4 indepen-
dently of membrane potential and affect Na*-channel activation (2,8,20).
The model for beta-type was toxin II from the New World scorpion Centru-
roides suffusus suffusus. Additionally several new toxins were isolated and
reported to be species specific, that is, they recognize Na*-channels of
nonmammalian tissues, such as excitable membranes of insect and crusta-
ceans (2). Among these newly described types of toxins are those that are
excitatory and those that are depressant (8,2/). The number of newly inves-
tigated toxins is increasing, more than 85 primary sequences are known.
They have been functionally subdivided in 10 different subfamilies or groups
of peptides, accordingly to differences in structure and function (2). Table 1
exemplifies these different groups. In this figure the amino acid sequence of
only representative toxins for each group were selected. Similarly, for the
K*-channel toxins more than 49 sequences are known (/0). They all recog-
nize K*-channels of distinct tissues with different affinities: voltage-depen-
dent K*-channels; small-conductance, Ca2+—dependent K*-channels from
brain synaptosomes and smooth-muscle membranes; high-conductance,
Ca”*-dependent K*-channels to mention just some of the preparations where
these peptides have been assayed (for review, see refs. 6,9, 10). In the recent
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paper of Tytgat et al. (/0), a general nomenclature for these peptides was
proposed, which comprises 12 subfamilies of K-channel toxins. In Table 2,
an example of each subfamily is shown. As it can be observed they vary
from 29 to 41 amino acid long and contain either 3 or 4 disulfide bridges
(10). Here not included is another recently found toxin: Ergtoxin, with 42
amino acid residues, that affect HERG-K*-channels (/4).

4. THREE-DIMENSIONAL STRUCTURE

Toxins against Na*- and K*-channels differ greatly in the composition
and number of amino acids but share a constant structural motif conserved
among all toxins and composed of a short segment of alpha-helix and two or
three strands of beta-sheet, stabilized by two disulfide bridges (22,23). The
only exception to this general rule is the excitatory insect toxin from
Buthotus judaicus where two short alpha-helix segments are observed
instead of one (24).

4.1. Sodium Channel Toxins

The three-dimensional structure of several of these long chain scorpion
toxins has been determined by X-ray crystallography (25,26) or NMR
(27,28), just to mention one of the first and last structure, respectively
described. They all display analogous 3D structures based on a triple-
stranded antiparallel beta-sheet, a short alpha-helix, and four disulfide
bridges. Three of the disulfide bridges are similarly paired of which two
contribute to maintain the relative position of the sheet and the helix consti-
tuting the cysteine stabilized alpha-helix beta-sheet motif, abbreviated Csab
(29). The fourth disulfide bridge is established either between the N- and C-
terminal regions via the loop following the first beta-strand or, for the insect-
excitatory toxins, between the C-terminal region and the core via the second
beta strand (24,27). These different arrangements do not modify the overall
folding of the toxins. The numerous and various specificities of all these
toxins are based on a conserved scaffold that accommodates different inser-
tions, deletions, and mutations. Insertion fragments are named loops J, M,
B, and F and correspond respectively to loop 1 between beta-strand 1 and
the alpha-helix, loop-2 between the alpha-helix and the beta-strand 2, loop 3
between beta-strands 2 and 3, and finally the C-terminal end. The Old World
toxins, or alpha-toxins, have short J loop and long B loop, whereas the New
World toxins, or beta-toxins, have a long J loop and short B loop, excitatory
toxins have both short J and B loops. An example of such insertion is the
excitatory insect toxin from B. judaicus (BjxtrIT) where a five amino acids
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insertion occurs just before the alpha-helix in loop 1 whereas a short helix is
also inserted in the C-terminal part of the molecule (24). Alpha-toxins con-
tain an insertion around residue 42 (part of the B loop), that is believed to
play a key role in the modulation of the toxic activity. Thus in the alpha-
toxins the B loop is longer than the corresponding loop in beta-toxins (30).

Most of the scorpion toxin structures that have been reported, have been
assigned to the alpha-group, or belong to toxins that are relatively nontoxic
to mammals. Recently the first structures of two highly toxic anti-mamma-
lian beta-toxins have been reported. The first one was solved by NMR (28).
It is toxin Cn 2 from Centruroides noxius Hoffmann. The second one was
determined by X-ray diffraction and is Ts1, major component of the venom
of the Brazilian scorpion Tityus serrulatus (26). The main structural differ-
ences between alpha- and beta-toxins active against mammals reside in the
structure of the C-terminal end. Indeed, for the two toxins a different orien-
tation of the polypeptide chain is situated around residues 55-59 (Ts1 num-
bering). In Ts1 there is a turn of helix, whereas in Cn2 there is a proline in
cis conformation. An additional factor for the distinction between alpha and
beta toxins is related to the distribution of the residues on face B, especially
owing to the number of basic residues. Face B is formed by loop 1 or J and
the C-terminal end of the molecule the most variable regions in the beta
toxins (26). With the increasing number of known toxins, the earlier sug-
gestion that the net charge of the peptide will determine the biological
activity does not seem to hold any longer. Finally, the first structure of alpha-
like toxins from the scorpion Buthus martensii Karsch BmK M1 and BmK
M4 have been solved (31). The two toxins possess an overall fold similar to
the Na-toxins with a peculiar feature that consist in the presence of a
nonproline cis peptide bond for two residues located in the N-terminal part
of the molecule (positions 9 and 10). This feature allows to establish contact
with the C-terminal fragment 58—64, leading to the exposition of the argin-
ine-58 functional groups, crucial for the interaction with the receptor,
whereas these are buried in alpha-toxins. Figure 1 reproduces a three-
dimensional picture showing the folding of two typical scorpion toxins: Cn2,
a Na-toxin from Centruroides noxius (28) and Pil a K-toxin, from Pandinus
imperator scorpion venom (32).

4.2. Potassium Channel Toxins

Potassium channel toxins show a great variability in terms of sequence
and specificity, however, the detailed structural basis for this variability
is still not very well-understood, in part for the scarcity of material. The
structure of K*-channel toxins like that of Na*-channel is composed of a
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Fig. 1. Ribbon diagram of the three-dimensional structures of Cn2 and Pil. The
left upper figure shows the front view (as defined by Fontecilla-Camps et al. [25])
of Cn2, a Na*-channel toxin from Centruroides noxius (28), whereas the left bot-
tom figure is the structure of Pil, a K*-channel blocking peptide from Pandinus
imperator scorpion venom (32). The right upper and down figures are from the
same structures turned 90° to the right. The NMR coordinates were obtained re-
spectively from Pintar et al. (28) and Delepierre et al. (32).

helix and a beta sheet of two or three strands depending on the length of
the N-terminal region. Apart from the six common cysteine residues, the
only other amino acid absolutely conserved in all these peptides is the
lysine at position 24 (27 in Charybdotoxin) shown to be crucial for chan-
nel binding and thought to interact directly in the ion-conducting pore
(33). There are only two exceptions to this, Pi7 for which this residue is
replaced by an arginine and BmPO?2, for which it is replaced by a threo-
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nine (for review, see ref. /0). For several of these toxins the Gly26-Lys-
Cys28 pattern previously proposed as a consensus sequence is not strictly
preserved. Indeed, it was suggested that any other residue than a glycine
at position 26 would disturb the packing of the helix-sheet interface (34—
36), however in subfamily 2 a small residue is often inserted between the
Gly and the Lys, whereas in subfamily 6, the Gly is replaced by an Ala or
a Ser. Finally in subfamily 9 represented by BmPO2, BmPO3, and Lpl a
proline occupies this position.

In many of these toxins the disulfide pairing is left untouched. However,
there are exceptions such as those found in toxins of the subfamily 6, for
which five different members were identified, and that are characterized by
the presence of an additional disulfide bridge. The fourth disulfide bridge
fixes the C-terminus to the turn following the alpha-helix. Toxins from this
subfamily display very different toxicity and activity (9). Of particular
interest is peptide Pi7 for which the molecular target is still unknown, despite
the fact that its folding is similar to all K-toxins (37). Another toxin contain-
ing four disulfide bridges was also purified from Tityus serrulatus, where
the additional disulfide is located at the N-terminal end, but the 3D-structure
is not known yet (38).

All toxins but one, HgTx3, active on voltage-dependent potassium chan-
nels possess a highly conserved proline at position X3 of the Cys-X1X2X3-
Cys helical motif. The presence of proline residues in the highly conserved
helical region seems to be a constant for toxins that exhibit a high blockade
activity of voltage-dependent K*-channels compared to the high-conduc-
tance Ca**-activated K*-channel toxins (39).

5. ELECTROPHYSIOLOGICAL STUDIES

5.1. Na-Channels

5.1.1. Alpha-Scorpion Toxins

Because of close pharmacological resemblance to mammalian nerve cells,
the first model used to study the effect of alpha-scorpion toxins at the cellu-
lar level was the node of Ranvier of frog. In 1966, it was shown that Leiurus
quinquestriatus venom induced a prolongation of the action potential and
that this effect could be abolished by lowering the extracellular Na* concen-
tration (40). Quickly afterwards and thanks to the development of the volt-
age-clamp technique, it became clear that some toxins, which we know now
as alpha-scorpion toxins, considerably slow down the Na*-current inactiva-
tion process and eventually also induce a maintained current because of a
change in the voltage dependence of inactivation of the Na*-channel (41,42).
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Based on these electrophysiological observations, several biophysical mod-
els have been proposed in which the toxin-induced changes in gating charge
and in transitions between the different conformational states (closed, open,
and inactive) are being discussed (43—45).

Slowing of the inactivation, the hallmark of this class of toxins, seems to
be a general effect as it has been observed in a wide variety of cells, tissues,
and species, such as neuroblastoma cells and in crayfish, cockroach, squid
axons, frog muscle, and tunicate eggs (for review, see ref. 46).

5.1.2. Beta-Scorpion Toxins

In 1972, Katz and Edwards reported that application of Centruroides
suffusus suffusus venom on a frog sartorius nerve-muscle preparation was
followed by the appearance of repetitive responses in both muscle and nerve
(47). Similar to the effect seen with alpha-toxins, the response was also de-
pendent on the external Na* concentration. A few years later, Cahalan found
that the venom of Centruroides sculpturatus induced repetitive firing in frog
myelinated nerve under voltage-clamp conditions caused by the appearance
of an “abnormal” Na* current upon repolarization, which was time- and volt-
age-dependent (48). These electrophysiological observations led to the defi-
nition of beta-toxin-modified currents, of which the following characteristics
have been described by several authors: (1) reduced kinetics of activation,
(2) requirement of stronger depolarizations for activation, (3) lower maxi-
mal macroscopic permeability, and (4) moderate slowing of inactivation pro-
cess (49). Interestingly, the effect of beta-scorpion toxins was found to be
very much dependent on the voltage-clamp protocol used, because a depo-
larizing “conditioning or prepulse” resulted in beta-toxin-modified currents
with opposite features, i.e., faster activation than control currents, shift of the
Boltzmann steady-state activation curve to more negative potentials, and a
greater peak permeability (50). Although the above is true for Centruroides
toxins, it was found that Tityus toxins can provoke a similar beta-effect with-
out the “requirement” of a depolarizing prepulse (5/). Recently, an interest-
ing voltage sensor-trapping model of beta-toxin action in which the IISA
voltage sensor of the Na*-channel is trapped in its outward, activated posi-
tion by toxin binding has been proposed (52). Beta-scorpion toxins seem to
be present predominantly, in the venom of New World scorpions. Finally, it
has been shown that alpha- and beta-toxins can exert their modifying effect
at the same time on the same type of Na*-channels (53).

In connection with the new era of molecular biology and cloning of
the different types of Na*-channels from diverse organs and tissues, it
will be interesting to find out which Na*-channel clones are susceptible
to alpha- and beta-toxin modification. Currently, 10 different genes (in
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the human genome) have been identified that are known to encode four-
domain alpha-subunits of voltage-gated Na*-channels: SCN1A to
SCN10A. The brain-specific SCN2A gene, the skeletal-muscle specific
SCN4A gene, and the heart-specific SCN5SA gene are the clones that have
been studied most intensively in the presence of alpha- and/or beta-tox-
ins by taking advantage of the latest techniques in heterologous expres-
sion systems such as oocytes of Xenopus laevis or transfection in
mammalian cell lines (e.g., HEK 293), combined with voltage- and
patch-clamp techniques. An example of a typical alpha-effect on the hu-
man heart Na*-channel (“hH1,” SCN5A) caused by a long-chain toxin
purified from Parabuthus villosus is shown in Fig. 2A.

5.2. K-Channel Toxins

K*-channels represent the largest family of ion channels. Generally, K*-
channels can be divided into two major groups, voltage-gated and ligand-
gated channels, depending on the stimulus that triggers the conformational
changes leading to channel opening. With respect to the inhibitory effect of
short-chain toxins from scorpion venom, it can be summarized that several
toxins target the group of the voltage-gated K*-channels, known as Kv-type
channels (of which Drosophila Shaker-type or Kv1-type channels are most
studied thus far) (54); some others, the group of the Slo-type channels
(Drosophila slowpoke gene product, known as maxi-K-channels because of
their high single-channel conductance) (55), and still other toxins the small-
conductance Ca?*-activated K*-channels (for an excellent review, see ref.
6). One “exceptional” toxin seems to be the ErgTx, because it is the only
one targeting the HERG channel, which is related to the EAG (ether-a-gogo
gene) channel (/4). Different from Na-toxins, it has to be remembered that
K-toxins purified from scorpion venom can be considered as “physical”
channel blockers, not channel or gating modifiers. Charybdotoxin (ChTx or
alpha-KTx1.1), purified from Leiurus quinquestriatus Hebraeus venom and
being the most studied short-chain toxin, because it can be produced in large
quantities via recombinant techniques, is known to potently block Kv1.2
and 1.3 channels. More importantly, the mechanism by which ChTx blocks
Shaker channels has been extensively studied electrophysiologically using
site-directed mutants on both toxin and channel (leading to the powerful
“mutant cycle analysis” to pin-point critical residue interactions). These
biophysical investigations allowed to discover that block occurs in a bimo-
lecular fashion, via a simple plugging mechanism driven by electrostatic
and hydrophobic interactions, with residue lysine at position 27 of particu-
lar importance because of the toxin’s voltage- and K-dependent “plug” dip-
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Fig. 2. Examples of electrophysiological effects of Na*- and K*- channel toxins
purified from venom of species belonging to the Parabuthus genus. (A) The SCN5A
gene product (“hH1” clone) was expressed in oocytes of Xenopus laevis and stud-
ied by using the two-microelectrode voltage-clamp technique. Whole-cell Na cur-
rents were evoked every 3 s from a holding potential of -90 mV to a test potential
of 0 mV. The external [Na] = 96 mM. The effect of approx 2.5 x 10”7 M PBNaTx
isolated from the venom of Parabuthus villosus is shown. The toxin induces an
obvious slowing of the inactivation phase of the Na current, reaching steady-state
(st.-st.) conditions after 20 episodes. For clarity, only 7 selected traces of the used
protocol are shown. B. Expression of KvI.1 (“RCK1” clone) in similar conditions
as above. Whole-cell “delayed rectifier-type” K currents were evoked every 5 s
from a holding potential of -90 mV to a test potential of 0 mV, followed by a tail
potential of —=50 mV. The external [K] = 2 mM. The blocking effect of approx 20 x
10 M PBTx3 (alpha-KTx1.10) isolated from the venom of Parabuthus
transvaalicus is shown.

ping into the channel pore. Furthermore, this kind of research has enabled
us, in the absence of a crystal structure of Kv-type channels, to deduce the
dimensions of the outer and inner pore regions of these channels (56,57).
As it is not our aim to mention the biological target of all K-toxins listed
here, we only summarize that (1) alpha-KTx1 subfamily toxins can affect
Kv-type, as well as the small and large conductance Ca**-activated K*-
channels; (2) alpha-KTx2 toxins primarily seem to block Kv-type channels;
(3) alpha-KTx3 toxins have been studied intensively for their high affinity
interaction with Kv1.3 channels; and that (4) alpha-KTx4 subfamily toxins
target the small conductance Ca?*-activated K*-channels. It has also to be
kept in mind that for several members of different subfamilies of toxins the
precise K*-channel type as biological target still needs to be investigated.
Experiencing an ever-expanding list of novel K*-channel clones (e.g., two-
pore background K-channels and G-protein-coupled K-channels), it will be
interesting to see if scorpion venom can provide us once again with toxin
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tools for these channels, enabling their physiological function and pharma-
cological classification. An example of a typical blocking-effect on the
Kv1.1 channel (“RCKI1”) expressed in oocytes caused by a short-chain
toxin purified from Parabuthus transvaalicus (PBTx3 or alpha-KTx1.10) is
shown in Fig. 2B.

6. CLONING OF cDNAS AND GENES

6.1. Na*-Channel Scorpion Toxins

Until now, 53 cDNA and genomic sequences that encode Na*-channel
toxins, have been reported (for review, see refs. 2,38,58). Analysis of these
sequences have revealed that the products of the transcriptional units consist
of pre mRNAs of approx 650-950 nucleotides, including an intron of 300-
620 bases located at the last third of the region encoding the signal peptide.
The processing of these pre mRNAs provides mature mRNAs of approx
300-350 nucleotides, whose translation gives rise to polypeptide precursors
of about 82-96 amino acid residues. A conserved sequence, presumably
involved in intron processing (branch point), within an ideal distance (47—
61 nucleotides) upstream of the splice site (59) of the genes encoding Na-
toxins, has been observed. A signal peptide of 18-21 residues is released
from the toxin precursors, by means of a signal peptidase (58). At the
carboxy-terminus (except for the group of excitatory insect toxins, in which
there is no postranslational processing), basic residues (Lys and/or Arg), are
removed by a carboxypeptidase (2). Several rules of carboxy-end process-
ing have emerged from the analysis of the DNA sequence encoding the
precursor and the amino acid sequence of the mature toxin. Typically, one
or two basic residues are eliminated and when a glycine residue precedes
the basic(s) residue(s), the residue preceding glycine, is amidated (58). If a
glycine precedes a group of three basic residues, the basic triad is removed
but there is no amidation (27). Although some rules on the carboxy-end
processing have been deduced, exceptions might exist (60) and new rules
might arise when new sequences are determined.

6.2. K*-Channel Scorpion Toxins

To date only 14 ¢cDNA and genomic sequences have been reported for
K*-channel toxins. Genomic and cDNA sequences have been published for
KTX, from Androctonus australis Hector (61); BmPO1, BmPO3, and
BmPOS5 from Buthus martensii Karsch (62); ChTx-a from Leiurus
quinquestriatus hebraeus (59). Only the cDNA sequence has been reported
for CoTx1 from Centruroides noxius Hoffmann (63); BmPO2 (Buthus
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martensii Karsch) (64); ChTx-b, ChTx-c and ChTx-d from Leiurus
quinquestriatus hebraeus (59). The cDNA sequences of a new family of
long-chain (60-64 amino acid residues), K* channel-blocking peptides sta-
bilized by three disulfide bridges has been reported: AaTXKf from
Androctonus australis Hector (65); TsTXKP from Tityus serrulatus (65);
BmTXKp and BmTXKp2 from Buthus martensii Karsch (64). The genomic
organization of the DNA segments encoding these toxins showed a similar-
ity with sodium channel toxin genes: two exons and one intron interrupting
the region that codes for the signal peptide. The analysis of the cDNA and
genomic sequences has revealed that the size of the signal peptide is larger
(22-28 amino acid residues), but the size of the intron is shorter (78-133
nucleotides), compared to the ones encoding sodium channel toxins (2).

7. PEPTIDES ACTIVE ON ION-CHANNEL
FROM OTHER SOURCES

Elapidae and Hydrophidae snakes, specially from the genus Bungarus
and Naja, provided protein-ligands that made possible the identification and
isolation of the nicotinic acetylcholine receptor (AchR). To this category of
peptides are the family of “three finger” snake peptides that greatly contrib-
uted to the study of muscle-type and neuronal AChR (7). Equally important
were the venoms from the mamba snakes, that provided several distinct
groups of proteins, among which are the dendrotoxins, powerful blockers of
Kv1 K*-channels and calcicludines, which are blockers of HVA Ca2* chan-
nels with preferred specificity toward L-type Ca?*-channels (66). Also from
these snake venoms are the curaremimetic alpha-neurotoxins (short- and
long-chain peptides), which are known to act selectively as agonists or
antagonists of one or several of the five muscarinic receptors described, thus
far (66). Venomous gland extracts of snails of the genus Conus provided
probably the most widely variable class of peptides that affect not only volt-
age-dependent Na*-, K*- and Ca®* channels, but also the nicotinic and 5-HT
receptors (3,67). Omega-conotoxins GVIA and MVII from Conus
geographus and Conus magus are important pharmacological agents that
block the N-type Ca?*-channels (68). Sea anemone extracts provided ini-
tially several low molecular-weight peptides capable of binding to the exter-
nal site on voltage-gated sodium channels and delay the process of
inactivation (69). Lately, however, from sea anemone, three peptides ShK,
BgK, and ShK were purified and shown to affect K*-channels (6). Owing to
the action of these peptides as blockers of K*-channels (Kv1.3 type) in lym-
phocytes, the role of ShK as a potent immunosuppressant drug was recently
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discussed (4). From spider venoms, several peptides were purified and
reported to affect the function of voltage activated Ca’*-channels, as well as
Na*-channels, among which are the omega-agatoxins and w-agatoxins,
respectively (5). Hanatoxins are 35 amino acid long peptides isolated from a
tarantula spider and were shown to modify the gating mechanism of volt-
age-dependent K*-channels (70). Another peptide (SNX-482) composed by
41 amino acids, from another tarantula was reported to be an antagonist of
the class E Ca”*-channels (71). But not less important are the alpha-
latrotoxin proteins, that provoke a massive transmitter release of
neuromediators from presynaptic endings (5). Finally, apamin, a honeybee
venom short-peptide was also demonstrated to affect small-conductance
Ca’*- activated K*-channel (for review, see ref. 6).

8. PROSPECTS OF USING TOXINS
FOR LOCALIZATION STUDIES

As mentioned in the introductory section, the literature information available
on the use of scorpion toxins as markers of ion-channel distribution in various
excitable tissues, is quite restricted. One of the first publications dealing with this
subject used specific antibodies labeled with ferritin to map binding sites of toxic
fractions from Centruroides noxius venom to rat-brain cortex (72).

It is an open field with plenty of possible applications. There are various
positive aspects, such as, the peptides are long enough to allow chemical
labeling that do not necessarily modify the function, some of them can easily
be expressed using DNA-recombinant techniques (33,56,57), or can be
obtained active by chemical synthesis (73,74), where specific modified amino
acids can be intercalated (Gurrola, B., Possani, L. D., Menez, A., and Vita, C.,
unpublished). Labeling of these peptides can be obtained by radio-isotope
labeling, fluorescent probes or light-sensitive tags that can attached covalently
to the channels or surrounding proteins. The biggest disadvantage of using
these peptides for tissue localization of channel distribution, probably could
come from the lack of specificity. Some of these toxins bind to more than one
type of channel, with highly variable affinities, from pM to uM constants.

9. CONCLUDING REMARKS

Venomous animals contain peptidic ligands capable of impairing normal
function of excitable membranes of mammals, insects, and crustaceans.
From scorpion venoms, peptides specific for ion-channels, such as Na*, K*,
CI, and Ca* were found. These peptides have been isolated and character-
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ized, both structurally and functionally. Almost 100 distinct peptides spe-
cific for Na*-channels have been reported. They are 60—76 amino acid resi-
dues long, very well compacted by four disulfide bridges, many of which
have their three-dimensional structure determined by X-ray crystallography
and/or NMR spectroscopy. They show one or two short alpha-helix seg-
ments and three anti-parallel beta sheet strands, forming several loops. The
Na*-channel specific peptides affect both the closing and opening mecha-
nisms of ion-channels present in biological membranes. At least 10 different
subfamilies of these peptides have been classified. The affinities of the pep-
tides vary greatly, from micromolar to picomolar range depending on the
type of tissue and toxin under consideration. They constitute excellent tools
to locate the presence and distribution of such channels. Similarly, about 50
different peptides specific for K*-channels, comprising 12 subfamilies were
described. These are shorter peptides (from 29—-42 amino acid residues),
packed by three or four disulfide bridges. One segment of alpha-helix and
two or three beta-strands conform their spatial folding, mainly studied by
NMR spectroscopy. These peptides are authentic blockers of the channels,
they seat on the mouth of the pore of the channel, impeding passage of
potassium. Various peptides, either specific for Na*- (53 different clones) or
K*-channels (14 clones) have been cloned and some of them were used for
site-directed mutagenesis studies, in order to correlate the structure with the
function of the channels. For the K*-channels a section of the C-terminal
region comprising a lysine residue was shown to be critical for channel
blockage, whereas for the Na*-channel toxin the active site is still under
study, mainly owing to the fact that it is difficult to obtain properly folded
mutants generated by molecular biology techniques.
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Bicistronic GFP Expression Vectors as a Tool
to Study Ion Channels in Transiently
Transfected Cultured Cells
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1. INTRODUCTION

The availability of ion-channel cDNAs has greatly increased our insight
in the structure, function, pharmacology, and regulation of ion channels at
the molecular level. Much of this knowledge has been obtained by express-
ing wild-type or mutant ion channels in a heterologous host system, thereby
facilitating functional approaches and analyses, which are not possible, when
the native channel is studied in its in situ context (7).

Xenopus oocytes have proven to be a reliable and efficient expression
system, especially for voltage-gated cation channels and channels gated by
extracellular ligands. However, Xenopus oocytes have several drawbacks
with respect to the study of ion channels: (1) Xenopus oocytes contain sev-
eral endogenous currents, most notably anion currents, which can interfere
with the characterization of expressed channels (for a discussion of endog-
enous ion currents in Xenopus oocytes, see refs. 2 and 3). (2) Because Xeno-
pus oocytes are highly specialized nonmammalian cells surrounded by a
layer of follicular cells, the processing of the expressed channel protein (4,5),
its pharmacological properties (6,7) and/or the signal transduction pathways
may diverge from those in mammalian cells. (3) Single-channel analysis as
well as control of the internal medium are more cumbersome than in mam-
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malian cells and require specialized techniques (8). Most of these disadvan-
tages can be overcome by expressing ion channels in mammalian cells,
although, evidently, mammalian cells are not entirely devoid of endogenous
background currents. A specific problem with transfection in mammalian
cells is, however, that the transfection efficiency (i.e., the proportion of trans-
fected cells that express the ion channel of interest) varies greatly depending
on the cell type, the transfection method, purity of the DNA (contamination
with bacterial endotoxins), quality of the cell line, and the biological activ-
ity (problem of toxicity). In principle, there are two experimental strategies
to overcome the problem of low efficiency. (1) Stable selection of positive
cells by drug resistance (e.g., resistance to G418 [an aminoglycoside], puro-
mycin, hygromycin). However, selection and characterization of a mono-
clonal cell line stably expressing the ion channel under study is a
time-consuming process that can take up to several weeks or months. The
use of stable cell lines is therefore generally restricted to pharmacological
screening experiments or applications that require large amounts of protein
(e.g., biochemical characterization of the expressed channel). (2) Identifica-
tion of transiently transfected cells using a marker that can be detected under
patch-clamp conditions without compromising the cellular integrity and
function. Ideally, such a marker should not interfere with microfluorescence-
based techniques that allow measurement of intracellular Ca?*, intracellular
pH, or cell volume. In this chapter, we describe a detection method for tran-
siently transfected cells that uses a variant of green fluorescent protein (GFP)
as an in vivo cell marker and an internal ribosomal entry site (IRES)-depen-
dent bicistronic transcription unit to ensure strict coupling between expres-
sion of the channel and the GFP marker.

2. METHODOLOGICAL CONSIDERATIONS

2.1. Green Fluorescent Protein

Wild-type GFP is a 26.8 kDa protein (238 amino acids) from the jelly fish
Aequorea victoria that contains a fluorochrome with two excitation peaks
(major at 395 nm; minor at 475 nm) and a single-emission peak at 510 nm
(9). Formation of the fluorochrome occurs post-translationally by spontane-
ous cyclization of a Ser-Tyr-Gly tripeptide (amino acid 65 to 67) followed
by oxidation (/0). The spectral properties of GFP (excitation and emission
wave lengths, fluorescence intensity) can be changed by specific mutations
that modify the chromophore structure or promote correct folding of the
protein (for a review, see ref. 11). Several properties promoted the use of
GFP as an identification tool for cells transfected with ion channels. (1)



Bicistronic IRES-GFP Expression Vector 169

GFP fluorescence does not require additional cofactors or substrates (9)
thereby obviating the need for cell manipulation prior to detection. (2) GFP
seems to be non-toxic for mammalian cells as evidenced by the observation
that transgenic mice expressing GFP develop normally (/2). However, it
has been suggested that fluorochrome formation is accompanied by a sto-
ichiometric release of H,O, which could be harmful in case of high level
GFP expression (/3). (3) Because GFP is a cytosolic protein, it is less likely
to interfere with the function of membrane proteins such as ion channels,
thereby reducing the possibility of artefacts owing to the expression system.
Yet, the application of wild-type GFP as a transfection marker is at least in
mammalian cells seriously limited by the weakness of the fluorescent signal
and by the background autofluorescence generated by cellular excitation in
the UV range (/3). Fortunately, these problems have been (partially)
resolved by generating mutant GFPs with altered spectral properties (13).
One of the first GFP mutants available was enhanced GFP (eGFP), which
bears the double mutation F64L and S65T (14,15). When compared to wild-
type GFP, eGFP has a red-shifted excitation spectrum with a single excita-
tion peak at 488 nm and a similar emission peak at 510 nm, but the emission
light is approx 30-fold more intense. We therefore selected eGFP as an iden-
tification tool for transfected cells.

2.1.1. Internal Ribosomal Entry Site

The next question is how to couple the expression of the ion channel to
that of eGFP. One possibility is to construct a fusion protein between the ion
channel and GFP leading to an ion channel with a fluorescent tag (/6—18).
Alternatively, mammalian cells can be co-transfected with two vectors, one
expressing the ion channel and another GFP (/6). We opted for a third pos-
sibility in which the ion channel and the eGFP marker are expressed from an
IRES-containing, bicistronic mRNA.

IRES is an RNA sequence that allows cap-independent translation of
mRNAs in mammalian cells. Translation initiation of the vast majority
of cellular mRNAs requires the presence of a methylated cap at the 5'
end of the mRNA (Fig. 1). The eukaryotic initiation factor 4F (eIF-4F) binds
to the methylated cap and initiates the recruitment of the ribosomal appara-
tus to the mRNA (/9). However, translation initiation of some viral RNAs
(e.g., picorna viruses, see ref. 20) and of a small subset of cellular mRNAs
(19) does not require a 5' cap structure in the mRNA. Instead, cap-indepen-
dent translation is initiated by binding of the ribosomal apparatus to an
internal RNA sequence in the 5' untranslated region (UTR), which is aptly
named the internal ribosomal entry site or IRES. The presence of an IRES in
the 5' UTR allows cap-independent translation of viral RNA during
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Fig. 1. Cap-dependent vs IRES-dependent translation initiation. Recruitment of
the elF-4F factor is the first step in the translation of cellular mRNAs, picornaviral
RNAs and IRES-containing bicistronic RNAs. Both the methylated 5' cap (cellular
mRNAs) and the IRES sequence (picornaviral RNAs) function as binding sites for
elF-4F and they can therefore direct ribosomal assembly. The stop codon signals
the end of the open reading frame and causes the ribosome to dissociate from the
RNA. Thus, translation of the second open reading frame in a bicistronic mRNA
requires an elF-4F binding site upstream of the start codon of the second open
reading frame to promote ribosomal assembly.

picornaviral infection when cap-dependent translation of host-cell mRNAs
is shut down owing to the virus-mediated cleavage of eIF-4G, a subunit of
the eIF-4F complex (2/). Intact eIF-4G is required for cap-dependent trans-
lation, but cleaved elF-4G is still capable of sustaining IRES-mediated trans-
lation initiation (22,23). Although the naturally occurring viral and cellular
IRES sequences are found in the 5' UTR of monocistronic RNAs (i.e., RNAs
with a single open reading frame), IRES sequences can be put to work in the
context of bicistronic mRNAs (24-26). If positioned between the first and
second open reading frame of a bicistronic mRNA, IRES significantly
increases the translation of the downstream open reading frame. Structural
and functional criteria allow the picornaviral IRESes to be classified in 3
groups with the IRES of cardioviruses (e.g., the Encephalomyocarditis virus
or EMCV) and aphtoviruses being the most efficient element for IRES-
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Fig. 2. pCINeo/IRES-GFP vector. The Cytomegalovirus immediate/early
enhancer/promoter drives the expression of the bicistronic transcription unit.
cDNA s of interest can be inserted in the Nhel, Xhol, or EcoRI sites. Transcription
results in a bicistronic mRNA. The first open reading frame is derived from the
inserted cDNA (encoding the protein of interest) and it is translated in a cap-depen-
dent way. The second open reading frame encodes eGFP, which requires the IRES
sequence for translation.

dependent translation initiation (27). Thus, owing to their unique property
of directing internal translation initiation, IRES elements can be used to
couple the expression of two proteins such as GFP and an ion channel on the
condition that both are expressed from an IRES-containing bicistronic
mRNA.

2.2. pCINeo/IRES-GFP Vector

The pCINeo/IRES-GFP is schematically shown in Fig. 2. The vector was
constructed starting from a pCIl-neo backbone (Promega), which was modi-
fied by inserting an IRES-eGFP cassette in the multiple cloning site (28).
The bicistronic transcription unit consists of the following elements: (1) the
Cytomegalovirus immediate-early enhancer and promoter for efficient tran-
scription in a broad range of mammalian cells; (2) an artificial intron; (3) a
cloning site that consists of unique Nhel, Xhol, and EcoRI sites and that
allows insertion of cDNAs encoding the protein of interest; (4) an IRES
sequence corresponding to nucleotides 243-833 of the EMCV RNA
(GenBank/EMBL accession number M81861) and containing the essential
sequence elements for cap-independent translation; (5) eGFP cDNA encod-
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ing the enhanced GFP (F64L/S65T) as described earlier; (6) an SV40 polyA
signal for efficient 3' end processing. After transfection in a mammalian
cell, a bicistronic mRNA is transcribed: the first open reading frame corre-
sponds to the cDNA inserted in the cloning site upstream of IRES and it is
translated in the classical cap-dependent way; the second open reading frame
encodes eGFP and is translated via the IRES.

The pCINeo/IRES-GFP vector contains a second transcription unit that
allows expression of the neomycin phosphotransferase gene. This transcrip-
tion unit confers two additional properties: (1) it allows stable selection of
transfected cells owing to resistance to neomycin and analogs such as G418;
(2) the SV40 enhancer/promoter contains the SV40 origin of replication
thereby allowing episomal replication in Large T-antigen expressing hosts
such as COS cells.

In addition to the pCINeo/IRES-GFP vector other bicistronic IRES-GFP
vectors have been reported, for example pTF-G6/IRES/GFP (29),
pCAGGSM2/IRES-GFP (30) and commercially available vectors such as
pIRES-EGFP and pIRES-EYFP (Clontech, Palo Alto, CA).

2.3. Evaluation of GFP Fluorescence in pCINeo/IRES-GFP
Transfected Cells

2.3.1. Patch Clamp Set Up

For current recordings in pCINeo/IRES-GFP transfected cells, a patch
clamp set up containing a Zeiss Axiovert 100 microscope, a Xenon light
source, and epifluorescence optics (Zeiss, XBO 75 and Zeiss-EPI unit, fluo-
rescence condenser) was used to visualize green fluorescent cells. The exci-
tation light reached the cells via a band-pass filter (Zeiss filter set 9, 487909;
BP 450-490) and subsequently a dichroic mirror (Zeiss FT 510). The emit-
ted light passed a 520 nm long-pass filter (Zeiss, LP 520) and was visually
detected (28).

2.3.2. FACScan Analysis

Cells transfected with pCINeo/IRES-GFP are trypsinized 24-48 h after
transfection and GFP fluorescence is measured with a FACScan (Fluores-
cence Activated Cell Scan; Becton Dickinson) with FITC settings (excita-
tion at 488 nm; emission detected in FL1-H channel). FACScan of cells
transiently transfected with the pCINeo/IRES-GFP vector typically shows
an elongated tail which corresponds to the cell population expressing GFP
and the protein encoded by the first open reading frame (Fig. 3). In cells
stably transfected with pCINeo/IRES-GFP, the entire distribution plot is
shifted to higher fluorescence levels (Fig. 4).
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Fig. 3. FACScan of transiently transfected COS cells. (A) COS cells were tran-
siently transfected with pCINeo/IRES-GFP/RCK1 and analyzed by FACScan.
Nontransfected control cells display background fluorescence as indicated by the
black curve (cut off for background fluorescence indicated by the dotted line).
The transfected cell population (gray-filled curve) contains a subpopulation (7%
of the cells) with increased fluorescence (extended gray-filled tail to the right).
Electrophysiological analysis of the transfected population revealed that 100% of
the green cells (n = 32) expressed a K, ; delayed rectifier K* current typical of
RCK1, which was not detected in nonfluorescent COS cells (28). (B) COS cells
were transfected with pCINeo/IRES-GFP/CD2 and subjected to dual FACScan
analysis to simultaneously measure GFP expression (x-axis) and CD2 (a lympho-
cyte surface antigen) expression (y-axis). The graph shows that virtually every green
fluorescent cell also expresses the CD2 antigen thereby validating the use of the
GFP signal as a marker for co-expression.

2.3.3. Fluorescence Microscopy

GFP fluorescence is easily assessed on a classical fluorescence micro-
scope (Nikon Epi-fl microscope) with standard epifluorescence optics
(excitation filter: 450 to 490 nm; dichroic mirror at 505 nm and a barrier
filter at 520 nm). Transfected cells are seeded on cover slips and turned
upside down on a microscope glass.

Imaging of pCINeo/IRES-GFP transfected cells was performed with a
Biorad 1024 confocal microscope with a Argon/Krypton laser (488 nm) for
excitation and an emission filter (FITC settings) of 522 + 16 nm. For this
purpose, cells were grown in LabTek culture chambers.
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Fig. 4. FACScan of stably transfected CHO cells. CHO cells were transfected
with pCINeo/IRES-GFP/CFTR and selected with G418 during 6 wk. The polyclonal
G418-resistant cell population was then subjected to FACScan analysis (black
curve) and compared to control cells (gray-filled curve). The fluorescence profile
of the G418-resistant population is clearly shifted to the right with 76% of the cells
being above background fluorescence (cut off for background fluorescence indi-
cated by the dotted line).

3. EVALUATION OF THE BICISTRONIC PCINEO/
IRES-GFP VECTOR

3.1. Indications for Bicistronic IRES-GFP Vectors

In general, the need for a bicistronic IRES-GFP vector to study ion chan-
nels after transfection in mammalian cells is inversely correlated with the
efficiency of transfection. In some cell lines and under optimal conditions, it
is possible to obtain transfection efficiencies of 50% or more. For example,
transient transfection of the wild-type al1G subunit (cloned in a pcDNA3
vector) in HEK cells generated typical T-type Ca>* currents in approx 30% of
the patched cells without GFP selection (J. Prenen and B. Nilius, unpub-
lished observations). Efficient “blind patching” also requires that the trans-
fected channel has a characteristic fingerprint that is easily and rapidly
recognized after seal formation. However, “blind patching” may cause prob-
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lems when testing mutant channels of which the expression level and/or the
phenotype may drastically differ from those of the wild-type channel. Thus,
even if control experiments indicate a high-transfection efficiency for the
wild-type channel, a bicistronic IRES-GFP expression system may still
facilitate the functional analysis of less-efficiently expressing mutant channels.

A bicistronic IRES-GFP vector is virtually indispensable when working
with cell lines with low transfection efficiency irrespective of the transfected
ion channel. For example, the transfection efficiency in calf pulmonary
artery endothelial cells (CPAE) is generally less than 5%. However, selec-
tion of positive cells by means of GFP fluorescence allowed us to efficiently
study membrane currents (and cytosolic Ca®* signals) in CPAE cells trans-
fected with the a-subunit of the human large conductance Ca®* activated K*
channel (hslo), the human trp3 channel (3/,32), bovine trpl and trp4 (33),
and human CFTR CI~ channel (34).

3.2. Alternatives to Bicistronic IRES-GFP Vectors

An interesting question is whether there are alternative strategies for
coupled expression of ion channel and GFP and if so, what the respective
advantages and disadvantages are. A first alternative is to construct an
expression vector encoding a fusion protein between the ion channel and
GFP, which results in the expression of an ion channel with a fluorescent tag
at its amino or carboxyl terminus (/6). The construction of a fusion protein
vector is technically more demanding than the insertion of the channel cDNA
in the pCINeo/IRES-GFP vector, because synthesis of a full-length fusion
protein requires that the ion channel cDNA and GFP ¢cDNA are ligated in
frame to preserve the open reading frame. Although the fusion protein
approach has been successfully used for several ion channels (17,18), it is
impossible to predict a priori whether or not the attachment of a 238 amino
acid peptide to the NH,- or COOH-terminus of an ion channel will alter the
biosynthesis, localization, stability, or functional properties of the channel.
A second alternative is cotransfection of mammalian cells with two vectors,
one expressing the ion channel and another GFP (/6). This approach has the
advantage that it works with any mammalian expression vector because there
is no specific need to clone the ion channel cDNA in a bicistronic IRES-
GFP vector. However, the fraction of fluorescent cells that will also express
the ion channel depends on the efficiency of cotransfection and may there-
fore vary. Whereas this may not pose problems for cells with a high trans-
fection efficiency, it can seriously slow down experiments on cells with a
low transfection efficiency. A third possibility is to couple the expression of
fluorescent protein and protein of interest via a bi-directional expression
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system. Fang et al. (35) described a mammalian expression vector in
which the eGFP gene and a second gene encoding the protein of interest
are transcribed from oppositely oriented CMV promoters controlled by a
single tetracycline-regulated element (TRE). Binding of the tetracycline-
controlled transactivator (tTA) to TRE simultaneously switches on both
CMYV promoters resulting in co-expression of the two transcription units
(36,37). Moreover, transcription can be shut down by the addition of
tetracycline or doxycycline because these antibiotics bind to tTA thereby
dissociating it from TRE. Although this method ensures strict coupling,
it suffers from the disadvantage that the tTA has to be provided in trans,
thus limiting the application of this system to cell lines that have previ-
ously been stably transfected with a tTa expression plasmid (a series of
tTA positive cell lines is available from Clontech). Finally, one could
resort to an expression vector with two independent transcription units
(cf pBudCE4; Invitrogen, Carlsbad, CA) with one promoter driving the
expression of GFP and the other promoter controlling the expression of a
second protein.

In conclusion, in comparison with the aforementioned strategies, the
bicistronic IRES-GFP vector offers the following advantages: (1) obli-
gate co-expression of fluorescent marker and ion channel; (2) no struc-
tural modification of the ion channel; (3) no requirement for additional
trans-activating factors. A technical problem with the pCINeo/IRES-GFP
may be the small number of unique restriction sites, which may occa-
sionally complicate subcloning or mutagenesis procedures.

3.3. Effects of GFP Expression on Membrane Currents

Because the purpose of the GFP marker is to identify cells for elec-
trophysiological analysis, one critical question is whether GFP expres-
sion affects the functional characteristics of the host cell. The dominant
membrane current in nonstimulated CPAE cells is an inwardly rectify-
ing K* current (38), which is not affected by the expression of eGFP
(e.g., see Fig. 2 in ref. 32). Furthermore, we systematically studied the
potential effect of eGFP on I¢ y.p, the chloride current through the
volume-regulated anion channel (VRAC), which is typically activated
by exposing CPAE cells to an extracellular hypotonic solution (for a
review of VRAC, see ref. 2). I e current densities were not signifi-
cantly different between control CPAE cells and green fluorescent
CPAE cells that had been transfected with an “empty” pCINeo/IRES-
GFP vector (see Fig. 5 and ref. 34). Similarly, expression of eGFP alone
had no effect on I¢ 4y in Caco-2 cells (39). Smith et al. (40) com-
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Fig. 5. GFP expression does not interfere with I ¢y in CPAE cells. (A,B) Time
course Of I¢ gy in control (A) and pCINeo/IRES-GFP transfected (B) CPAE cells
at +100 mV (upper) and —100 mV (lower). I¢ gy Was triggered by perfusing the
cells with a hypotonic solution (HTS; 27% reduction) as indicated. (C,D) Current-
voltage relationships for control (C) and pCINeo/IRES-GFP transfected (D) CPAE
cells. IV plots were reconstructed from ramps at the times (a,b) indicated in the
time course. The inset shows the mean I g (error bar = SEM) at +50 mV for
control (n = 10) and transfected (n = 9) cells. Iq s Characteristics are not different
between control and GFP-expressing cells.

pared the electrophysiological properties of dorsal root ganglion cells
before and after infection with a GFP-expressing adenovirus and found
no difference between the two conditions. Finally, agonist-induced
Ca’* release as measured by the peak cytosolic Ca?* concentration af-
ter application of a Ca?* mobilizing agonist was not significantly dif-
ferent between control cells and GFP-expressing cells, either CPAE
(32) or COS-7 cells (Fig. 6). To conclude, the available data indicate
that expression of GFP does not disturb the electrophysiological prop-
erties of the host cell as can be expected from a nontoxic, cytosolic
protein.



178 Eggermont et al.

1.6 | — +GFP 10

[Ca™ (rely

14} " g
)

0.
control GFP control GFP

basal peak

[Ca®] (rel)

10F

08

06}
ATP 0.5 M
04 — ]
" - i 1 A 1 A 1 A 1 —d
0 20 40 60 80 100
Time [s]

Fig. 6. GFP expression does not interfere with ATP-induced Ca’* transient in
COS cells. COS cells were transiently transfected with pCINeo/IRES-GFP and
stimulated with 0.5 uM ATP. Free cytosolic Ca>* concentration was ratiometrically
measured with indo-1 as a fluorescent indicator. The time course as well as the
amplitude of the ATP-triggered [C212+]Cyl transients were identical in control and
GFP-expressing cells. The inset shows no difference between the basal and peak
[Ca2+]cy[ (mean = SEM) in control (rn = 25) and GFP-expressing (n = 8) COS cells.

4. APPLICATIONS

4.1. Functional Characterization of Ion Channels in GFP
Transfected Cells

Using the bicistronic IRES-GFP vector we have been able to express a
wide variety of ion channels in different mammalian cell lines: voltage-
dependent K* channels RCK1 (28), voltage-dependent CIC-1 CI~ channels
(41), and CFTR CI- channels in COS cells (34,42); large conductance Ca”*
activated K* channels hslo (32), Ca?* permeable trp3 channels (31), bovine
trpl and trp4 (33), and CFTR CI~ channels (34) in CPAE cells; the regula-
tory B-subunit of the large conductance Ca** activated K* channels hslo in
endothelial EA.hy926 cells (Papassotiriou, Nilius; unpublished observa-
tions); modulators of VRAC such as caveolin-1 in Caco-2, T47D, and MCF-
7 cells (39); ECaC (epithelial Ca** channel) (Vennekens, Nilius, Bindels;
unpublished observations) in HEK cells.
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4.2. Ca** Measurements in GFP Expressing Cells

One interesting application of the bicistronic technology is to measure
cytosolic Ca** in transfected mammalian cells. For example, CPAE cells do
not express a large-conductance Ca”*-activated K* channel (BK,), which
provided us with a tool to study the effect of hslo (the human large-conduc-
tance Ca’*-activated K* channel) on the agonist-induced [Caz+]cy[ in an
endothelial cell line. In this study cytosolic Ca** was measured by using
fura-2 as a Ca?* indicator (excitation: 360/380nm; emission > 510 nm) sig-
nals with a photomultiplier tube. Stimulation of hslo-transfected CPAE cells
with Ca?* mobilizing agonists such as ATP resulted in a significant hyper-
polarization and concomitantly an increased Ca®* plateau that depended on
Ca”* influx (32). Thus, these experiments allowed us to correlate the effects
of BK, on membrane potential, membrane currents and [Ca2+]Cyt during
agonist stimulation. In a similar approach, we were able to show that CPAE
cells transfected with htrp3 acquired an agonist-sensitive nonspecific cation
current that could be blocked by PLC-f inhibitors and also an increase in the
agonist-induced [Caz+]Cyt plateau (31).

4.3. Cell Volume Measurements in GFP Expressing Cells

We have recently developed a method to record simultaneously cell thick-
ness (representing cell volume) and membrane currents (43). Cell thickness
is measured using fluorescent beads (Red Neutravidin: excitation peak 580
nm; emission peak 605 nm; Molecular Probes), which are seeded above and
below cells plated on coverslips, and which allow to monitor changes in cell
height (see also ref. 44). Because there is sufficient difference between the
fluorescent properties of eGFP and Red Neutravidin-labeled beads, we have
been able to measure cell thickness in pCINeo/IRES-GFP-transfected
endothelial cell lines (34). Using this technique, we were able to show that
the inhibitory effects of transiently expressed CFTR on the swelling-induced
activation of VRAC in CPAE cells cannot be accounted for by altered cell
volume responses in CFTR-expressing cells.

4.4. Immunofluorescence of pCINeo/IRES-GFP-Transfected Cells

Usage of the pCINeo/IRES-GFP vector is also compatible with
immunofluorescent analysis of transfected cells. In a recent study, we
showed that caveolin-1 is required for efficient activation of VRAC and
that this effect is isoform-specific: caveolin-1a is completely inactive,
whereas caveolin-1f is equipotent with respect to caveolin-1 (39). To
find out whether differences in expression or intracellular distribution
might account for the isoform-specific effects, we looked at caveolin-1
distribution in transfected Caco-2 cells by immunofluorescence on a
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BioRad 1024 confocal fluorescence microscope with the following set-
tings: excitation with Krypton/Argon laser at 488 nm; emission filter for
FITC (or GFP): 522 + 16 nm; emission filter for R-Phycoerythrin: 580 =
16 nm. Because the cells were transfected with the pCINeo/IRES-GFP
vector, we could first identify the transfected cells by their green fluo-
rescent signal and subsequently assess the caveolin-1 expression using a
monoclonal antibody (MAb) and R-Phycoerythrin-conjugated second-
ary antibodies. This revealed that caveolin-1f is expressed in the cell
periphery and plasma membrane, whereas expression of caveolin-1a is
restricted to the cell interior (39).

The pCINeo/IRES-GFP vector was also used to study the subcellular dis-
tribution of transiently transfected CIC-6 isoforms in COS and CHO cells
(41). This indicated that transiently expressed CIC-6 co-localized with the
endoplasmic reticulum Ca> pump SERCA2b, which is compatible with an
intracellular location of CIC-6.

4.5. Creation of Stable Cell Lines

The pCINeo/IRES-GFP vector allows selection of stably transfected cells
with geneticin (G418) owing to the presence of the phosphotransferase gene.
We have successfully created CHO cell lines stably transfected with
pCINeo/IRES-GFP containing the cDNA for CFTR (data not shown). FACS
analysis of the G418-resistant polyclonal cell pool indicated that 70% of the
G418-resistant cells showed green fluorescence above background after 6
wk of drug selection (Fig. 4). However, we also observed that the number of
GFP-positive cells in the polyclonal population gradually declined during
cell culturing. This is probably owing to the fact that the phosphotransferase
gene and the bicistronic IRES-GFP unit constitute two different transcrip-
tion units that can be separated during chromosomal integration of the plas-
mid DNA. Consequently, only a fraction of the drug-resistant cells will be
green fluorescent and express the cDNA that is cloned in the bicistronic
IRES-GFP transcription unit.

This problem can be circumvented by using bicistronic vectors in which
the resistance gene is placed behind the IRES sequence ensuring that every
drug-resistant cell also expresses the cDNA of interest (45—47). Because
these vectors do not contain a cDNA for a fluorescent marker, they do not
allow visual selection of transfected cells. GFP selection would require the
modification of existing vectors. One possibility is to create a tricistronic
vector in which the second transcription unit encodes the fluorescent marker
and the third transcription unit (also preceded by an IRES) contains the
resistance gene. It has indeed been shown that IRES mediates translation of
tricistronic RNAs (24,48). An alternative possibility is to construct a
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bicistronic vector with the second open reading frame encoding a fusion
protein between a GFP variant and a resistance marker. Functional GFP-
drug resistance fusion proteins have recently been described (49) and
monocistronic vectors with such fusion proteins are commercially available
(Clontech).

4.6. Expression of Heteromeric Channels

An important theme that has emerged from biochemical and molecular
biological studies on ion channels is that a functional channel is often com-
posed of a heteromeric complex. Heteromeric channel complexes are found
among voltage-dependent cation channels (e.g., Ca>* channels, see ref. 50),
ligand-gated channels (57), degenerin/ENaC channels (52), and possibly
voltage-dependent Cl- channels (53). Functional analysis of heteromeric
channels requires the simultaneous co-expression of all subunits in a single
transfected cell. This has been achieved by co-transfecting the different sub-
units, but as already mentioned this method suffers from the fact that co-
transfection efficiency is never 100% thereby introducing a degree of
uncertainty. Kawashima et al. (54) have recently described an alternative
strategy to study heteromeric channels after transfection in mammalian cells.
A tricistronic expression vector encoding the P2X, subunit, the P2X5 sub-
units and neomycin phosphotransferase was used to establish stably trans-
fected cells that expressed functional heteromeric ATP-activated channels.
It remains to be seen whether such tricistronic constructs will gain more
widespread acceptance to study heteromeric channels. Alternatively, one
could use two bicistronic vectors containing different versions of green fluo-
rescent protein (e.g., eGFP and BFP or blue fluorescent protein) in a
cotransfection procedure followed by identification of cells containing both
green and blue fluorescence (55,56). Finally, a growing theme in channel
research is the importance of direct protein-protein interactions for channel
function and regulation as illustrated by the interaction of PDZ proteins with
Drosophila TRP (57) or human CFTR (58). Efficient co-expression vectors
and/or systems will be extremely useful to study the functional implications
of such interactions.

5. CONCLUSION

The bicistronic GFP-expressing vector provides an elegant and efficient
tool to identify transiently transfected cells. The main advantages of this
technology are: (1) there is a strict coupling between GFP expression and
expression of the protein of interest; (2) it does not require covalent modifi-
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cation of the protein of interest; (3) GFP is a nontoxic marker that does not
interfere with membrane currents; (4) GFP expression does not interfere
with other fluorescent signals such as fluorescent Ca>* indicators or fluores-
cent beads provided that the appropriate filters are used. As such the pCINeo/
IRES-GFP vector is particularly well-suited to study ion channels in cell
lines that are transfected with low efficiency.
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Confocal Imaging of GFP-Labeled
Ion Channels

Bryan D. Moyer and Bruce A. Stanton

1. INTRODUCTION

The generation and maintenance of cell polarity is crucial for vectorial
solute and fluid transport in epithelial cells and for the normal function of
neurons. Epithelial cells must asymmetrically distribute receptors, transport-
ers, and ion channels between the apical and basolateral membranes in order
to establish and maintain polarity and function (/—4). Neurons also must
asymmetrically distribute proteins between axons and somatodendritic
regions to propagate action potentials from one cell to the next (5). In gen-
eral, proteins sorted to the apical membrane of epithelia are expressed in the
axons of neurons, whereas proteins sorted to the basolateral membrane of
epithelia are distributed to the somatodendritic region of neurons (5). To
achieve this asymmetry, cells target newly synthesized transport proteins to
the appropriate membrane—either apical (axon) or basolateral (dendritic)—
and retain them there following their delivery.

Polarization of proteins to apical (axon) and basolateral (somatodendritic)
membrane domains is achieved by distinct sorting or retention signals.
Basolateral membrane sorting signals are composed of short peptide motifs
including tyrosine-dependent signals (i.e., NPXY or YXX@, where X is any
amino acid and @ is a large hydrophobic amino acid such as leucine, isoleu-
cine, or valine), tyrosine-independent signals and dileucine-based motifs,
and generally reside in the cytoplasmic domains of transmembrane proteins
(1,2). Some integral membrane proteins such as Na/K ATPase (6,7) and p1-
integrin (8) are not sorted preferentially to either the apical or basolateral
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membrane from the trans Golgi network (TGN) but are selectively retained
and accumulated in the basolateral membrane by interaction with the mem-
brane-associated actin cytoskeleton. By contrast, less is know about the sig-
nals that sort and/or retain proteins in the apical (axon) plasma membrane.
Three general classes of apical membrane sorting signals have been identi-
fied: glycosylphosphatidylinositol membrane anchors, N- and O-linked
oligosaccharides, and transmembrane domains (/,2). In addition, PDZ
domains, which are named for the three proteins in which this domain was
first described (PSD-95, Dlg, and ZO-1), have recently been shown to play
a role in determining the polarized distribution of transmembrane proteins
(9—15). PDZ domains are modular domains in proteins that bind short pep-
tide sequences at the C-termini of other proteins, termed PDZ interacting
domains (9,16-18).

Our laboratory has a long standing interest in the cystic fibrosis trans-
membrane conductance regulator (CFTR) ion channel, particularly with
regard to how it traffics through the secretory pathway and how it becomes
polarized to the apical membrane in epithelial cells. CFTR is a member of
the ATP-binding cassette family and is a cAMP-activated Cl channel that is
polarized to the apical plasma membrane in most epithelial cells (/9-21).
Mutations in the CFTR gene lead to the autosomal recessive genetic disease
cystic fibrosis (CF), which affects ~1 in 2000 live births in Caucasians (22—
24). Over 964 different mutations have been identified within the CFTR
gene (http://www.genet.sickkids.on.ca/cftr/): however, 70% of individuals
with CF are homozygous for the CFTR-AF508 mutation, which accounts
for nearly 90% of all mutant CFTR alleles (22). CFTR-AF508 is trapped in
the endoplasmic reticulum (ER) and does not traffic efficiently to the apical
plasma membrane (25,26). However, CFTR-AF508 retains function as a
cAMP-activated CI channel in the ER (27). Therefore, it is our goal to
understand how CFTR traffics through the secretory pathway in order to
identify strategies to increase trafficking of CFTR-AF508 from the ER
to the apical plasma membrane, where CFTR-AF508 can function as a
cAMP-activated Cl channel. Thus, elucidation of CFTR trafficking has
important therapeutic implications for the treatment of CF.

We have used the jellyfish, Aequoria victoria, green fluorescent protein
(GFP) as a tag to study the trafficking of CFTR in order to identify the deter-
minants that localize CFTR to the apical membrane in polarized epithelial
cells. In this chapter, we describe our experimental approach to study the
polarized trafficking of CFTR. We describe the advantages and disadvan-
tages of using GFP and laser scanning fluorescence confocal microscopy to
monitor CFTR polarization and subcellular localization and we provide
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details on the experimental approach we have found to work best in our
laboratory. Three superb and recent monographs, and a book on confocal
microscopy, should also be consulted for additional references and details
about GFP and confocal microscopy (28-31) and for a list of useful aca-
demic and commercial web sites on GFP (28).

2. METHODS AND EXPERIMENTAL APPROACH
2.1. GFP-CFTR Expression Vector

We constructed a GFP-CFTR mammalian expression vector, pGFP-
CFTR, by ligating the cDNA for enhanced GFP (eGFP; however, the term
GFP will be used in this chapter for simplicity) in frame to the N-terminus
of the cDNA for human, wild-type CFTR as described (32). Expression of
GFP-CFTR is driven by the constitutively active, immediate early cytome-
galovirus (CMV) promoter, which is induced by sodium butyrate and 4-
phenyl butyrate (32,33). Proceeding from the N- to the C-terminus, the
expressed chimeric protein consists of GFP, which resides in the cytoplasm,
followed by a linker sequence of 23 amino acids followed by human wild-
type CFTR. We do not know what effect, if any, longer or shorter linker
sequences have on GFP-CFTR function and trafficking; however, linker
sequences in GFP chimeric proteins have been shown to be important to retain
the normal function of the non-GFP protein (personal communication, Dr.
Guillermo Romero, University of Pittsburgh). It is prudent to ligate GFP to
the N- and C- termini of proteins of interest and then evaluate which chimera
functions normally. However, we have not tagged GFP to the C-terminus of
CFTR because others and we have shown that the C-terminus contains a PDZ-
interacting domain that is required for the polarization of CFTR to the apical
plasma membrane (32,34—37). Because PDZ interacting domains are usually
at the extreme C-terminus of proteins, tagging GFP to the C-terminus would
be expected to prevent CFTR interaction with PDZ proteins, and therefore
disrupt the polarized expression of CFTR in the apical membrane.

2.2. MDCK Cell Culture

The cell-culture model used to study trafficking is critical because the
polarized expression of many proteins, including CFTR, is dependent on the
state of cell polarity, is cell-type specific and depends on the substratum on
which cells are grown in culture (see ref. 32 and Section 3.5.). For example,
CFTR is localized to an intracellular compartment in undifferentiated,
unpolarized HT-29A human colonic epithelial cells and is directed to the
apical cell membrane subsequent to differentiation and polarization (38,39).
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We study CFTR trafficking in human airway and MDCK kidney epithe-
lial cells grown on permeable filter supports because, when grown on filters,
the cells polarize and CFTR mediates transepithelial Cl secretion (32,34).
MDCK cells are widely used as a model for studies involving epithelial
polarity and protein trafficking. MDCK type I cells form a high-resistance
epithelium that facilitates measurement of CFTR function in short circuit
current experiments, and express low levels of endogenous CFTR CI chan-
nels in the apical membrane (32,34,40,41). We study a homogeneous
subclone of MDCK type I cells (clone C7) which expresses low levels of
endogenous CFTR (4/—43). MDCK type II cells, in contrast, form a low-
resistance epithelium, and do not express detectable levels of endogenous
CFTR (40). Thus, MDCK type II cells may not express regulatory proteins
required for normal CFTR trafficking or function. Cells were seeded on
Transwell filter bottom cups (Corning Corp., Corning, NY) at 50,000-
75,000 cells/0.33 ¢cm? for confocal microscopy or 200,000/4.5 cm? for sur-
face biotinylation experiments. Filters were not coated with any collagen or
proteinaceous solution. Transwell filters exhibited negligible background
green fluorescence. By contrast, Cellagen filter bottom cups (ICN
Biomedicals; Aurora, OH) had high levels of green autofluoresence that pre-
cluded identification of GFP-CFTR. When cells were grown on glass cover-
slips for confocal microscopy, 75,000 cells were seeded per 22 x 22 mm
coverslip (No. 1.5 thickness). We observed optimal GFP fluorescence in
cells grown at 33°C, a temperature that did not affect cell growth or viability,
and did not alter GFP-CFTR localization compared to cells grown at 37°C.

2.3. Generation of Stably Transfected MDCK Cell Lines

We generated MDCK cell lines stably transfected with GFP linked to
wild-type or mutant forms of CFTR (32,34). Transient transfection effi-
ciency was first optimized with the PerFect Lipid Transfection Kit
(Invitrogen, Carlsbad, CA) (32). High transfection efficiency increases the
probability of obtaining clonal cell lines. Therefore, we optimized transfec-
tion conditions for MDCK type I cells (pFx-2 lipid, a 6:1 lipid:DNA mass
ratio, and an 8-h transfection time). Following transfection, cells were
selected with 300 ug/mL G-418 (Life Technologies), a concentration of G-
418 determined to kill all MDCK cells after 2 wk by a clonogenic assay.
Following transfection and selection, single GFP-positive cells were sorted
into individual wells of 96 well plates, which contained 300 ug/mL G-418,
using a FACStar PLUS flow cytometer (Becton Dickenson; San Jose, CA).
Following establishment of clonal cell lines, G-418 was reduced to 150 ug/mL.
The purpose of this reduction in G-418 concentration was to increase cell
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growth rate yet maintain selective pressure on cells. To exclude the possibil-
ity that our results were attributable to clonal variation, we studied at least
three stable clones for each chimeric GFP-CFTR protein generated.

We treated all cells with 5 mM Na-butyrate for 15-18 h prior to experi-
mentation to increase GFP-CFTR expression and removed Na-butyrate 2 h
prior to experimentation. The rationale for treating cells with Na-butyrate,
which activates transcription from many viral promoters including the CMV
promoter used to drive GFP-CFTR expression, was that GFP-CFTR fluo-
rescence was dim and difficult to visualize in noninduced cells. Western
blot analyses revealed that Na-butyrate increased GFP-CFTR expression 30-
fold (32). Because overexpression of GFP-fusion proteins can cause pro-
teins to mis-localize in subcellular compartments (44,45) we were careful to
compare the localization of GFP-CFTR before and after Na-butyrate induc-
tion. Butyrate treatment did not to affect GFP-CFTR localization (32).

Although efforts were made to generate cells stably transfected with
CFTR alone (with no GFP tag), for comparison with GFP-CFTR stable
transfectants, these attempts were unsuccessful. This suggests that screen-
ing stable transfectants based on GFP fluorescence greatly facilitates the
identification of positive clones.

2.4. Processing Cells for Confocal Microscopy

Cells were fixed in paraformaledhyde, methanol, or acetone as described
(32). Transwell filters were excised from the plastic holders with a scalpel,
placed apical side up on a glass slide, and overlaid with a drop (50 uL) of
either n-propyl gallate (Sigma; 10 mg/mL) in 90% glycerol/10% PBS or
ProLong Antifade reagent (Molecular Probes, Eugene, OR), followed by a
coverslip (No. 1.5 thickness). Keeping a small amount of liquid on top of
the filters during excision decreased the tendency of the filters to wrinkle
and fold in half. n-propyl gallate and ProLong are an anti-oxidants used to
retard fluorophore bleaching in immunofluorescence microscopy. Two strips
of scotch tape (~1 cm wide) were placed along the long edges of the glass
slides to create a chamber for the excised filter to sit. Because the Transwell
filter and monolayer are each approx 10 um tall, cells would be compressed
and cellular morphology would be altered if no spacing was incorporated
between the glass slide and coverslip. This small chamber minimizes com-
pression of filter-grown cells when overlaid with the glass coverslip.

For cells grown on glass (No. 1.5 thickness), coverslips were placed cell
side down onto a drop (50 uL) of n-propyl gallate/glycerol/PBS antifade
cocktail or ProLong antifade reagent. Coverslips containing n-propyl gal-
late were sealed with liquid Valap heated to 40-50°C. Valap is a wax-based
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substance made by mixing Vasoline, lanolin, and paraffin in a 1:1:1 ratio.
Valap solidifies at room temperature and creates a hardened, air- and water-
tight seal around the specimen. Valap has not been reported to affect GFP
fluorescence. n-propyl-gallate treated cells can be viewed immediately;
however, ProLong treated cells do not require Valap to seal the coverslip.
Prolong should be allowed to dry for at least several hours before the cells
are visualized by confocal microscopy.

2.5. Confocal Microscopy

Confocal images were acquired using an upright Zeiss (Thornwood, NY)
Axioskop microscope equipped with a laser-scanning confocal unit (model
MRC-1024, BioRad Labs, Hercules, CA), a 15 mW krypton-argon laser,
and a 63X Plan Apochromat/1.4 NA or 40X Plan Neofluor/1.3 NA oil
immersion objective. GFP fluorescence was excited using the 488 nm laser
line and collected using a FITC filter set (emission filter: 530 = 30 nm) or a
Piston GFP filter set (Chroma Optical, Inc., Brattleboro, VT; excitation fil-
ter: HQ470/40, Dichroic: Q495 LP and emission filter HQ515/30). The FITC
filter allows longer wavelength background fluorescence to pass to the
detector. The Piston GFP filter set reduces background autofluoresence at
wavelengths longer than 530 nm. In dual labeling studies to co-localize GFP-
chimeric proteins to subcellular compartments, fluorescence associated with
subcellular compartments was identified using Texas Red-labeled second-
ary antibodies, or propidium iodide, a nucleic acid dye used to stain nuclei,
and was excited using the 568 nm laser line and collected using a Texas Red
filter set (605 =32 nm). Using the GFP and Texas Red filter sets, all fluores-
cent signals were spectrally isolated and negligible signal bleedthrough
occurred between channels. To determine signal bleedthrough in a dual
labeling GFP experiment, the signal from the green channel was first
acquired in a specimen labeled only with a Texas Red fluorophore; then the
signal from the red channel was acquired in a specimen expressing only a
GFP-CFTR chimera. If Texas Red fluorescence bled into the green channel,
then green fluorescence would be observed in the first specimen; similarly,
if GFP fluorescence bled into the red channel, then red fluorescence would
be observed in the second sample. Signal bleedthrough can generally be
avoided by proper selection of fluorophores and filter sets. Acquired images
were imported into National Institutes of Health (NIH) Image software
(Bethesda, MD; software can be downloaded at no cost at http://
shareware.netscape.com/computing/shareware/software_title.tmpl?p=
MACé&category_id = 60&subcategory_id = 68&id = 55652) for quantitation
and into Adobe Photoshop for image processing and printing.

For semi-quantitative confocal microscopy of GFP-CFTR fluorescence
within subcellular compartments, including the distribution of CFTR along
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Fig. 1. Resolution in fluorescence confocal laser-scanning microscopy (FCLSM)
as a function of the numerical aperature of the objective lens using the 488 nm laser
line to view a specimen through a glass coverslip with a refractive index of 1.5. For
example, using a 60x objective with a numerical aperature (NA) of 1.4, the optimal
resolution in the XY plane is ~0.2 um and the optimal resolution in the XZ plane is
~0.8 um. Thus, using these settings and objective two objects will appear to co-
localize if they are <0.2 um apart when viewed in the XY plane and <0.7 um apart
when viewed in the XZ plane. Thus, co-localization studies using FCLSM should
be interpreted cautiously because two objects may appear to co-localize but may, in
reality, not be localized within the same compartment (64). For example, although
the plasma membrane (10 nm) and endosomal vesicles (10-100 nm) lying <100 nm
below the plasma membrane may appear to co-localize by FCLSM, it is not pos-
sible to discriminate between these subcellular compartments by FCLSM. (Data in
figure supplied by Bio-Rad Laboratories, Hercules, CA). See reference (3/) for
more details on resolution and FCLSM.

the apical to basal axis, all images from the same z-series were collected
using the same values for the laser power (range 3—10%), photomultiplier
gain (range 1200-1500), iris (range 2.0-3.5), and black level (range —10 to -5).
Using these values, we operate close to the theoretical limits of resolution
for the confocal microscope (~0.2 um in the xy plane and ~0.8 um in the xz
plane at 488 nm excitation using an objective lens with a numerical aperture
of 1.4: see Fig. 1 (31). Typically, three scans were Kalman averaged per z-
section and 10 z-sections were collected at 1.0-um increments beginning at
the apical membrane and ending at the basal membrane. Averaging three
scans was sufficient to filter out any pixel noise in the detector without caus-
ing photobleaching of the GFP fluorophore. Scanning the same section of a
cell transfected with GFP 100 times at 3% laser power decreased fluores-
cence intensity less than 10%, consistent with reports documenting the sta-
bility of GFP fluorescence during continuous illumination (46,47). Thus, it
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is unlikely that appreciable photobleaching of GFP-CFTR occurred during
the 30-40 scans required to collect a complete z-series. For accurate
quantitation of fluorescent signals, care was taken to set confocal param-
eters such that pixel saturation was less than 10% and that signal intensities
were in the linear range of photomultiplier sensitivity. Because typical
MDCK (type I) monolayers are 10 wm tall when grown on filters, and the
minimal resolution of the confocal microscope in the xz plane is 0.8 um, we
maximized the amount of data we collected per section “x” without dupli-
cating information contained in sections “x+1” and “x—1" by stepping
through the monolayer at 1.0 um increments. Collecting sections at intervals
of 1.0 um or less will increase the amount of duplicated information between
sections without improving resolution.

The fraction of total cell GFP-CFTR fluorescence located in each confo-
cal z-section of the cell was quantitated with NIH Image software. A box
was drawn over the section(s) to be measured and mean pixel counts within
this area were determined. Box areas were constant for all sections of the
same cell and pixel intensity histograms of boxed regions were evaluated to
ensure that GFP fluorescence was within the linear range (0-254). Data were
exported to Microsoft Excel for assembly of data into spreadsheet form.

The relative distribution of GFP-CFTR fluorescence between apical and
lateral membrane regions was quantitated in randomly acquired confocal
micrograph xz vertical sections. Using NIH Image software, a box (~2 um
wide and encompassing the length of apical or lateral membranes) was drawn
over the region to be measured and pixel counts within the boxed region
were determined. The transition between apical and lateral membranes was
identified by staining monolayers for the tight junction protein ZO-1. Pixel
intensity histograms were evaluated to ensure that GFP fluorescence was
within the linear range (0-254). In stable transfectants, apical to basolateral
polarity ratios (R) were calculated using the following formula: R = (a—c)/
((bj—¢)/2 + (b,—c)/2) where a corresponds to pixel counts in the apical mem-
brane region, b, corresponds to pixel counts is the left lateral membrane
region, b, corresponds to pixel counts in the right lateral membrane region,
and ¢ corresponds to background pixel counts in the nucleus. Lateral mem-
brane measurements were divided by two when adjacent cells, with oppos-
ing lateral surfaces, displayed GFP fluorescence. GFP fluorescence was
generally not observed in the basal membrane, which was excluded from
analyses. A similar method has been used previously to quantitate the apical
to basolateral polarity ratios of Na/K ATPase and H/K ATPase subunits
expressed in polarized LLC-PK; kidney epithelial cells (48). To determine
the validity of pixel intensity counts as a measure of apical to basolateral



GFP-Labeled Ion Channels 195

Table 1
Characteristics of GFP Variants
Excitation Emission Extinction Quantum

(nm) (nm) coefficient yield
RFP“ 558 583 22,500 0.29?
eYFP 514 527 84,000 0.61
eGFP 489 508 55,000 0.60
eCFP 434 477 26,000 0.40
eBFP*¢ 380 440 31,000 0.18

9RFP is red fluorescent protein (93), YFP is yellow fluorescent protein, CFP is cyan
fluorescent protein, and BFP is blue fluorescent protein. e indicates enhanced, which is
human codon optimized.

bRelative to eGFP. Data adapted from CLONTECHniques, October, 1999 (Clontech,
Laboratories, Palo Alto, CA). The extinction coefficient is the light absorbing capacity of
the fluorophore and the quantum yield (Q) is a measure of efficiency where Q = photons
emitted/photons absorbed. BFP photobleaches rapidly and produces a relatively dim fluo-
rescence signal. CFP and YFP are good FRET pairs. Red fluorescent protein, recently
cloned, and GFP may also prove to be a good FRET pair.

¢eBFP rapidly photobleaches.

polarization using confocal microscopy, we compared the apical/basolateral
ratio of GFP-CFTR using this approach to the well-accepted method of
biotinylating proteins in the apical and basolateral membranes (32). As pre-
sented in Section 3., we obtained similar results with both methods.

3. EXPERIMENTAL OBSERVATIONS

3.1. GFP: An Ideal Reporter for Studying the Polarized
Expression and Subcellular Localization of Ion Channels

GFP, a 27 kDa protein, generates striking green fluorescence without
the addition of substrates, cofactors, or antibodies. GFP is nontoxic and
the fusion of GFP to ion channels and other proteins generally does not
alter the function or localization of these proteins (49-52). Several color
variants of GFP exist, including cyan, blue, yellow, and red (Table 1), which
provide the opportunity to follow the localization of several different fluo-
rescent chimeric proteins simultaneously.

GFP has been used extensively to study the expression and subcellular
localization of ion channels by epifluorescence and laser-scanning confocal
fluorescence microscopy in living and fixed cells (45,53-62). Although it is
possible to study the trafficking of ion channels by an indirect immunofluo-
rescence approach and/or by a selective cell surface biotinylation approach,
we have found these techniques to be labor-intensive and have several limi-
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tations. First, endogenous expression of ion channels is frequently low; thus,
channels are difficult to detect by conventional immunocytochemical tech-
niques, by biotinylation of membrane proteins, and by pulse-chase tech-
niques. Second, antibodies often exhibit nonspecific binding. Third, fixation
artifacts may affect localization of proteins (64). We have found that the use
of GFP to study the polarized expression of ion channels in living and/or
fixed cells overcomes most of these potential limitations.

3.2. GFP Does Not Affect the Function of CFTR Channels

Although others have reported that GFP does not affect the function or
subcellular expression of channels or transporters, including voltage-depen-
dent Ca”* channels, ATP-sensitive K* channels, and neuronal ligand-gated
cation channels (50,53-55), some exceptions exist (65-68). For example,
GFP tagged to the N-terminus of GLUT4 disrupts trafficking (65). Fusion
of GFP to insulin causes insulin to be misfolded and retained in the ER (66).
In addition, we have observed that tagging GFP to the N-terminus of the a.,
but not the (3 or y-subunit of the epithelial sodium channel, ENaC, inhibits
the expression of ENaC in the plasma membrane of Xenopus oocytes (67).
Finally, fusion of GFP to the C-terminus of the aquaporin water channel
abolishes AQP2 polarization (68). Thus, it is prudent to confirm that the
GFP tag does not affect the function or subcellular distribution of the ion
channel of interest. Accordingly, we used a variety of electrophysiological
approaches including patch clamp, lipid bilayers, and Ussing chamber
analysis to examine the possible effect of GFP on CFTR CI channel activ-
ity. We found that GFP had no effect on CFTR CI channel function (32).
cAMP-activated CFTR CI currents were similar in COS cells and lipid
bilayers expressing GFP-CFTR and CFTR (with no GFP tag). Moreover,
GFP-CFTR stably expressed in polarized MDCK cells mediated
transepithelial Cl secretion as assessed in Ussing chambers (32,33). Finally,
pulse chase studies demonstrated that the half-lives of GFP-CFTR and
CFTR were similar (69). Thus, GFP had no effect on the CI channel func-
tion or on the steady-state expression levels or degradation of CFTR. Stud-
ies examining the effect of GFP on the subcellular localization of CFTR are
described below.

3.3. Transient vs Stable Expression of GFP-CFTR

Transient expression produced very inconsistent results regarding the
cellular distribution of GFP-CFTR (Fig. 2). In some cells GFP-CFTR
localized to the endoplasmic reticulum and a perinuclear region resem-
bling the Golgi apparatus, whereas in other cells GFP-CFTR localized to
the plasma membrane region (Fig. 2). Previous reports have documented
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Fig. 2. Localization of GFP and GFP-CFTR in transiently transfected cells. Con-
focal fluorescence micrographs (xy plane) of MDCK cells grown on glass cover-
slips and transiently transfected with GFP (A) or GFP-CFTR (B). (A) GFP
fluorescence (white) is distributed throughout nuclear and cytosolic compartments
and is excluded from membrane-bound organelles of the secretory pathway. (B)
GFP-CFTR fluorescence (white) is compartmentalized to organelles of the secre-
tory pathway. GFP-CFTR is localized to ER-like tubules (ER) and a perinuclear
Golgi-region (G; bottom cell) as well as the plasma membrane region (PM; top
cell). Scale bars are 10 um.

heterogeneous distribution of GFP-fusion proteins in transiently trans-
fected cells, a phenomenon that may be attributable to cell to cell varia-
tion in GFP-fusion protein expression level or differences in the stage of
the cell cycle (45,70).

3.4. Selecting and Screening Stable Clones of Cells Expressing
GFP-CFTR

To obtain a population of cells with a more homogenous pattern of GFP-
CFTR distribution, MDCK cells were stably transfected with GFP-CFTR.
In stable transfectants grown to confluence on filters, we observed a very
consistent expression of GFP-CFTR, primarily in the apical plasma mem-
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brane (Fig. 3). Although stable cell lines were clonally derived from single
cells, all cells did not display detectable levels of GFP-CFTR fluorescence
and GFP-CFTR fluorescence intensity was variable among cells and varied
with each pass (see ref. 32 and personal communication J. Pier, Harvard
Medical School). Similar results have been reported for other cell lines sta-
bly expressing GFP-chimeras (44,46,71,72) and other non-GFP chimeric
proteins (48,73). This variation may be owing to differences in the stage of
the cell cycle among cells in the population, although no supporting datum
has been provided to validate this claim (46).

For all stable cell lines expressing GFP-CFTR chimeric proteins produced
in our laboratory, including wild-type and mutant forms of CFTR, we rou-
tinely performed Western blot analysis of the expressed chimeric protein
and compared the subcellular localization of the GFP-CFTR chimera with
untagged CFTR. Because GFP was fused to the N-terminus of CFTR, it was
important to demonstrate that full-length GFP-CFTR protein was produced
in stable transfectants and that the tagged mutant trafficked like the untagged
CFTR. If the GFP-CFTR plasmid was linearized within the CFTR cDNA
upon genomic integration, the GFP cDNA would remain intact but the CFTR
cDNA would be disrupted. Upon expression, a truncated GFP-CFTR fusion
protein would be generated that retains GFP fluorescence but lacks portions
of the C-terminus of CFTR. To this end, we performed Western blot analy-
ses on total cell lysates from all GFP-CFTR stable transfectants grown on
permeable filter supports using antibodies that recognize GFP and the C-
terminus of CFTR. Both antibodies routinely recognized two bands on West-
ern blots with relative molecular masses of 210 (core glycosylated band B)
and 240 (mature glycosylated band C) kDa in stably transfected, but not in
parental MDCK cells (32). In addition, using confocal microscopy, GFP
fluorescence co-localized with GFP-CFTR immunoreactivity using both R
domain and C-terminal CFTR antibodies. Because the epitope for the CFTR
C-terminal antibody comprises the last 4 amino acids of the CFTR protein
sequence (DTRL; amino acids 1477-1480) (74), these studies demonstrated
that stable transfectants express full-length GFP-CFTR fusion protein.

To our surprise, in one clone (G/) the apparent molecular mass of GFP-
CFTR was ~40 kDa smaller than all of the other clonal lines and GFP-CFTR
was polarized to the lateral, vs the apical, plasma membrane. Because the
antibody that recognizes the C-terminal motif did not recognize GFP-CFTR
in the G1 cells, we concluded that, during stable integration into the genome
the GFP-CFTR chimera broke within the cDNA for CFTR, resulting in a
truncated GFP-CFTR chimeric protein. By contrast, in every other clone
studied in which GFP-CFTR was full length as determined by Western blot
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Fig. 3. Localization of GFP-CFTR in cells grown on permeable filter supports.
(A) Series of confocal fluorescence micrographs (xy plane) beginning at the apical
membrane (section 1, upper left) and ending at the basal membrane (section 9,
lower right) were acquired in 1.0 wm increments. GFP-CFTR fluorescence is green
and double-stranded nucleic acids, stained with propidium iodide, are red.
Propidium iodide was detected using the 568 nm laser line and a Texas Red filter
set along the apical-basal axis. GFP-CFTR is predominantly localized to the apical
plasma membrane (first three sections) above cell nuclei. (B) Confocal fluores-
cence micrograph (xz plane) showing distribution of GFP-CFTR in green, as
detected using the 488 nm laser line and a GFP filter set. (C) Confocal fluorescence
micrograph (xz plane) showing distribution of CFTR, as detected using the 488 nm
laser line, a GFP filter set and the anti-R domain CFTR antibody. CFTR was
pseudocolored blue to illustrate that GFP-CFTR was detected in the apical mem-
brane by the anti-R domain antibody. Thus, using two different detection methods,
CFTR expression was observed in the apical and subapical membrane regions.
Arrow in section #4 of panel (A) indicates plane of vertical section in panel (B).
AP, apical membrane; BM, basal membrane. Scale bar is 10 um.
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analysis, GFP-CFTR was polarized to the apical membrane (32). We also
observed that GFP-CFTR was expressed in the apical membrane of human
airway epithelial cells (34). Thus, apical membrane expression of GFP-
CFTR was similar in kidney (MDCK) and human airway epithelial cells
lines, an expression pattern observed in vivo (2/). These observations un-
derscore the importance of evaluating several stable clones expressing GFP-
chimeric proteins to avoid artifacts induce during the generation of stable
cell lines.

3.5. GFP-CFTR Expression is Substratum and Cell Type
Dependent

The cellular distribution of GFP-CFTR was substratum dependent in
MDCK I cells. As described earlier (Fig. 3) GFP-CFTR was localized to the
apical and subapical plasma membrane regions of stably transfected, fully
polarized MDCK I cells cultured on permeable filter supports. By contrast,
in MDCK I cells stably expressing GFP-CFTR and grown to confluency on
glass coverslips, GFP-CFTR was localized to a perinuclear Golgi-like
region, punctate endosomal-like structures, and surprisingly to the lateral
plasma membrane region (Fig. 4). The localization of GFP-CFTR to these
organelles was confirmed by co-localization studies using markers for each
compartment.

3.6. Activation of CFTR Does Not Involve Trafficking
of CFTR from an Intracellular Pool to the Apical Plasma
Membrane

Stimulation of wild-type CFTR-mediated Cl secretion by cAMP has been
reported to occur by two mechanisms that are not mutually exclusive: first,
cAMP stimulates protein kinase A-mediated phosphorylation and activation
of CFTR CI channels resident in the plasma membrane, and second, cAMP
increases the number of CFTR molecules resident in the plasma membrane
(25,32,75-80). Agonist-stimulated trafficking of transport proteins from
intracellular storage pools to the plasma membrane, or vice versa, is a well-
established mechanism for regulating solute transport rates (8/,82). How-
ever, the hypothesis that cell Cl permeability is acutely controlled by
regulated budding of CFTR-containing vesicles from organelles of the secre-
tory pathway and/or regulated insertion of CFTR-containing vesicles
into the plasma membrane is controversial. Accordingly, we conducted
studies to test the hypothesis that cAMP activates CFTR by stimulat-
ing CFTR trafficking from an intracellular pool to the apical plasma mem-
brane. Confluent monolayers of MDCK cells stably expressing GFP-CFTR
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and grown on permeable filter supports were treated with a cAMP-stimulat-
ing cocktail and the distribution of GFP-CFTR fluorescence along the api-
cal to basal axis was quantitated in optical sections using confocal
fluorescence microscopy. As shown in Fig. 5, cAMP did not affect GFP-
CFTR distribution. Approximately 70% of GFP-CFTR fluorescence local-
ized to the apical membrane and subapical membrane regions, which
comprise the first three optical sections in Fig. 5, in vehicle and cAMP-
treated monolayers. Similar results were obtained using confocal micros-
copy to localize GFP-CFTR in longitudinal cryosections of polarized
MDCK cell monolayers sectioned along the apical-basal axis. GFP-CFTR
was predominantly localized to the apical membrane region under basal con-
ditions and detectable translocation of GFP-CFTR to the apical membrane
was not observed following cAMP treatment (32). By contrast, we could
observe a shift of GFP-CFTR from the TGN to the plasma membrane by
increasing the temperature. MDCK cells stably expressing GFP-CFTR were
grown at 20°C, a temperature at which newly synthesized proteins, includ-
ing GFP-CFTR, are retained in the TGN (Fig. 6) (83). Increasing the tem-
perature to 37°C caused GFP-CFTR fluorescence to redistribute from the
cell interior to the apical membrane (Fig. 6). These experiments indepen-
dently verified that the semiquantitative confocal microscopy technique was
capable of detecting changes in the subcellular location of GFP-CFTR. A
similar quantitative approach has been used to quantitate the distribution of
CFTR along the apical to basal axis of polarized shark rectal glands (84).
This study reported a shift in CFTR immunoreactivity toward the apical
plasma membrane following treatment with cAMP-stimulating agents, dem-
onstrating that the technique was sensitive enough to detect alterations in
CFTR localization.

Because of the limited resolution of the confocal microscope in the verti-
cal dimension (which corresponds to 0.8 um in the xz plane under optimal
scanning conditions using an objective with a numerical aperature of 1.4)
(31), it is possible that cAMP stimulates GFP-CFTR trafficking from sub-
apical vesicles, less than 0.8 wm from the apical surface, to the apical plasma
membrane. To address this possibility, apical cell-surface GFP-CFTR mol-
ecules were biotinylated following treatment of cells with vehicle or cAMP-
stimulating cocktail. The amount of surface biotinylated GFP-CFTR in
apical plasma membranes did not change following 10 or 60 min of cAMP
treatment (32). Similar results were obtained in stable clones expressing 20—
30-fold less GFP-CFTR and in cells not induced with sodium butyrate,
indicating that results were independent of GFP-CFTR expression level over
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Fig. 5. cAMP has no effect of GFP-CFTR localization in cells grown on perme-
able filter supports: semiquantitative confocal microscopy. Distribution of GFP-
CFTR fluorescence along the apical-basal axis in MDCK cells grown on permeable
filters and treated with cAMP-stimulating cocktail (10 min, black bars or 60 min,
white bars) or vehicle (60 min, hatched bars). GFP-CFTR fluorescence in fixed
cells was quantitated in 1 um confocal optical sections along the apical (section 1)
to basal (section 10) axis. GFP-CFTR distribution did not change following cAMP
treatment. For each treatment, 3 z-series, each with 15-25 cells per field, were
analyzed from each of four separate monolayers. p > 0.05 for vehicle compared to
10-min or 60-min cAMP treatment for each section. AP, apical membrane; BM,
basal membrane.

the range examined. Thus, two independent experimental approaches, laser-
scanning confocal fluorescence microscopy and cell-surface biotinylation,
gave similar results and support our conclusion that cAMP does not measur-
ably stimulate trafficking of GFP-CFTR to the apical membrane in MDCK
type I cells.

3.7. The C-Terminal PDZ Interacting Domain Is an Apical
Polarization Signal for CFTR

Recent studies have demonstrated that PDZ interacting domains are
required for the localization of some proteins to the basolateral and apical
plasma membrane (9,11-15,34,85). To determine if the C-terminal PDZ
interacting domain (i.e., the three C-terminal amino acids in CFTR are T-R-
L, using the single letter code for amino acids) is important for the polariza-
tion of CFTR to the apical membrane of epithelial cells we stably expressed
either GFP-wt-CFTR or GFP-CFTR-ATRL (which lacks the 3 C-terminal
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Fig. 6. Semi-quantitative confocal microscopy can detect alterations in GFP-
CFTR localization. Distribution of GFP-CFTR fluorescence along the apical-basal
axis in MDCK cells grown on permeable filters and incubated at 20°C for 24 h
(black bars) or maintained at 33°C (white bars). MDCK cells stably expressing
GFP-CFTR were grown at 20°C, a temperature at which newly synthesized GFP-
CFTR is retained in the TGN (83). Increasing the temperature to 37°C redistributed
GFP-CFTR fluorescence from the cell interior to the apical plasma membrane. For
each temperature, 2 z-series, each with 15-25 cells per field, were examined from
two separate monolayers. AP, apical membrane; BM, basal membrane. * indicates
significantly different from 20°C.

amino acids) in MDCK cells. Examination of GFP-wt-CFTR localization
by confocal microscopy demonstrated that GFP-wt-CFTR was polarized to
the apical plasma membrane region (Fig. 7). By contrast, GFP-CFTR-ATRL
was nonpolarized and roughly equally expressed at apical and basolateral
plasma membrane regions (34). Semi-quantitative confocal fluorescence
microscopy demonstrated that GFP-wt-CFTR exhibited an apical to
basolateral ratio of 3.0, whereas GFP-CFTR-ATRL exhibited an apical to
basolateral ratio of 0.6. These results were independently corroborated by
domain-selective cell surface biotinylation experiments (34), demonstrating
the utility of the semiquantitative approach in determining the polarized dis-
tribution of CFTR Cl channels on apical and basolateral surfaces. Similar
results were also obtained in polarized human airway epithelial cells
(16HBE14o0-) (34). Thus, the C-terminal PDZ interacting domain (T-R-L) is
required for CFTR apical polarization in kidney (MDCK) and human air-
way epithelial cells (16HBE140-) (34).
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Fig. 7. Confocal fluorescence micrographs (xz plane) of cells expressing GFP-
wt-CFTR or GFP-CFTR-S1455X. GFP fluorescence is green and ZO-1, a protein
in tight junctions that separates apical and basolateral membrane domains, is red.
(A) GFP-wt-CFTR is localized in the apical membrane of MDCK cells. (B) GFP-
CFTR-S1455X is localized in the lateral membrane of MDCK cells. (C) GFP-
CFTR-S1455X is located in the lateral membrane of 16HBEI14o0- cells. (D)
GFP-CFTR-S1455X (left panel in green) co-localizes with Na/K-ATPase (middle
panel in red) in the lateral membrane of MDCK cells (right panel is a merge of red
and green channels, yellow-orange indicates co-localization). GFP-wt-CFTR is
expressed in the apical membrane of 16HBE14o0- cells (image not shown). Scale
bars, 10 um; AP, location of apical membrane; BL, location of basal membrane.
Reproduced from ref. 34 with permission.
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Nearly 10% of all CFTR mutations result in the deletion of the C-termi-
nal region including the PDZ interacting domain. Because deletion of 61 or
fewer C-terminal amino acids of CFTR does not alter cAMP-stimulated Cl
permeability in nonpolarized cells (86,87), the mechanism(s) whereby these
mutations cause CF is unknown. Therefore, we examined the polarized dis-
tribution of a naturally occurring C-terminal truncation mutant, S1455X,
which lacks the C-terminal 26 amino acids including the PDZ interacting
domain (88). Examination of GFP-CFTR-S1455X localization by confocal
microscopy demonstrated that CFTR-S1455X was polarized to the lateral
plasma membrane region and co-localized with the lateral membrane pro-
tein Na/K ATPase (Fig. 7) (34). GFP-CFTR-S1455X exhibited an apical to
basolateral ratio of 0.1-0.2 by both semiquantitative confocal fluorescence
microscopy and cell surface biotinylation (34). These results confirmed that
the C-terminus of CFTR is required for the apical polarization of CFTR in
polarized epithelial cells. The fact that CFTR-S1455X was expressed pri-
marily in the basolateral membrane, whereas CFTR-ATRL was equally dis-
tributed in the apical and basolateral plasma membranes suggests that some
basolateral targeting information is suppressed or inactive in CFTR-ATRL
or that cryptic basolateral targeting signals are activated in CFTR-S1455X.

4. CONCLUSIONS

4.1. GFP as a Reporter for Studying the Polarized
Distribution of Ion Channels

The studies summarized here demonstrate the feasibility of using GFP to
study the polarized expression and trafficking of ion channels in epithelial
cells by laser-scanning confocal fluorescence microscopy. Fusion of GFP to
the N-terminus of CFTR did not interfere with CFTR Cl channel function,
expression levels, and degradation or with the polarized expression of CFTR
in the apical membrane. The polarized expression of GFP-CFTR, however,
was cell-type and substratum dependent. Thus, we stress the importance of
using fully polarized monolayers grown on permeable filter supports when
examining the trafficking of ion channels. Our studies demonstrated that: 1)
cAMP does not stimulate trafficking of CFTR from a submembranous pool
to the apical surface and 2) the C-terminal PDZ interacting domain of CFTR
comprises an apical polarization determinant, which when deleted results in
a loss of CFTR polarization to the apical plasma membrane. Studies under-
way in our laboratory are focused on elucidating the mechanism whereby
the PDZ interacting domain localizes CFTR to the apical plasma membrane
in epithelial cells.
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4.2. Confocal Microscopy as a Tool to Monitor Channel
Polarity and Trafficking

The confocal microscope and GFP are useful tools for determining the
polarity and trafficking of ion channels. The ability of the confocal micro-
scope to section through cells in the vertical dimension (i.e., z axis) and to
obtain xz vertical sections along the apical-basal axis make it a superior tool
to the epifluorescence microscope. However, the confocal microscope has
limitations. We stress the need to confirm semiquantitative measurements
obtained by the confocal microscope using a second, independent technique
such as cell-surface biotinylation, or electron microscopy which has a reso-
lution of 0.2 nm. Confocal analysis of the polarized distribution of ion chan-
nels can assess the relative levels of protein in the apical vs the basolateral
membrane regions. However, confocal analysis cannot accurately differen-
tiate between channels localized in the plasma membrane and channels
localized beneath the plasma membrane in endosomal vesicles or other
organelles such as the ER, which is diffusely distributed throughout the
entire cell. Thus, confocal microscopy cannot specifically be used to deter-
mine whether a membrane protein is localized in the plasma membrane.
Because the limit of resolution of the confocal microscope in the Xy plane is
0.2 wm and cellular membranes are ~10-nm thick, confocal microscopy also
cannot be used to accurately determine if two proteins co-localize in the
same cell membrane, or even the same organelle if the compartment is rela-
tively small. The more labor-intensive technique of electron microscopy is
required to conclusively demonstrate co-localization. However, using FRET
(Fluorescence Resonance Energy Transfer), it is possible to use confocal
microscopy to localize GFP-chimeric proteins to well-defined subcellular
regions with a resolution of <100A.

FRET is a phenomenon that occurs when two fluorophores (e.g., CYP
and YFP) are in close proximity (<100 A) and an appropriate orientation
such that an excited fluorophore (donor) transfers its energy to a second,
longer wavelength fluorophore in a nonradiative way (89-92). Thus, when
the donor and acceptor are <100A apart excitation of the donor (i.e., CFP)
elicits light emission from the acceptor (i.e., YFP), with a loss of emission
from the donor. However, when the two fluorophores are >100A apart exci-
tation of donor does not elicit excitation of acceptor. Because FRET is a
nondestructive method to monitor molecular interactions, it can be used in
living cells to determine if two proteins associate in well-defined cellular
compartments. For example, to determine if an ion channel is expressed in
the plasma membrane, the channel could be tagged with YFP and a plasma
membrane resident protein could be tagged with CFP. When the YFP-chi-
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meric channel is inserted into the plasma membrane and YFP and CFP inter-
act (<100A apart), excitation of CFP would cause YFP to emit yellow light.
By contrast, when the YFP-chimeric channel is not in the membrane, excita-
tion of CFP would not cause YFP to emit light. Accordingly, by monitoring
the emission of cyan vs yellow light the location of the YFP-chimera in the
membrane can be determined.
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Localization and Quantification of GFP-Tagged
Ion Channels Expressed in Xenopus Oocytes

Tooraj Mirshahi, Diomedes E. Logothetis,
and Massimo Sassaroli

1. INTRODUCTION

The green fluorescent protein (GFP) from the jellyfish Aequorea victoria
has recently emerged as a very powerful tool in cell biology. Fused to the
protein of interest, GFP serves as a marker for gene expression as well as
protein localization in living cells. We have used GFP as a marker for ion-
channel localization and expression in Xenopus oocytes. As with any study
using heterologous expression of proteins, these studies should be inter-
preted in the biological context in which they are presented, considering the
cell biology and physiology of the protein under study. Furthermore, there
are potential artifacts using these techniques necessitating the use of strin-
gent control experiments. Nevertheless, in our studies, this approach has
proven extremely useful, as we hope to convey in the current chapter.

2. GFpP

2.1. Green Fluorescent Protein

GFP from the jellyfish Aequorea victoria is a protein of 238 amino acids.
Although the protein was discovered some 40 years ago (/), cloning of the
GFP gene was accomplished only recently (2). The crystal structure of GFP
revealed a single a-helix positioned along the axis of a surrounding
11-stranded p-barrel. The GFP fluorophore is attached to the a-helix and
consists of a 4-(p-hydroxybenzylidene)-imidazolidin-5-one formed by
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cyclization of residues 65-67, Ser-Thr-Gly, followed by dehydration and
oxidation of the intermediate by molecular oxygen. The protection provided
to the fluorophore by the surrounding [-barrel probably contributes to the
relative resistance of GFP fluorescence to chemical quenchers as well as to
photobleaching. The fact that no additional factor(s) are required to form its
chromophore (3) confers GFP its unique qualities as a marker for gene
expression in a variety of tissues and cells from different species (for a re-
view, see ref. 4).

The fluorescence excitation spectrum of wild-type GFP is characterized
by a major peak at ~395 nm, ~2.6 times higher than a minor peak at ~475 nm.
These two peaks correspond to absorption by the neutral and anionic form
of the fluorophore, respectively. The fluorescence emission spectrum is
characterized by a main peak centered at ~504 nm. The photophysical prop-
erties of the GFP fluorophore are quite complex, including a reversible
excited state deprotonation of the phenol group and a photoisomerization
process which, under prolonged illumination, leads to photoconversion of
the fluorophore from the neutral to the anionic form, with loss of absorbance
at 395 nm and gain at 495 nm. Because spectroscopic and photoconversion
measurements have shown that the extinction coefficient of the anionic form
of the chromophore is about two times that of the neutral form, it has been
deduced that ~15% of the wild-type GFP molecules in the ground state con-
tain anionic fluorophores (5).

For the purpose of localization, the sensitivity with which a fluorescent
marker can be detected depends on several factors. The first is its intrinsic
brightness, defined as the product of the extinction coefficient at the wave-
length of excitation, €, times the fluorescence quantum yield, Q. In addition,
the photobleaching quantum yield, defined as the probability of each excita-
tion event resulting in the photochemical destruction of the fluorophore, is
also important because it limits the total number of fluorescence photons
that can be emitted by an individual molecule. In this respect, all GFP vari-
ants tested have been shown to photobleach much more slowly than fluores-
cein. When imaging is performed using laser-scanning confocal microscopy,
the fluorescent marker should also have an optical absorption peak as close
as possible to one of the strong lines of the available lasers. This will maxi-
mize the specific excitation of the marker relative to the endogenous
fluorophores, such as NADH and flavins. Finally, the excitation and emis-
sion spectra of the fluorescent marker should be well-separated from that of
the endogenous fluorophores, in order to minimize the background
autofluorescence. In general, this is achieved by selecting markers with long
wavelength or red-shifted excitation peaks.
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A number of GFP mutants have been characterized with a range of useful
properties, such as modified excitation and/or emission spectra, higher
extinction coefficients and emission quantum yields, as well as improved
photostability and expression in mammalian systems (6). For example,
mutation of serine-65 to threonine yields a protein with a single excitation
peak at ~489 nm, which coincides with one of the strong lines of argon/
krypton lasers commonly used in confocal microscopes, while its emission
maximum remains at ~510 nm. Consequently, this mutant is several folds
brighter than the wild-type protein. The additional mutation F64L, introduced
in the background of the S65T mutant, resulted in the protein called Enhanced
GFP, or EGFP, which has been the marker of choice in our laboratory for ion
channel localization in Xenopus oocytes, owing to its brightness, spectral prop-
erties, and stability. EGFP is commercially available from Clontech.

Mutation Y66H results in a protein with a blue-shifted excitation peak at
~384 nm and emission at ~450 nm, hence the name blue fluorescent protein,
or BFP. Because of the overlap between the BFP emission and the EGFP
excitation spectra, these probes can be used in Fluorescence Resonance
Energy Transfer (FRET) studies of protein-protein interactions and oligo-
merization, in which they serve as energy donor and acceptor, respectively.
As a marker for protein localization and expression, however, BFP is of
limited value, owing to its lower brightness and photostability, as well as to
the increased autofluorescence excited at the shorter wavelengths.

Two relatively new variants of GFP, called Enhanced Cyan (ECFP) and
Enhanced Yellow (EYFP) Fluorescent Protein, with excitation and emis-
sion spectra blue- and red-shifted relative to EGFP, respectively, have
recently been used in FRET studies. In addition, Clontech has recently
introduced a red fluorescent protein from a sea anemone under the name of
DsRed. This protein exhibits excitation and emission maxima at 558 nm
and 583 nm, respectively, well above any of the previous GPP variants. We
have not tested these proteins in localization studies of ion channels in
Xenopus oocytes.

2.2. Tagging Channels with GFP

To study ion channel localization in living cells as well as fixed tissue,
the channel of interest must be tagged with GFP. Obvious locations for tag-
ging are the N- or the C-terminus of the channel. The choice of where to tag
the channel depends on the structure of the channel in question. Because in
G protein-sensitive inwardly rectifying K* (GIRK) channels both termini
are intracellular, we have tagged either the N- or the C-terminus with no
apparent difference in the cellular localization of the two constructs. In many
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other ion channels, either one or both of the termini are extracellular. In a
recent study, Bueno and colleagues (7) tagged GFP to the C-terminus of
GABA-A receptors. They showed that the GFP-tagged channel retains its
normal functional properties. Furthermore, they showed, using a GFP anti-
body in nonpermeablized oocytes, that the GFP is extracellular and they
could observe the GFP signal using either epifluorescence or confocal
microscopy.

Another important issue in tagging channels is that GFP may interfere
with N- or the C-terminal sequences of certain channels important for mem-
brane targeting or for interacting with clustering proteins. For instance, sev-
eral channels, such as the Shaker potassium channels and NMDA receptors,
have been shown to require a free C-terminus to interact with clustering
proteins containing PDZ domains (8,9). Therefore, disruption of these sig-
nals may affect the clustering of these channels or their cellular localization.
Such considerations should be kept in mind when choosing the placement of
the GFP tag. It is noteworthy that there are studies where GFP was inserted
within the channel protein sequence. In an elegant study, Siegel and Isacoff
(10) found that such placement of GFP in the Shaker potassium channel
yielded a spectrophotometric probe for the inactivation process of the channel.

Placing GFP at the beginning or end of a sequence is accomplished using
standard molecular biological methods. The commercially available vectors
for GFP are provided in a series of constructs that allow subcloning of ion
channels using common restriction sites. For in-frame subcloning, the EGFP
vectors from Clontech are available in three different frame-shifts, from
which one may be chosen to fit the desired insert. These vectors are avail-
able in two sets that are suited for either N- or C-terminal tagging. The vec-
tors designed for N-terminal tagging have the stop codon removed from the
EGFP sequence. However, in order to place GFP at the C-terminus, the stop
codon must be removed from the channel cDNA using standard PCR tech-
niques. In our work, we use vectors that have been specifically modified to
give optimal protein expression in oocytes. These are derived from popular
vectors, such as pGEM3Z or pBluescript, by addition of untranslated regions
from the Xenopus p-globin gene flanking both the 5' and 3' ends of the mul-
tiple cloning sequences (/). For oocyte work, because cRNA made from
some of the GFP vectors may not give sufficient levels of expression, we
recommend subcloning the channel-GFP construct into an oocyte-optimized
vector. Alternatively, cDNA can be directly injected into the nuclei of
oocytes. Vectors containing a CMV promoter are suitable for this purpose
and the EGFP vectors from Clontech are all driven by CMV promoters.
Whereas injection of cDNA into oocytes works well for some investigators
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and simplifies some of the experimental procedures, we have found that in
our hands cRNA injection yields reproducible results.

We use polymerase chain reaction (PCR) strategies in tagging the chan-
nel with GFP in order to minimize the number of extra amino acids placed
between the channel sequence and GFP. All the normal precautions to avoid
introducing mutations while using PCR techniques are applicable here.

Regardless of the approach for tagging ion channels with GFP, it is always
crucial to determine whether the modifications lead to functional changes in
the channel of interest. For this purpose, we use whole-cell recordings to
examine some of the macroscopic properties of our GFP-tagged GIRK chan-
nels, including inward rectification and G protein sensitivity. At the single-
channel level we measure unitary conductance as well as mean open and
closed times of the GFP-tagged channels and compare them to the wild-type
channels. All these studies have shown that addition of GFP to the C-termi-
nus of GIRK channels does not alter their functional properties (12).

3. LOCALIZATION OF CHANNELS IN OOCYTES
3.1. Xenopus Oocytes

The oocytes of Xenopus laevis frogs have been an invaluable tool in elec-
trophysiological studies of ion channels (for reviews, see ref. 13). Expres-
sion of ion channels in oocytes has been the subject of many studies. We
utilize oocytes for recording whole-cell currents, using double electrode
voltage clamp, as well as for single channels and macro-patch recordings,
using the patch-clamp technique. We often use the same oocyte from which
we record, to study channel localization. The techniques for oocyte isola-
tion, cRNA synthesis, oocyte injection and maintenance have been described
elsewhere and are beyond the scope of this review (e.g., refs. 13,14). How-
ever, there are a few details worth reviewing about preparing oocytes for
localization studies. Oocytes have an unusually high level of background
autofluorescence (which will be discussed later). For this reason, it is criti-
cal that the fluorescence from the GFP-tagged channel be strong enough to
be easily distinguished from the background. In order to achieve this, it is
crucial to have sufficient GFP expression. To this end, we recommend using
oocyte-optimized vectors for expression and using EGFP for a brighter sig-
nal. These are two important choices for increasing the sensitivity and sig-
nal-to-noise ratio in localization studies. In addition, electrophysiological
recordings from the same oocytes used for the localization studies are good
indicators of the level of expression of the particular channel in oocytes.
Correlation of functional expression with adequate fluorescence signal can
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help determine whether sufficient levels of expression for imaging studies
have been achieved. Because two-electrode voltage clamp measurements
are relatively straightforward and can be accomplished in little time, they
may actually save the experimenter time and effort by demonstrating insuf-
ficient levels of expression before undertaking the more laborious channel
localization experiments. Occasionally, oocytes that morphologically appear
healthy may in fact show little or no expression. Using such oocytes may
mislead the experimenter in localization studies. In dealing with this issue,
electrophysiological recording is perhaps the most efficient indicator of the
health of the oocytes under study.

3.2. Use of Albino Oocytes for Channel Expression

Oocytes are large cells with diameters of ~1.2 mm. Normal frogs produce
oocytes with an animal pole that is pigmented and a vegetal pole that lacks
pigment. Albino frogs, however, produce oocytes with no pigment. These
oocytes are lightly colored all around and the animal and vegetal poles can-
not be distinguished based on differences in appearance. Studies by others,
using methods including recordings from agarose-embedded oocytes, have
shown that the density of potassium channels expressed on the surface of
oocytes is maximal near the point of mRNA injection (/5). We have con-
firmed these results with our GFP-tagged K* channels in normal oocytes.
Owing to their lack of pigment, albino oocytes are more easily examined using
an epifluorescence microscope. An albino oocyte expressing a GFP-tagged
protein at the plasma membrane shows a rim of bright green that is easily
detected by epifluorescence. This is a relatively simple yet powerful way of
identifying specific areas on the surface of the oocyte in which channels are
expressed. However, as mentioned above, because it is difficult to distinguish
the two poles in these oocytes, one cannot easily use this method to track the
expression of ion channels on different parts of the membrane. However, we
must stress here that, at least in our hands, albino oocytes are more difficult to
manipulate than normal oocytes, because they are more fragile.

Development of more advanced and affordable confocal microscopes has
played a significant role in the progress of imaging microscopy. However,
because whole oocytes are very large and opaque, confocal microscopes
with even the most powerful lasers cannot image deeper than ~100 wm from
the surface of the oocyte. Furthermore, this can only be accomplished in
albino oocytes because normal oocytes are pigmented.

Multi-photon microscopy is an emerging technology that holds great
promise for imaging intact oocytes expressing GFP-tagged channels. In a
multi-photon microscope, excitation of visible light-absorbing fluorophores
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by the infrared laser radiation is confined to a small volume around the focal
point, which allows high-resolution, three-dimensional imaging of living
samples with higher sensitivity, less photodamage and at greater depths than
standard confocal microscopes.

3.3. Preparation of Oocytes for Confocal Imaging
3.3.1. Fixing Oocytes

Since, as discussed earlier, oocytes are thick and opaque, they must be
sectioned for imaging by a confocal or a wide-field epifluorescence micro-
scope. Once it has been determined that oocytes are expressing adequate
levels of the channel of interest and that the channel is functioning nor-
mally, we fix the oocytes using a fresh 4% paraformaldehyde (PFA) solution
in phosphate-buffered saline (PBS). Paraformaldehyde is a carcinogen and
must be handled properly. Some of the steps should be done under a chemi-
cal hood to avoid noxious fumes. To prepare the solution, preheat two-thirds
the final volume of ddH,O to 60°C, add the required amount of PFA and stir
on a hot plate at low heat. Boiling of the solution must be avoided. In order
for the PFA to go into solution, add a few drops of 5 N NaOH. After a few
minutes, when the PFA is completely dissolved, add 1/10 the volume of
10X PBS and then adjust the pH to 7.2 using 5 N HCI. The amount of HCI
required may be large if excess NaOH was added in the beginning. Adjust
the volume and store at 4°C. Although freshly prepared PFA is preferable,
we have used solutions for 1 wk after preparation without problems. To fix
the oocytes, remove them from the storage medium (we use ND96 supple-
mented with calcium, sodium pyruvate, and antibiotics), wash once in 4%
PFA, and then place them in 4% PFA overnight, either at room tempera-
ture or at 4°C. However, fixing at 4°C sometimes leads to the undesir-
able appearance of an invagination in the animal pole of the oocytes.
Because oocytes have large diameters and their yolk is viscous, penetration
of PFA is much more difficult than in most cells. We usually fix cultured
mammalian cells for 5-10 min with PFA as compared with overnight incu-
bation for oocytes. Although prolonged fixation increases the background
autofluorescence in oocytes, under-fixed oocytes are difficult to section and,
once sectioned, their yolk tends to spread and obstruct the clarity of the
sections. For these reasons, we have settled on the compromise fixation
time of 10-16 h. This time is long enough to fix the oocyte thoroughly
while keeping the autofluorescence to a manageable level. In order to over-
come the background autofluorescence, we have always used the brightest
GFP as well as the highest levels of channel expression.
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3.3.2. Embedding Oocytes in Agarose

Once the oocytes are fixed, they are washed 2-3 times; 10 min each time
with 1X PBS to remove any excess PFA and embedded in agarose for sec-
tioning. For this purpose, 2.5-3% agarose in 1X PBS is prepared by heating
(in a microwave oven or on a hot plate). Once the agarose is melted, it is
kept on a hot plate to prevent it from solidifying. The agarose should be
warm enough to transfer using a 1 mL pipet. In the meantime, oocytes are
placed into plastic base molds, which are available from many manufactur-
ers. We use 7 x 7 x 5 mm Fisher Scientific base molds (cat. no. 22-038216).
The choice of this size mold is for convenience in sectioning using the
Vibratome. Once the oocytes are placed in the base mold, the excess PBS is
removed. We usually place between 5 and 20 oocytes in a mold so that a
large number of sections can be obtained from each agarose block. How-
ever, if too many oocytes are placed in a single block, they may not be
embedded as strongly and they may come out of the block during section-
ing. After removing the excess PBS, the appropriate amount of agarose is
poured into the mold (300-500 uL for our molding blocks) on the oocytes.
There are several issues to keep in mind in embedding oocytes. To the best of
our experience and from our communications with others who use agarose-
embedded oocytes, pouring relatively warm agarose onto fixed oocytes does
not exert adverse effects on them. Additionally, after pouring the agarose onto
the oocytes, the blocks are placed at 4°C for a few minutes so that the agarose
solidifies. At this stage, the block is ready for sectioning. Additional consider-
ations in making the agarose blocks will be presented below.

3.3.3. Sectioning Oocytes and Preparing for Imaging

For confocal microscopy, we cut 50 um thick oocyte sections using a
Vibratome. Figure 1 shows the Vibratome that we use and some of the
materials needed for sectioning and mounting oocytes as well as some aga-
rose-embedded oocytes and sections mounted on a microscope slide. For
sectioning with a Vibratome, we glue the agarose block to the sectioning
plate of the Vibratome using a drop of water resistant glue. During the em-
bedding procedure, the oocytes have a tendency to sink to the bottom of the
agarose. Therefore, once the agarose block is solidified and removed from
the mold, the oocytes are found at one end of the block. We normally glue
this end to the Vibratome stage because gluing the other end places the oo-
cytes on top of the block and immediately subjects them to be cut by the
Vibratome. When the oocytes are on the top, they tend to be dislodged from
the agarose block rather than remain in the block to be sectioned. Thus,
gluing the oocyte end of the agarose block ensures that more of the oocytes
will remain intact and will be properly cut in the sectioning procedure. How-
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ever, consequently the very bottom of the agarose block becomes inacces-
sible. Therefore, one must keep this sectioning strategy in mind while
embedding the oocytes. In order to obtain sections from a desired pole of the
oocyte (either animal or vegetal) it must face up in the molding block. Using
this strategy, it is possible to determine whether channels localize preferen-
tially at the animal or vegetal pole. For the purpose of determining the extent
of membrane localization of expressed GFP-tagged channels, sections from
the middle three quarters of the oocyte are most useful, because the resulting
rim images allow the best measurement of the distribution of fluorescence
intensity perpendicular to the membrane surface.

For sectioning, add ice-cold PBS to the Vibratome stage plate covering
the agarose block and proceed by sectioning through the block, cutting large
pieces of agarose from the top until the blade reaches the oocytes, then pro-
ceed with 50-um sections. Most sections will separate from the surrounding
agarose, however some will remain stuck to the agarose. These can be
removed from the agarose section by using a fine brush made by trimming
an inexpensive small watercolor brush to leave only a few bristles. The sec-
tions can be left to accumulate in the Vibratome before they are picked up
with the brush or they can be removed as they are cut. Each section is picked
up with the brush (probably the most tedious part of this entire procedure)
and transferred to the mounting medium on a microscope slide. Many com-
mercially available mounting media suffice for this purpose. Because fad-
ing is a potential problem one must remember to obtain media with good
fluorescence preservation properties. Most of these media are glycerol
based with an added agent to prevent fading. Several chemicals have been
reported to preserve the fluorescence including sodium azide, polyvinyl
pyrrolidone (PVP), and DABCO among others. We use DABCO as it has
been reported to be very stable and a good retarding agent (/4). For mount-
ing oocyte sections, we use DTG, which contains 2.5% DABCO and 50 mM
Tris, pH 8.6, in 90% Glycerol. A stock of DTG can be made and stored in
aliquots at —20°C indefinitely. Sections are mounted by transferring them
with the brush into a drop of mounting medium placed on a microscope
slide. The sections are then covered with a No. 1'/2 coverslip and sealed
with quick-drying nail polish. It is important to determine the appropriate
coverslip for the particular objective and microscope in use in order to obtain
the best imaging results.

3.3.4. Viewing the Oocyte Sections

Once the nail polish is completely dry, the sections are ready for viewing
by conventional epifluorescence or confocal microscopy. Because the spec-
tral properties of wild-type GFP and several of its variants are very similar
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Fig. 1. (A) The Vibratome and some of the materials needed for sectioning and
mounting fixed Xenopus oocytes. (B) The agarose block with oocytes in the base
mold.

to those of fluorescein, the microscope needs only to be equipped with a
standard FITC filter set, which is readily available from the microscope
manufacturer or from a number of vendors. Epifluorescence microscopy is
used in many electrophysiology laboratories that use GFP co-transfection to
select transfected cells in patch clamp studies. Conventional wide-field
microscopes are useful for quickly determining whether the oocyte sections
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Fig. 1. (C) The agarose block glued to the Vibratome sectioning plate. The block
is submerged in ice-cold PBS. (D) A microscope slide with oocytes sections
mounted and covered with a coverslip. The hole in the middle of some of the sec-
tions is the nucleus.



226 Mirshahi et al.

are GFP-positive and how strong the signal is. However, to carefully char-
acterize the localization of GFP-tagged ion channels, a confocal microscope
is highly recommended. In examining oocyte sections with the confocal
microscope, we usually first use a 10x objective to obtain a general survey
of the distribution of channel protein and then switch to a 40x oil objective
to carry out a more detailed analysis of channel localization. For a quantita-
tive comparison of channel localization between different constructs and
sections, it is necessary to keep parameters such as laser intensity, pinhole
size, and detector settings constant.

4. LOCALIZATION OF GIRK CHANNELS
IN XENOPUS OOCYTES: A CASE STUDY

GIRK channels are multimeric ion channels expressed in the heart and
brain (for reviews, see ref. 12). They are composed of four different sub-
units (GIRK1-GIRK4) that are thought to form heteromultimers to give rise
to functional channels. GIRK2-GIRK4 subunits exhibit low activity as
homomultimers in oocytes and other expression systems, whereas GIRK1
subunits are completely nonfunctional when expressed by themselves in
mammalian cells. In oocytes, a Xenopus specific subunit of GIRK channels,
XIR, interacts with GIRK1 subunits and give rise to low GIRK channel
activity (/7). One possible reason for this behavior may be a deficiency in
localization of GIRK1 channels to the plasma membrane. This represents an
interesting case suited for using GFP-tagged channels to assess their local-
ization. We have constructed GIRK1 and GIRK4 subunits tagged with the
S65T variant of GFP at the C-terminus and expressed them in oocytes. Figure
2A,B shows sections from oocytes expressing GIRK1-GFP and GIRK4-GFP,
respectively. It is clear from these pictures that GIRK4 is strongly localized to
the membrane, whereas GIRK1 shows little or no membrane localization.
However, when non-GFP tagged GIRK4 is co-expressed with GIRK1-GFP,
GIRK1 becomes strongly localized to the membrane (Fig. 2C). Images
acquired using the 40x objective give a similar but higher resolution view of
the GIRK channels subunit localization (Fig. 2D-F). This demonstrates that
assembly of GIRK1 and GIRK4 is necessary for translocation of GIRK1 to
the membrane. Similar studies from Flag-tagged channels expressed in Cos-1
cells are presented for comparison (Fig. 2G-I). These results show that GIRK
channel localization is similar in oocytes and mammalian cells. However, the
oocyte data show a level of clarity that is seldom obtained in cells.

The level of expression of GFP-tagged channels in oocytes can also be
measured by a standard spectrofluorometric assay. We have used this method
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Fig. 2. Confocal images from GFP-tagged as well as flag-tagged GIRK channels
subunits. (A) GIRK1-GFP alone, 10x. It is clear that only a small portion of the
signal resides in the membrane. The dark region in the middle represents the nucleus
that has been cut through. (B) GIRK4-GFP,10x. Almost all of the GFP signal is
localized to the membrane. (C) GIRK1-GFP co-expressed with non-tagged GIRK4,
10x. Co-expression of GIRK4 enables GIRK1-GFP to localize mostly to the plasma
membrane (for comparison see Fig. 2A). (D-F) Images from the same oocytes as
above obtained using a 40x oil immersion objective. The localization in different
cellular compartments is well-appreciated at the higher magnification. (G) Anti-
body staining of flag-tagged GIRK1 transfected in Cos-1 cells. Permeablized cells
were used for antibody staining using a primary anti-flag antibody and a Texas-Red
conjugated secondary antibody. Again, GIRK1 shows a mainly cytoplasmic distri-
bution with little membrane expression. (H) Same as (G), but with flag-tagged
GIRK4. (I) Same as (G), except for co-expression of non-tagged GIRK4.

to assess the amount of GIRK1 and GIRK4 subunits tagged with the S65T
GFP variant expressed in oocytes. In order to isolate the total membrane frac-
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tion, oocytes are homogenized in lysis buffer (5 mM Tris, 1 mM ethylene
glycol-bis p-aminoethylether N,N,N',N'-tetraacetic acid [EGTA], 1 mM
ethylenediaminetetracetic acid [EDTA], pH 8.0) containing a protease inhibi-
tor cocktail, using a Dounce homogenizer. The homogenate, kept at 4°C, is
spun at 5,000 rpm for 5 min in an Eppendorf tabletop centrifuge. The super-
natant is removed (the pellet consists mainly of the yolk) and spun for 30 min
at 100,000g. The resulting pellet, containing the packed membranes, is solu-
bilized in 250 uL of an equal volume mixture of 2% Triton X-100 and sodium
dodecyl sulfate (SDS)-deficient RIPA buffer (150 mM NaCl, 1% NP-40 and
50 mM Tris, pH 8.0) transferred to a 3-mm pathlength fluorescence cuvet. In
our laboratory the fluorescence intensity is measured with a computer-inter-
faced SLM spectrofluorometer equipped with a double-grating excitation
monochromator, which lowers the background contribution owing to stray
light scattered by the sample. In order to convert fluorescence intensity into
GFP concentration, a standard curve must be produced using serial dilutions
of a solution of purified recombinant GFP. To simplify the procedure, the
same variant used for tagging the channels should be used as standard. How-
ever, this is not absolutely essential, as demonstrated by the data in Fig. 3, in
which the standard curve was generated using recombinant wild-type GFP
(rGFP; Clontech, Palo Alto, CA) while the GIRK subunits were tagged with
the S65T variant. In this case, the calculation of the unknown concentration
must take into account the differences between the spectroscopic properties
of the two GFP proteins. Neglecting common terms, the fluorescence inten-
sity, F, integrated over the entire corrected emission spectrum, of a fluorophore
in solution is given by F' = ¢ € Q, where c is its concentration and € and Q are
the extinction coefficient at the wavelength of excitation and the fluores-
cence quantum yield, respectively. Thus, the general relationship between
the fluorescence intensity, F, of a fluorophore of unknown concentration and
that of a standard, F,,, is given by

F/Fstd =ce Q/Cstd Estd Qstd

where ¢, €44 and Q,,, represent the same parameters for the standard as
defined above for the fluorophore. In the case where the fluorophore of
unknown concentration and that used as a standard are the same, the equa-
tion reduces to the simple form ¢ = F/B, where B = F,/c,,, is the slope of
the standard calibration line. However, when the two molecules are differ-
ent, the correction term K = (¢ Q) / (€4,; Q) Must be applied, so thatc = FAK B).
The peak intensity can be used instead of the integrated intensity over the
entire corrected emission spectrum if the fluorophore and the standard have
similar spectra, as in the case of rGFP and S65T-GFP. Based on published
values (18), the extinction coefficients at the wavelength of excitation, A =
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Fig. 3. (A) Standard curve obtained by measuring the fluorescence intensity, in
arbitrary units, of serial twofold dilutions of rGFP (Clontech), using a 3-mm square
fluorescence cuvet and 470 nm excitation light. The line represents the least-squares
fit to the data, with a slope of 0.1682 arbitrary fluorescence units per nanomolar
rGFP concentration. (B) The emission spectra of S65T GFP-tagged GIRK4 (top)
and GIRK1 (bottom) subunits in the detergent-solubilized membrane fractions from
two groups of three Xenopus oocytes transfected with the respective subunits.

470 nm, were calculated to be &,gpp = 9100 M~ cm! and eggsr = 42,700 M~ cm™!
whereas Q,grp = 0.79 and Qgest = 0.64. Therefore, given the value of the
slope of the standard curve shown in Fig. 2, K = 3.8 and cggs57 = Fgs1/
(3.8 x 0.1682). Based on this equation, the concentration in the lysates of
three oocytes expressing GIRK4-GFP and GIRK1-GFP shown in Fig. 2 were
2.7 and 2.4 nM, respectively.

Once the concentration of GFP in the lysate is known, the average num-
ber of molecules per oocyte can be calculated as (Lysate Conc.) x (Lysate
Vol.) x (Avogadro Number). Thus, each of the oocytes injected with GIRK4-
GFP cRNA expressed (2.7 x 107%) x (250 x 107%) x (6.022 x 103) /3 = 1.4
x 10'! molecules of GIRK4-GFP.
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5. TROUBLESHOOTING, RANDOM
OBSERVATIONS

In some instances, there appears to be a gap between the membrane-
localized GFP signal and the cytoplasm. This gap is owing to the oocyte
pigment on the animal pole. Sections from albino oocytes or from the veg-
etal pole of the oocyte do not display this gap. The presence of this gap can
be used to assess the localization of the channel to specific regions of the
oocyte. Additionally, the presence of fluorescent signal on the outer rim of
this dark region is perhaps the most definitive indicator of membrane local-
ization of the particular channel.

We have performed experiments in which we have removed both the fol-
licular and vitelline membranes of the oocytes and no difference in the
appearance of membrane-targeted channels was observed. This indicates
that removal of these membranes may not be required for imaging experi-
ments. As discussed earlier, these membranes are likely to come off during
sectioning. Nevertheless, removal of the follicular membrane may allow
more efficient fixation of the oocyte.

6. FINAL REMARKS

Xenopus oocytes have been an important tool in electrophysiological stud-
ies of ion channels in the past 20 years. Recent advances in imaging tech-
niques as well as the use of GFP as a molecular marker have opened new
avenues for the study of protein localization and expression. We have com-
bined the oocyte-expression system and imaging techniques that use GFP to
answer questions about the processing and localization of potassium chan-
nels as well as their levels of expression. This has been a powerful tool in
our hands and we hope readers find the methods described here useful in
their own studies.
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Applications of Green Fluorescent
Protein (GFP) Technology

Watching Ion Channel Biogenesis in Living Cells
Using GFP Fusion Constructs

Scott A. John and James N. Weiss

1. INTRODUCTION

Things that go flash in the night are usually deep in the sea.
Autofluorescent and bioluminescent proteins are found almost exclusively
in the salt-water world. One notable exception is the glow-in-the-dark fire-
fly—a result of bioluminescence from the protein called luciferase—in
which a chemical reaction drives the process, unlike autofluorescence, which
is driven by photons. The spectral characteristics of sea water, with its almost
complete absorption of longer wavelength light >479 nm, has resulted in a
preponderance of light-making proteins that fluoresce or bioluminesce in
wavelengths of blue or blue green (450—480 nm)

One member of this family of light emitting proteins that has recently
garnered much attention is called “green fluorescent protein” (GFP),
which “captures” light from the bioluminescent protein aequorin and
emits it at longer wavelengths by a process called fluorescence resonance
energy transfer.

GFP, as it is almost universally known, was originally cloned by Prasher
in 1992 (1) from Aequorea victoria. It is composed of 238 amino acids. The
crystal structure, solved independently by two groups (2,3), shows that GFP
is a beta barrel composed of 11 strands threaded by an alpha helix running
up the axis of the cylinder, with the chromophore buried centrally within the
barrel. Its spectral characteristics are such that its peak absorption is ~395
nm and peak emission ~504 nm (4).

From: Ion Channel Localization Methods and Protocols
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Table 1
Spectral Characteristics of Autofluorescent Proteins®
Autofluorescent Excitation Emission Extinction Quantum
protein variant A (nm) A (nm) coefficient yield
Wild-type (GFP) 395-397 504 25000 0.79
uv 360 442
Blue
BFP 384 448 21000 0.24
EBFP 380 440 31000 0.18
H9 399 511 20000 0.6
Cyan
W7 434 476 24000 0.42
ECFP 452 505 26000 0.4
Green
Emerald 487 509 57500 0.68
EGFP 55000 0.6
Yellow
10C 514 527 83400 0.61
Topaz 514 527 95000 0.6
EYFP 514 527 84000 0.61
Red Fluorescent Protein 558 583 22500 0.29

“The table lists mutants of the wild-type GFP from A. victoria and the most recent cloned
autofluorescent protein from D. striata (RFP). Emission and excitation peak values are given
in nanometers. Extinction coefficients in units of 10> M~'cm~! Quantum yield is dimension-
less. See Tsien (5) for more mutants and their descriptions.

Extensive mutational studies have generated seven different classes of
GFP, reviewed by Tsien 1998 (5) and see Table 1. These mutants show
improved light-emitting characteristics (absorbance extinction coefficients
and quantal yield), changes in excitation/emission wavelengths (blue and
red shifted) and improved folding characteristics at elevated temperatures,
i.e., 37°C. These variants of GFP cover the excitation range from 360-514
nm and emission range from 442-529 nm. Most recently a red fluorescent
protein has been cloned from the IndoPacific sea anemone Discosoma striata
that extends the range of autofluorescent protein emission spectra quite dra-
matically to 583 nm (6). This is also the first report of an autofluorescent
protein cloned from a species other that A. victoria and may provoke another
round of mutational analysis to further broaden the excitation and emission
spectral range of these class of proteins.

Commercialization of GFP and its variants has also led to the generation
of constructs that have multiple cloning sites both upstream and downstream
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of the coding region of GFP. Thus, fusion constructs can be made to either
the N or C- terminus of ion channels by simple restriction enzyme
subcloning while ensuring that the ion channel coding sequence is in the
same frame as the GFP and has no intervening stop codons.

Polymerase chain reaction (PCR) techniques have the added advantage
that not only can N or C terminal fusions be constructed, but GFP can be
inserted into the coding sequence of the ion channel to create “internal chi-
meras.” An additional advantage to using PCR is that linker or intervening
amino acids of user defined length and composition can be placed between
the GFP and ion channel coding regions, which may assist in the functional
expression of the chimera.

GFP is unique in its ability to monitor protein expression patterns in liv-
ing cells. Because its cDNA sequence is known, it can be subjected to a large
battery of molecular biological techniques with the following advantages:

1. Fusion proteins can be made to specific proteins or pieces of proteins in spe-
cific locations with specific linkages (7).

2. The subsequent fusion proteins require no secondary co-factors or substrates.
Of course, if the wild-type channel requires subunits or co-factors then the
fusion protein will likewise. For example, fusion of the GFP to the beta subunit
of the Ca channel when expressed alone showed diffuse distribution in the
cytoplasm. Upon coexpression with the alpha 1S subunit, the beta-GFP fusion dis-
tribution became clustered at the T-tubule/sarcoplasmic reticulum junctions (8).

3. GFP is stable with regard to high pH, temperature, detergents, and proteolytic
breakdown. Some newer variants have been made, which are more pH-sensi-
tive and therefore are capable of monitoring synaptic-vesicle generation (9).

4. The GFP variant can be chosen so that the spectral characteristics match the
methods of visualization. Epifluorescence microscopy with Mercury or Xenon
lamps can excite nearly all the variants and with the appropriate excitation,
dichroic emission filter sets, fluorescent light from the fusion construct can be
readily visualized. To help distinguish between GFP and autofluorescence, use
a short pass emission, because the GFP has a shorter wavelength than typically
yellow autofluorescence. Autofluorescence is less of a problem when using
confocal microscopy but the laser light can be more limiting in its excitation of
the various autofluorecent chromophores (see Table 1).

5. The expressed fusion protein can be monitored in living cells in real time with-
out the need for fixation or cell permeabilization. As such, GFP is a window
into the living cell. However, tissue can also be fixed for subsequent analysis
using antibody staining or to compare the images pre- and post-fixation. For
example, Meyer’s group (7) has shown that there is a difference between
unfixed cells expressing a PKC-GFP fusion protein and one obtained after
fixation and antibody staining. High-grade paraformaldehyde or glutaralde-
hyde should be used and care taken to avoid organic solvents, e.g., nail polish
can inhibit the GFP signal (10).
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6. GFP or GFP fusion proteins have been expressed in a multitude of organisms
from prokaryotes to eukaryotes and from plants to animals (117,12).

7. GFP fusion proteins have been used in a multitude of mammalian cell types,
allowing the selection of cell type to be optimized for the protein under study
(12).

One potential restriction for GFP expression is the obligate need for oxy-
gen in the generation of the chromophore (/3). Thus anaerobes are precluded
from forming fluorescent GFP. However if they can tolerate aerobic condi-
tions for a brief time, sufficient for chromophore generation, and then
returned to anaerobic conditions, GFP can still be used. Indeed, this requi-
site for oxygen has the potential advantage of enabling “pulse “ or On/Off
switching of fluorescent GFP fusion proteins in anaerobic cells.

We have seen from the previous brief introduction that GFP and its vari-
ants can be used to determine ion-channel localization by fusing the open
reading frames of the ion channel and the fluorescent protein. Below we will
discuss the practical approaches that have been taken to accomplish this.
We will examine how some of the fusion proteins have been made and how
they have been expressed.

2. METHODS
2.1. What Color Do You Want Your Protein to Be?

Table 1 lists the currently available colors in increasing wavelength: blue,
cyan, green, yellow, and red. These are all commercially available. How to
choose the color of your protein may be as pragmatic as to what filters you
have in the microscope, e.g., FITC filters work adequately with GFP. Filters
are now available from a variety of sources, which can visualize each of the
colors just mentioned.

Other considerations are: how many different proteins make up your
channel and do you want to monitor them all? In this case it may be desir-
able to choose two or even more colors. Choose the spectra which give the
best separation (14,15).

Another more recent point to consider is the availability of commercial
and noncommercial markers of the biological pathway of ion channel syn-
thesis, namely ER, Golgi and the plasma-membrane (/6). Each of these sub-
cellular compartments has been labeled with autofluorescent proteins. Thus,
one can monitor the progress of the fusion protein as it traverses the biosyn-
thetic pathway by co-transfecting these subcellular markers and the ion-
channel construct. These markers also make it possible to detect where
mutant channels fail in their progression through the biosynthetic pathway.
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In addition to the marking of the biosynthetic pathway, this approach can be
combined with classical cell biological approaches to monitor the pattern of
expression, i.e., use of the drugs monensin and brefeldin to examine the
effects of inhibiting the ER and Golgi transport, respectively. With the
advent of GFP, it is now possible to examine the different components of
the ER and Golgi networks, e.g., the trans golgi network (/7).

2.2. Choosing the Expression System to Study the Location
of the Ion Channel

Having chosen the color, where do you want your protein to be? With ion
channels, this is almost exclusively a mammalian expression or Xenopus
expression system, although the pattern of expression of ion channels can be
monitored in almost any model system. Each expression system has its own
peculiarities. For example, in Caenhorhabititis elegans, it has been shown
that GFP expression is enhanced by the insertion of multiple introns into the
coding region of GFP (/8). The same laboratory has also demonstrated that
it is not possible to use the expression pattern of GFP fusion proteins as the
sole means to determine the physiological expression pattern of an endog-
enous gene in C. elegans, a note of caution that maybe applicable to other
“model” systems.

2.2.1. Xenopus Oocyte

This expression system has been used extensively to biophysically char-
acterize ion channels.

Ion-channel expression in Xenopus oocytes can be improved by a variety
of techniques. Firstly, vectors with either T3 or T7 as the RNA polymerase
promoter have higher yields of cRNA than those with the SP6 promoter.
Engineer the construct to have either the 5' and 3' Xenopus globin sequences,
or place the start codon as close as possible to the promoter and try to ensure
a “Kozak” initiation sequence with “A” at —3 and “G” at +4 relative to the
ATG initiating methionine (19).

The insertion of a “Kozak™ sequence is probably a ubiquitous advantage
to all GFP fusion constructs and is worth employing in most model systems.

Oocytes expressing GFP can be observed with low power optics.

2.2.2. Mammalian Expression

Mammalian cells have two distinct advantages over Xenopus oocytes:
they have a low profile and are transparent enabling biosynthetic pathways
of ion-channel chimeras to be followed visually. Mammalian expression can
be either transient or stable. The former appears to give higher levels of
expression, which maybe further enhanced by incubating the cells in 2 mM
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sodium butyrate for approx 24 h. In our hands, we routinely use one of three
techniques to transfect the DNA into the cells: Calcium phosphate precipi-
tation, Lipofectamine (Life Technologies) or Geneporter (Gene Therapy
Systems). For electrophysiological studies the efficiency of transfection is
not of practical concern as there always more than enough cells to study.

Some serums have autofluorescence, which can be eliminated by rinsing
and imaging for short periods of time in balanced serum-free salt solutions.

Tissue-culture cells are grown either on the plastic tissue-culture dishes,
cover slips, or tissue-culture dishes that have glass coverslips incorporated
into their bases. The choice depends on the type of microscope used to visu-
alize the cells. We have had success with all three approaches using HEK293
and COS7 cells. In the case of the glass coverslips or the glass-bottomed
dishes we usually treat the glass with either polylysine or “Cell-tak” (Col-
laborative Biomedical Products) to increase cellular adhesion. The HEK293
cells become more rounded in our hands when cultivated on untreated glass.

The choice of substratum can also be important. In Madin-Darby canine
kidney type I cells expressing a cystic fibrosis transmembrane conduc-
tance regulator (CFTR) fused with GFP at the N-terminus, it was shown
that the expression pattern was substratum dependent (see also Stanton et al.
in this book). Cells grown on glass coverslips showed basolateral expres-
sion, whereas those grown on permeable supports demonstrated apical
expression. In either case the fusion protein demonstrated a normal pheno-
type as judged by whole cell patch-clamping and planar lipid bilayer experi-
ments (20).

2.3. Vectors for GFP Fusion Proteins

All of our constructs are under the control of the constitutively active
early viral promoter from cytomegalovirus (CMV). We are unaware of
inducible promoters being used for ion-channel GFP constructs, but in prin-
ciple they might prove useful for generating pulses of fluorescent protein,
i.e., monitoring the biosynthetic pathway of ion channels. In addition to the
CMYV promoter, several GFP constructs have been used with the HIV LTR
promoter (Quantum Biotechnologies). The strength of the promoter can play
an important role in how the GFP fusion construct is expressed inside the
cell, but we are unaware of any comparative studies examining the pattern
of expression of ion-channel GFP chimeras with different promoters.

2.4. Adenoviral Constructs

The major advantages of adenoviral constructs is they can be used to
transform a wide variety of cell types independent of cell division and they



Plate 1, Figures 2, 4, 7. (See discussion and full captions on p. 62 in Chapter 4).

Figure 2: Pseudocolor images of autoradiograph of [*H]o,B-methylene ATP bind-
ing sites in rat brain.

Figure 4: Immunostaining of recombinant P2X, receptors in 1321N1 cells with a
mouse monoclonal antibody.

Figure 7: Whole mount in situ hybridization of chick embryos (Day 4) with
digoxigenin-labeled cP2Xg RNA probe.
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Plate 2, Figure 2 (See full caption on p. 255, and discussion in Chapter 13).
Fluorescence of GFP-tagged K ,p channels in isolated islets from transgenic mice.
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Plate 3, Figure 3 (See full caption on p. 318 and discussion in Chapter 17).
Crystal growth is determined by the flow of T1+ ions through K+ channels.
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Plate 4, Figure 2 (See full caption on p. 353 and discussion in Chapter 19).
Theoretical improvement in axial resolution with double-caged glutamate.



Plate 5, Figure 4 (See full caption on p. 418 and discussion in Chapter 22).
Plasma membrane of Xenopus laevis oocyte spread on glass and studied by AFM
in air.
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Plate 6, Figure 8 (See full caption on p. 422 and discussion in Chapter 22).
Plasma membrane patch of Xenopus laevis oocyte imaged by AFM in air (size:
0.09 um?).
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express high levels of the ion-channel chimeras. The major disadvantage of
using adenoviral constructs is one of time, as homologous recombination is
usually carried out within mammalian cells capable of complementing the
defective adenoviruses (i.e., using packaging cell lines). However, recently
Vogelstein’s group (21) have constructed a system for generating recombi-
nant adenoviruses that relies on homologous recombination in bacteria. This
obviates the need for plaque purification and thereby shortens the time
required for generating adenoviral ion-channel GFP fusion constructs.

2.5. Other Means of Getting Fusion Proteins Into Cells

Plasmid DNA is probably the most common way of introducing GFP
constructs into cells, but Teurel and Meyer (22) have shown that RNA syn-
thesized in vitro, can be electroporated into adherent cells. This particular
technique has the advantage that the expressed protein is usually observed
much quicker than with plasmid DNA transfections.

Another way for getting ion-channel GFP constructs into postmitotic cells
is to use the biolistic technique. Gold particles are coated with ion channel
fusion plasmids and fired into cells using a helium pulse of gas (biolistic
particle delivery system [Bio-Rad]). Arnold and Clapham (23) used this
approach to express Kv1.4 in rat brain slices. The technique was also novel
because they linked the GFP to PSD-95 rather than Kv 1.4. They showed
that in co-transfection experiments, Kv1.4 was expressed in axons with GFP-
PSD-95 while in the absence of Kv 1.4 the GFP-PSD-95 was only present in
dendrites.

2.5. Where to Put GFP in the Channel

GFP has been placed at a variety of locations within ion channels. Two
reports show that GFP attached to extracellular regions of the protein fluo-
resce. GFP fusion to the C-terminus of the GABAA receptor, a chloride
channel belonging to the ligand-gated ion channel superfamily of which
nACh receptor is prototypic, showed that the C-tail was located not only
extracellularly, but it was restricted to the animal pole when expressed in
Xenopus oocytes (24). The external location of the GFP marker was shown
by antibodies to GFP in nonpermeabilized oocytes. Similarly, antibodies
applied to nonpermeabilized HEK293 cells expressing an N-terminal GFP
fusion to the alpha subunit of the human slow poke K* channel demonstrated
an extracellular location of GFP (25). This fusion was notable because the
phenotype of the channel changed: the voltage dependence of gating and the
left-shift of gating induced by intracellular binding of calcium were both
reduced.
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This example demonstrates an important point about GFP chimeras: not
all fusion proteins are inocuous as to their effects on channel phenotype.
In addition, GFP can sometimes affect the targeting of the channel. For
example, GFP was linked to the aquaporin 2 vasopressin regulated water
channel at both the N terminus and the C- terminus and both chimeras
appeared to be functional. The N-terminal GFP fusion showed normal
cycling from intracellular vesicles to the basolateral plasma membrane in
response to vaspopressin. However, the C terminal GFP fusion was local-
ized constitutively at both the apical and basolateral plasma membranes and
was refractory to vasopressin application (26).

Most of ion-channel fusion proteins are designed to place GFP on the
cytoplasmic side of the membrane. In this location it has been used as a
marker of conformational change (27). Siegel and Isacoff fused a trun-
cated functional (28) into an internal region of Shaker, just proximal to
the sixth transmembrane domain with the C- tail extending beyond GFP.
Upon depolarization, there was a change in the emitted fluorescence of
GFP. Not only was this use for GFP as a marker for dynamic conforma-
tional changes novel, but it is the only reported ion-channel chimera in
which the GFP fusion was internal, i.e., with ion channel sequences on
both sides of GFP. Biondi et al. (29) have placed a paired concantemer
of GFP used for FRET analysis within a variety of locations of the cAMP
regulatory subunit. They showed that some “internal chimeras” were
both fluorescent and retained cAMP regulatory activity. Thus, in princi-
pal it maybe possible to make “internal chimeras” within ion channels.
However, given the paucity of data, this will have to be determined
empirically with special consideration given to the size of loops and
known functional domains such as phosphorylation, etc.

To decide whether to place the GFP at the N or C terminus of the ion
channel depends on how much is known about the channel. For example
Grabner et al. (30) linked GFP to the N-terminus of the alpha 1 subunit
of the skeletal Ca channel to avoid the potential loss of GFP because of
the known, physiological truncation of the C terminus of various Ca
channel alpha 1 subunits.

We have found that linking GFP to the Kir 6.2 subunit at the C-terminus
gave functional channels when expressed in HEK293 cells (317) (Fig. 1F).
However, linking the same Kir 6.2 subunit to GFP via the N-terminus gave
nonfunctional channels with a dramatically different morphological pattern
(see Fig. 1E). When co-transfected with the sulphonylurea receptor (SUR)
plasmalemmal expression of the C-terminal fusion construct was markedly
enhanced, and was associated with an increased number of channels
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recorded in the excised patch configuration. In contrast, SUR did not affect
expression pattern of the N-terminal fusion construct.

There may also be a question as to the type of cells expressing the various
constructs. For example, Makhina et al. (32) using a GFP chimera to SUR
C-terminus showed plasma membrane labeling in COSm6 cells following
treatment with a brief exposure to trypsin. The same construct when
expressed in our laboratory in HEK293 cells failed to give any plasma mem-
brane labeling.

2.6. How to Put It Where You Want It

There is a multitude of ways of making GFP-fusion proteins. To illustrate
we will describe two techniques we have relied upon: subcloning with avail-
able restriction enzyme sites and polymerase chain reaction (PCR).

2.6.1. Subcloning

For example, to insert GFP at the C-terminus of Kir2.1 we adopted the
following two approaches using restriction enzyme cloning. Sequence analy-
sis showed that within the last 22 amino acids of Kir2.1 there were four
unique restriction enzyme sites: Bg/II, AfIIl, Bgll, and Msel. Previous stud-
ies within the laboratory had shown that it was possible to delete up to 75
amino acids from the C-tail of Kir2.1 without changing the electrophysi-
ological phenotype of the channel. Therefore a small deletion of the C-tail
before linkage to GFP appeared to be a rational approach in generating the
fusion protein.

Sequence analysis of pEGFP N-1, purchased from Clontech, showed that
it was possible to ligate the Bg/II site of Kir2.1 to the BamHI or BglII site of
pEGFP within the multiple cloning site and still retain the same open read-
ing frame for GFP as Kir2.1. A compatible restriction site between the vec-
tor carrying Kir2.1 and the multiple cloning site of pEGFP upstream of the
BamH1 or BglII sites was HindlIIl. Therefore a HindIIl and Bg/II digest of
Kir2.1 was made and ligated into: (1) an HindIIl/BamHI digest of pEGFP
or, (2) an HindIll/BgllI digest of pEGFP.

The constructs were transfected into HEK293 cells with the calcium-
phosphate method and examined on either an upright or inverted micro-
scope with a FITC filter cube. The BglII-BgI/II ligated product gave cells
that were diffusely green but produced no current, as judged by excised patch
analysis (Fig. 1C). However the Bg/I1- BamHI construct gave plasmalemmal
labeling (Fig. 1D) and strong inwardly rectifying currents in excised patches.
We have not compared these constructs in Xenopus oocytes to see whether
there is a difference in the expression capabilities of oocytes and HEK293
cells, but the Bg/lI-BamHI fusion protein did give strong inward rectifying
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currents in oocytes. The only difference between the two constructs was the
linker region:

BglI-Bglll Kir2.1 coding DLELKLRILQSTVPRAR DPPVAT GFP coding
Bglll- BamHI  Kir2.1 coding DPPVAT GFP coding

Sequence analysis also shows that there is a third way to make a fusion
protein between Kir2.1 and pEGFP N-1 using restriction sites. We did not
make this particular fusion but we describe it as a potential alternative pro-
cedure. As mentioned earlier, there are four unique restriction sites present
in the last 22 amino acids of Kir2.1. It is possible to cut Kir2.1 with Af/II and
then “polish” the ends with Mung Bean Nuclease. Similarly pEGFP is cut
with Sall and polished with Mung Bean Nuclease. After removal of Mung
Bean Nuclease (phenol/chloroform) both DNAs are digested with HindIIl
and the Kir2.1 fragment is ligated into pEGFP.

2.6.2. PCR

The polymerase chain reaction (PCR) has revolutionized molecular biol-
ogy. It enables nonmolecular biology laboratories to create biological con-
structs at minimal expense.

Using PCR, one can insert GFP into the coding region of any protein at
any location. As mentioned earlier, most chimeras have been made either to

Fig. 1. Cellular location of Kir GFP fusion constructs in HEK293 cells. HEK293
cells were transiently transfected with various GFP constructs. (A) and (B) phase
and fluorescent images, respectively, of cells transfected with GFP alone. The GFP
diffuses throughout the cytoplasm of the cell (B). (C) Cells transfected with Kir2.1G
23 aa, which has 23 amino acids between the Kir2.1 coding region and the GFP
start codon. The pattern of distribution looks similar to that in (B). No currents
were detectable in these cells when examined in the excised patch configuration.
(D) Transfection with Kir2.1G 6 aa, which has six amino acids between the Kir2.1
coding region and the GFP start codon. This construct gave plasmalemmal labeling
and strong inwardly rectifying currents as judged by excised patch analysis. (E)
Cells transfected with GKir6.2 where the GFP moiety is at the N-terminus of the
KATP subunit. Intramembranous structures are labeled and are presumably parts
of the ER and Golgi complexes. No currents could be detected with this construct.
In contrast, (F) shows cells transfected with Kir6.2G, where the GFP is fused to the
C-terminus of the channel subunit. There is both punctate and intramembranous
labeling. These cells gave ATP sensitive current when examined in the excised
patch configuration. (G) Using the same construct as in (F) the cells were co-trans-
fected with SUR. The morphological pattern changed to a more intense
plasmalemmal distribution and increased the number of channels recorded in the
excised patch configuration. See John et al. (31) for details.
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the C- or N- terminus of ion channels. To use PCR, the sequence of the
channel must be known, therefore, only cloned channels can be made
“green.” To illustrate the PCR technique we have adopted within the labora-
tory, we describe how we linked GFP to the KATP channel. KATP channels
are comprised of two subunits: the inward rectifier Kir6.x, and the ABC
family binding protein, SUR.

There are two ways to link the proteins to GFP: Either make an oligo-
nucleotide promoter that has GFP, linker, and ion-channel sequences within
it (33), or engineer unique restriction enzyme sites into either GFP, the ion
channel, or both using oligonucleotide primers.

Primers are designed that have as many as three parts:

1. The hybridizing region which is composed of the ion-channel sequence N
or C terminus. To calculate the length of the ion-channel hybridization
region we try and make this region have a Tm of 50-54° based on the
formula (Tm = 2(A + T)+ 4(G + C)). This usually works out as 17-19
nucleotides.

2. The linker region, coding for amino acids between the ion channel and the
autofluorescent protein. The linker region is experimentor dependent. Some
people have used three to six glycines (23,32,34) for linking proteins together,
whereas others have used glutamates for making tandem ion-channel con-
structs (35). There appears to be no systematic studies on the linker region.
Our experience with the Kir2.1 GFP fusion and the above studies suggest that
the shorter linkers are preferred, but this needs to be determined empirically
for each individual fusion construct.

3. Either the GFP hybridization region or the restriction enzyme region.
Similar to the ion channel hybridization region, we design the GFP hy-
bridization region to have a Tm of around 50-54. If one decides to insert
a restriction site instead of a GFP hybridization region, then at that site
put at least four extra nucleotides at the end, e.g., ACGT. This ensures
that when directly subcloning the PCR fragment into GFP or the ion chan-
nel, the restriction enzymes will have a good chance to fully digest the
DNA. New England Biolabs have a table in the Appendix section of their
catalog that describes the efficiency of digestion of various restriction
enzymes at the end of DNA oligonucleotides. If possible, use a site that
digests fully in under 2 h.

In our laboratory we routinely directly subclone the PCR products
into a cassette vector, which has two advantages (36). The first is that
the PCR-generated sequence can easily be sequenced for
misincorporated nucleotides during the PCR reaction, which we limit
by using high-fidelity PCR polymerases. The second is that we now
have an unlimited supply of product for the final subcloning step of
placing the GFP or ion channel into the chimeric construct. The ion-
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channel cassette is also useful for making mutations to examine the
function of the ion channel.

2.7. When You Have It How Do You See It

A major advantage of GFP is that it can be visualized without fixing the
cells. Depending on how the cells have been plated, visualization can be
achieved with standard epifluorescent upright or inverted microscopes (12).
Confocal microscopes can also be used. An Argon laser emitting at 488 nm
is particularly good for exciting GFP (12).

3. CONCLUSIONS

The GFP ion channel field is rapidly expanding, and this short chapter
can only give a glimpse at some of the “tips and tricks” possible with
GFP. For those interested in more detailed accounts of GFP, several
highly recommended sources for additional details include: a recent
review by Rodger Tsien in the Annual review Biochemistry 1998 (5),
the book Methods in Cell Biology: Green Fluorescent Proteins by Kevin
Sullivan and Steve Kay (eds.) (/2), and the internet website
www.pantheon.cis.yale.edu/~wfm5/gfp_gateway.html. Another useful
source for help and hints with regard to GFP and its applications is the
newsgroup: bionet.molbio.proteins.fluorescent.

Given the rapid progress in the GFP field, GFP fusion proteins will
increasingly be able to address the dynamics of ion channels both at the
single molecule level (as already discussed with Siegal and Iscacoff’s [27]
data on the Shaker-GFP chimera) and the macro-structural level as illus-
trated by Jordan et al. (37), who followed a connexin43-GFP fusion and the
dynamics of formation and movement of whole gap-junction plaques
(www.molbiolcell.org for movies).

In summary, the future’s so bright, you gotta wear shades (corrupted from
Timbuk?3).
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Tagging Ion Channels with the Green
Fluorescent Protein (GFP) as a Method
for Studying Ion Channel Function

in Transgenic Mouse Models

Joseph C. Koster and Colin G. Nichols

1. INTRODUCTION

In the past ten years, a multitude of cDNAs encoding ion channels have
been cloned and have led to a greater understanding of the biological aspects
of ion-channel function. Relevant information on structure, function, and
pharmacology has come primarily from expressing reconstituted wild-type
or mutant ion channels in heterologous expression systems and assaying
channel activity using standard biochemical and electrophysiological tech-
niques. In particular, Xenopus oocytes have proven to be a useful expression
system owing to the high level of expression of functional ion channels at
the cell surface and the large size of the oocyte, which makes it particularly
amenable to ion channel analysis using various electrophysiological tech-
niques. However, interpretation of the functional data can be complicated
by the presence of several endogenous oocyte currents that can be induced
upon exogenous channel expression (/,2). Expressing cloned ion channels
in cultured mammalian cells using the transfection technique can often over-
come the problem of superimposed endogenous currents while providing an
appropriate model of the mammalian cell. This is especially important when
addressing questions of channel protein-processing, pharmacology, and
roles of ion channels in signal transduction. Ultimately, however, questions
of ion-channel physiology and a potential role of altered channel activity in
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the disease state requires expression in the whole animal model. Numerous
ion channels have now been expressed in a tissue-specific fashion in geneti-
cally defined strains of mice using the transgenic expression system (3-8).
With a rise in the number of core facilities at most research institutions to
generate and house transgenic mouse colonies, as well the increased
affordability, the transgenic mouse model has become an increasingly
important and informative tool for many researchers. In brief, a linearized
DNA construct containing the ion-channel cDNA under control of a tissue-
specific promoter, the “transgene,” is microinjected into the pronuclei of
mouse zygotes. Generally, the transgene integrates into the mouse chromo-
somal DNA at the one cell-stage, so it is present in every cell of the animal
and is capable of being transmitted through the germ line of the adult mouse.
Although integration of the transgene usually occurs at a single site in the
genome, the site itself is usually random and may contain several copies of
the transgene. Theoretically, each founder mouse may express the transgene
differently based on the number of transgene copies present and the site of
the integration event (however, copy number in itself is not an adequate
predictor of the level of transgene expression [9]). Moreover, analysis of
the transgene can be further complicated owing to intrafamily variation of
expression (/0) within a founder line as well as variegated expression within
the target tissue itself (/7) (i.e., not every cell within the target tissue
expresses the transgene or expression levels vary from cell to cell despite
the fact that every cell contains the transgene, see Figs. 2 and 3). For these
reasons, determining the level of transgene expression is critical when com-
paring phenotypes of different transgenic mouse lines and analyzing the
physiology of individual cells within the target tissue. In this regard, we
now describe a detection method for transgenic mice that uses variant of the
green fluorescent protein (GFP) to tag a transgenically expressed ion chan-
nel. As demonstrated below, addition of the GFP-tag has no deleterious
effect on channel activity and allows for easy and efficient detection of the
GFP-tagged ion channels in individual cells of the transgenic animal using
UV illumination. Moreover, as fluorescence intensity is related to the level
of transgene expression, this method allows for a quick and qualitative
assessment of transgene expression on a cell to cell basis.

2. METHODOLOGICAL CONSIDERATIONS

2.1. Green Fluorescent Protein

The green fluorescent protein, or GFP, is a fluorochrome containing
cytosolic protein approx 27 kDa in size that was originally cloned from the
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jellyfish Aequorea victoria (12,13) The wild-type GFP is characterized
by a maximal absorption peak at approx 395 nm, a minor peak at 475
nm, and a maximal emission peak at 504 nm (/4). Because of its high
stability with regards to pH and temperature, its species independence, and
autofluorescent properties that are independent of cofactors, the GFP has
become an ideal marker for gene expression and as a tag to study protein
localization patterns in the living cell in real time. In this chapter we have
utilized a commercially available variant of GFP, EGFP (available from
Clontech, Pal Alto, CA), which has a single, red-shifted excitation peak at
488 nm and fluoresces about 35 times more intensely than GFP when
excited at 488 nm.

ATP-sensitive K*-channels (Ktp) couple cellular metabolism to electri-
cal activity in multiple cell types, most notably in pancreatic B-cells
and cardiac myocytes (for review, see ref. 15). The K rp channel com-
plex is comprised of two distinct subunits, the regulatory subunit, the
sulfonylurea receptor, or SURI, and the pore-forming subunit, Kir6.2, a
member of the inward rectifying family of K*-channels (/6—/8). The hall-
mark of the K p channel is its sensitivity to intracellular nucleotides: a
rising [ATP]/[ADP] ratio inhibits the channel, whereas a falling [ATP]/
[ADP] ratio activates channel activity (reviewed in ref. 15). To follow the
activity of Ktp channels in living cells, EGFP was first directly fused to the
C-terminus of the pore-forming subunit, Kir 6.2 (with no additional linker
sequence added), and the fusion construct, Kir6.2wt-GFP, was subsequently
co-expressed with the regulatory SUR1 subunit in transfected COSm6 cells.
Characterization of GFP-tagged channel activity was performed using the
inside-out patch-clamp technique. As shown in Fig. 1A, the C-terminally
tagged construct generated channels that were inhibited by ATP with wild-
type sensitivity ([ATP] causing half-maximal inhibition; (K;) = 8.6 uM for
Kir6.2-GFP + SUR1 compared to 11.1 uM for wild-type channels). More-
over, the single channel behavior with respect to open probability and cation
conductance was unaltered in the Kir6.2 tagged channels (25). Similarly,
addition of the GFP tag to the N-terminus of Kir6.2 did not alter channel
activity (data not shown), although functional expression of other ion chan-
nels may depend on positioning of the GFP and this should be considered
when generating the transgene construct. Previously, we have demonstrated
that an N-terminal truncation of the Kir6.2 subunit, termed Kir6.2[AN2—
30], results in an approx 10-fold decrease in sensitivity of reconstituted K op
channels to inhibitory ATP (79). As shown in Fig. 1A, addition of the GFP
tag to the C-terminus of Kir6.2[AN2-30] did not further alter the ATP-sen-
sitivity of reconstituted channels.
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Fig. 1. ATP sensitivity of K,pp currents from COSm6 cells co-expressing wild-
type Kir6.2-GFP or Kir6.2[AN2-30]-GFP subunit and SURI1. (A) Steady-state
dependence of membrane current on [ATP] (mean + SEM, relative to current in zero
ATP [I]) for wild-type and mutant channels. Data points represent the mean =
SEM (n = 3-8 patches). The fitted lines correspond to least squares fits of the Hill
equation (relative current = 100/(1 + ([ATP]/KDH), with H fixed at 1.3, and K; = 12 uM
(Kir6.2wt +SURI1, dashed), 9 uM (Kir6.2wt-GFP+SURI), 123.8 uM (Kir6.2[AN2-
30] + SURI, dashed), and 107 uM (Kir6.2[AN2-30]-GFP + SURI1. (B) the insulin
promoter transgene construct. The cDNA is cloned as an EcoRI/EcoRI fragment
within 5'-non-coding exons of the rabbit 3-globin gene. (C) the a-myosin heavy
chain (a.-MHC) promoter transgene construct. The cDNA is cloned as a Sall/HindIII
fragment downstream of 5'-noncoding exons of the rat a-MHC gene and upstream
of the human growth hormone (Hgh) polyadenylation signal sequence.

To date, numerous studies have utilized GFP as a tag to follow ion chan-
nels expression in various heterologous expression systems (20—25). In only
one report, with the human slow poke (hSlo) K*-channel, was addition of
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the GFP tag shown to alter channel properties, specifically with respect to
the voltage dependence of gating (26). Thus, GFP represents a viable and
simple method to tag exogenously expressed proteins without significantly
perturbing channel function.

2.2. Selection of Transgenic Promoter

In transgenic mice, a transgene utilizing its own promoter will normally be
expressed in all the tissues where the gene is normally expressed, while it can
be targeted to widespread tissues by choice of a promiscuous promoter (27)
(e.g., cytomegalovirus and ROSA26 promoters). More commonly, choice of
an appropriate promoter can be used to drive tissue-specific expression of the
transgene when the role of the channel in a specific tissue is addressed. In our
studies, the rat o.-myosin heavy chain (28) and rat insulin (29) promoters are
used to specifically direct expression of the GFP-tagged mutant Kir6.2
transgene in mouse cardiac myocytes and pancreatic -cells, respectively.
Both promoters have been used extensively to successfully direct expression
of numerous transgenes with high specificity (4—8). As shown in Fig. 1B, for
pancreatic-directed expression, the Kir6.2 cDNA was cloned downstream of
the rat insulin promoter (540 b.p.) as an EcoRI/EcoRI restriction fragment.
Flanking the cloning site are noncoding rabbit (3-globin sequences, which are
believed to stabilize the transcript and result in higher level of transgene
expression. The entire transgene is released from the parent plasmid as a Sacl/
Xhol fragment (~2200 b.p., excluding the cDNA insert) and used in microin-
jection of mouse zygotes.

In the cardiac transgenic construct (Fig. 1C), the a-myosin heavy chain
promoter segment, in addition to containing proximal cis-acting regulatory
regions necessary for high-level transgene expression, includes extensive
upstream intergenomic sequence (5000 b.p.) that is important to drive car-
diac-specific expression in a developmentally appropriate fashion. The
cDNA is cloned in as either a Sa/l/Sall fragment or a Sall/HindIII fragment
downstream of noncoding exons I-III of the a-myosin heavy-chain gene in
order to facilitate the splicing event in which the normal nascent RNA par-
ticipates. Downstream of the the cloning site is human growth hormone
(hGH) polyadenylation site. The transgene construct is excised as a Notl/
Notl fragment (~7000 b.p., excluding the cDNA insert).

3. ANALYSIS OF TRANSGENE EXPRESSION

3.1. Expression of Transgene in the Pancreas

Although the following summary describes our specific transgenic
expression of GFP-tagged K,rp, similar results are likely to be obtained
with directed expression of other GFP-tagged ion channels.
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To express a mutant Kir6.2-GFP subunit with reduced ATP-sensitivity in
mouse pancreatic [3-cells, the insulin-promoter driven Kir6.2-GFP transgene
(Fig. 1B) was microinjected in to zygotes derived from a C57B16 x CBA
mouse strain, and six founder mice were generated (lines A—F). To demon-
strate expression of the mutant Kir6.2-GFP transgene, pancreatic islets were
isolated from two of these lines (lines E and F; for protocol on islet isola-
tion, refer to ref. 30) and level of fluorescence was determined under UV
illumination (excitation 450—490 nm) using a mercury short arc lamp source
attached to a standard patch-clamp rig. As can be seen in Fig. 2A, islets from
control littermate mice showed no significant green fluorescence in the 515-
555 nm emission range. By way of contrast, isolated islets from both the
Kir6.2-GFP transgenic (Tg.) C and F lines, displayed significant levels of -
cell specific fluorescence of the GFP-tagged channel, although, qualita-
tively, the level in line F was significantly higher (Fig. 2B,C). The
fluorescence level in positively expressing cells is qualitatively similar in
both lines. As described earlier, variegated expression of the transgene in
the target tissue is common and is likely to underlie the differential level of
expression observed between the founder lines (11/).

To establish functional activity of the transgenic mutant Kir6.2-GFP
transgene, isolated pancreatic B-cells were analyzed using the inside-out
patch-clamp technique. Representative traces showing K,tp channel activ-
ity in varying concentrations of inhibitory ATP is shown in Fig 3A. In
transgenic mice, patches from green fluorescing (3-cells invariably expressed
K s1p channels with reduced ATP sensitivity, consistent with high level of
transgene expression. On average, nonfluorescing [3-cell patches exhibited
an ATP-sensitivity consistent with native pancreatic K pp channels; how-
ever, occasionally, nonfluorescing cells contained K,tp channels with
reduced sensitivity, which may reflect a low level of transgene expression
below the limit of UV detection.

3.2. Expression of Transgene in the Heart

Similarly, variegated expression was also observed when the o-MHC pro-
moter was used to drive expression of mutant K,p channels in heart. In
three of the four founder lines analyzed (e.g., line II; Fig. 4A), differential
fluorescence was observed in isolated cardiac myocytes. Similar to expres-
sion in pancreatic B-cells, inside-out patch clamp analysis revealed a high
level of transgenic channels in green fluorescing f-cells (based on reduced
ATP-sensitivity of the channels) and only native K,pp channels in
nonfluorescing myocytes (Fig. 4C). Interestingly, in one transgenic line
(Line IV; Fig. 4B) complete expression of the transgene was observed, with
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Fig. 2. Fluorescence of GFP-tagged K,rp channels in isolated islets from
transgenic mice. Clear field and fluorescent images (shown in grayscale) of iso-
lated islets from a control mouse (A), the C-line mouse expressing the Kir6.2-GFP
transgene (B), and the F-line mouse (C).
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Fig. 3. ATP-sensitive K*-currents in pancreatic f-cells from both Kir6.2wt
transgenic and control littermate mice. (A) Representative K* current recorded from
inside-out membrane patches from either GFP-fluorescing, pancreatic B-cells from
Kir6.2[AN2-30] transgenic mice or nonfluorescing, pancreatic $-cells from a con-
trol littermate. K, 7p currents were measured at =50 mV in K; solution and patches
were exposed to differing [ATP] as shown. (B) Averaged maximal ATP-sensitive
K* currents from membrane patches. Micropipet size for each patch was assumed
similar and corresponded to pipet resistance of =1 MQ. Mean currents in the
absence of ATP were as follows: Kir6.2-GFP Tg = 137 + 35 (sem) pA (n = 15);
control = 116 = 20 pA (n = 15).
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Fig. 4. Fluorescence of GFP-tagged K rp channels in isolated cardiac myocytes
from transgenic mice. Clear field and fluorescent images (shown in grayscale) of
isolated cardiac myocytes from a line II transgenic mouse (A), or a line I'V transgenic
mouse (B). Arrows in A indicate nonfluorescing cells with native Kp channels.
(C) Representative K* current recorded from inside-out membrane patches from
either GFP-fluorescing cardiac myocytes from line II transgenic mice or
nonfluorescing cardiac myocytes from line II mice. K ,p currents were measured at
=50 mV in K;, solution and patches were exposed to differing [ATP] as shown.

all cells fluorescing and containing K, p channels with reduced ATP-sensi-
tivity that approximates the ATP-sensitivity of the reconstituted mutant
channels. This suggests complete replacement, or “knock-in,” of the endog-
enous K, pp with the transgene derived K p subunit.
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Finally, K,tp channel density, as estimated by average ATP-sensitive
current per patch, was not significantly altered (Fig. 3B) in pancreatic Kp
channels. As numerous transgenic studies have demonstrated overexpression
of the transgene protein, the lack of an increase in K,rp channel density
suggests the existence of a limiting factor that restricts overexpression of
K 41p channels in this tissue. We suggest that this may be the SUR1 subunit,
which is also required for reconstitution of channel activity. Whether simi-
lar factors exist to tightly regulate expression of other ion channels
transgenes is not known.

5. CONCLUSION

The GFP provides a quick and efficient method to identify target cells
within a transgenic animal expressing the GFP-tagged ion channel. The
major advantages of this method are: (1) coupling of GFP moiety to the ion
channel is unlikely to alter channel activity with respect to single channel
behavior and sensitivity to regulatory ligands; (2) expression of the transgene
within the target tissue can be easily assessed under UV illumination; (3)
differences in expression levels from cell to cell can be easily assessed when
incomplete penetrance of the transgene occurs (i.e., variegated expression)
because fluorescence intensity is directly related to the level of transgene
expression; and (4) differences in expression levels of the transgene between
founder lines, which is particularly important when comparing phenotypes
among the founder lines, can be readily determined.
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Mutant GFP-Based FRET Analysis
of K™ Channel Organization

Elena N. Makhina and Colin G. Nichols

1. INTRODUCTION

The fact that genetic incorporation of the green fluorescent protein GFP
(1) into an ion channel does not usually abolish function of either protein
(see Part 2 of this book) enables a researcher to localize an ion channel in a
living cell at almost every step of its biogenesis. Indeed, by means of light
and confocal microscopy ion channels have been observed through the major
steps of the secretory pathway: ER-Golgi- TGN- plasma membrane (2—4).
Single GFP tagging can be used to sort out various trafficking mutants (5)
and to demonstrate ion channel interaction with other proteins (3,6—8). Po-
tentially this approach allows the monitoring of ion channel trafficking
and turnover in real time. The advantage of such in vivo localization is partly
compromised by the necessity of labeling and detecting a control protein
specific for a given compartment—usually achieved by immunostaining fol-
lowed by cell fixation. This complication was bypassed by the development
of blue, cyan, yellow, red, and other mutant fluorescent proteins (BFP, CFP,
YFP, and RFP, respectively), that make it possible to monitor two proteins
labeled with optically distinguishable fluorescent tags almost simultaneously
in vivo and localize one protein relative to another. Ion channel examples
are absent for the moment, application for other proteins is reviewed in ref.
9. Such co-coloring allows attributing two proteins roughly to the same com-
partment but does not reveal their closer association owing to the limited
spatial resolution of light microscopy.

Fluorescence resonance energy transfer (FRET) between two appropriate
GFPs provides a method to reveal closer association of two co-localized
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Fig. 1. Principles of the mutant GFP-based FRET assay. When two proteins or
domains tagged with donor and acceptor GFPs are in a close proximity, inter-GFP
FRET can occur and is registered as the acceptor emission spectrum at a donor
excitation wave length (top). Absence of protein-protein interaction is character-
ized by an emission spectrum lacking an acceptor emission peak.

proteins. FRET is a process by which an excited fluorescent molecule
(donor) transfers its energy in a nonradiative mode to another molecule (ac-
ceptor) causing the latter to emit light. Because FRET efficacy is propor-
tional to the donor-acceptor proximity, FRET between chemical fluorescent
markers has become a standard method to measure distances within, or be-
tween, biological molecules (/0). GFP mutants with shifted wavelengths of
excitation and emission have been created to form donor-acceptor couples
producing FRET (171,12). Figure 1 shows the general principle of FRET
between two mutant GFPs. A sample containing two proteins tagged with
donor and acceptor GFP molecules is illuminated by light that specifically
excites the donor but does not affect the acceptor. When the donor-acceptor
proximity and orientation are favorable, nonradiative energy transfer from
the donor can excite the acceptor GFP. When donor and acceptor GFPs are
incorporated in the same molecule, changes in FRET reflect conformational
changes in the protein. There are two main constraints for FRET occurrence:
the fluorophores have to be in a permissive relative orientation and lie within
100 A. Thus, in principle, mutant GFP-based FRET assays should permit:
(1) ion channels to be localized by an optical event in a live cell or in dis-
persed cellular fraction; (2) conformation to be monitored through biogen-
esis; and (3) association with a second GFP-labeled protein to be detected in
different cellular compartments.
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Information on the physics of inter-GFP FRET can be found in recent
reviews (12,13). Potential advantages of GFP FRET assays in testing con-
formation dynamics and protein—protein interaction have been considered in
other recent reviews (/4—16), but experimental applications are limited so
far to the following examples, none of which involves ion channels. BFP
fused to red shifted GFP via a short peptide with a X, cleavage site displayed
FRET, which disappeared after X, separated the two fluorescent proteins
(17). Placing calmodulin between two GFPs resulted in a FRET-producing
chimera, where calcium binding changed its conformation and FRET
efficacy, with sufficient resolution to measure calcium concentrations in
various cellular compartments (/8,/9). Mutant GFP-based FRET has
been used to monitor dimerization in vivo of the apoptotic proteins Bcl and
Bax (20) and G-protein coupled receptors (2/). Changes in metallothionein
conformation owing to metal release have also been detected using GFP-
based FRET (22). Here we describe potential benefits and considerations for
the use of the approach in the study of K,p channels, an ion-channel com-
plex that poses a number of questions that may be addressed by FRET assay.

Ktp channels couple cell metabolism to electric activity in multiple cell
types. In pancreatic beta-cells, loss of K, rp function is associated with persis-
tent hyperinsulinemia (23-25), and alternatively, expression of K,p mutant
with high open probability results in neonatal diabetes in transgenic mice (26).
In contrast to the well-developed electrophysiology of the K ,tp complex, rela-
tively few papers address its cell biology (2,3,27,28). However the heterolo-
gous composition of K rp complex and its relevance to disease call for a
better understanding of its assembly and trafficking, which basically means
localization of Krp subunits. The K,rp complex includes 4 pore forming
subunits (Kir6.1 or Kir6.2) and 4 regulatory subunits of sulfonylurea receptor
(SURI, SUR2A, or SUR2B) (29,30). Neither sulfonylurea receptor, nor Kir6.2,
subunits are normally capable of channel activity when expressed alone in
mammalian cells or in Xenopus oocytes (31,32), however deletion of the 36
C-terminal amino acids, which removes an endoplasmic reticulum retention
signal (27) enables Kir6.2 to reach the plasma membrane and exhibit channel
activity without SUR1 (33). We have introduced donor-acceptor couples of
two mutants GFPs into the K, p complex. Here we describe the methodolo-
gies involved, and the analysis of FRET signals from such complexes.

2. INTRODUCING MULTIPLE GFP MOIETIES
INTO AN ION CHANNEL

GFP is a 238 amino acid protein packed in a dense cylinder, 48 A high
and 24 A in diameter (34). GFP can be fused to cytoplasmic N- and C-
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Table 1
GFP-Tagged K, 1p Subunits

Functional with

Construct No. FPs per complex SURI or Kir6.2?
CFP-Kir6.2 4 +
YFP-Kir6.2 4 +
Kir6.2-CFP 4 +
Kir6.2-YFP 4 +
CFP-Kir6.2-YFP 8 +
SUR1-CFP 4 expected +
Kir6.2-YFP/SUR1-CFP 8 expected +
YFP-Kir6.2/SUR1-CFP 8 expected -

termini of ion channels Kir6.2, Kir2.1, Kir2.3, Kirl.l without compromis-
ing channel function (2,3). We found essentially no differences between the
properties of channels attached to GFP in direct fusion of GFP to C-termi-
nus of Kir2.3 or via 6-glycine linker (2). However, C-terminal tagging of
SUR1 with GFP resulted in a functional chimera only when we placed 6
alanines between the two proteins. Even if the high rate of success in creat-
ing GFP-channel chimeras may be to some degree explained by the lack of
reports of unsuccessful fusion, cytoplasmic termini of ion channels seem to
be a suitable domain for GFP-tagging. Placing GFP into a coding sequence
remains a challenge, however a clever design may result in a functional
chimera, as shown for a voltage-gated Kv channel with GFP introduced just
beyond the membrane-spanning S6 domain (35). For our FRET experi-
ments we attached mutant GFPs to K rp-termini in several configurations
(Table 1).

Almost all constructs were functional (Table 1), and expressed ATP-sen-
sitive potassium currents in transfected COSm6 cells. Clearly, ion channels
are quite tolerant to GFP incorporation. Does GFP fusion to an ion channel
affect GFP fluorescence? When GFP was utilized as an optical sensor for
conformational changes in a Shaker-GFP chimera, the intensity of GFP fluo-
rescence correlated with voltage-dependent gating of the channel (35). In
another report, close physical proximity of two GFP molecules shifted the
ratio of their excitation peaks (from 395 nm to 475 nm). This effect results
from structural interaction between two fluorophores and is not connected
with spectral energy transfer (36). So far, there is no evidence that attach-
ment of GFP to a second protein changes the GFP spectral properties,
although we cannot exclude the possibility that a certain peptide context
may change fluorescence intensity. In numerous chimeras of CFP, GFP, and
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Table 2
Mutant FPs and Spectral Properties
Excitation Emission

Name Mutations maxima (nm) maxima (nm)
CFP F64L, S65T, Y66 W, 434 478

M153T, N1641, V163A, 452 505 (minor)

N212K
YFP S65G, S72A, T203Y 480 525

YFP with Kir channels and their cytoplasmic or transmembrane fragments
that we have made, the excitation and emission characteristics of the fluo-
rescent proteins did not change.

Relevant criteria for selection of a FRET producing pair of GFP mutants
based on their spectral properties and quantum yield are listed elsewhere
(11,12). We used cyan-shifted (CFP) and yellow-shifted (YFP) mutants (2/)
(see Table 2). The emission spectrum of the CFP donor overlaps the excita-
tion spectrum of the YFP acceptor, and major emission peaks of CFP and
YFP are well separated and distinguishable. Of practical importance: YFP
emission at the CFP excitation maximum (cross-talk) is low and CFP is the
brightest donor available so far.

The usual technique to make fusion constructs is polymerase chain reac-
tion (PCR). Because GFP fluorescence can be destroyed by random muta-
tions generated in PCR, GFP amplification should be avoided whenever
possible. Even with a high-fidelity PCR-polymerase, a reasonably short cas-
sette should be generated by PCR and cloned. All PCR-originated fragments
are verified by sequencing. Vectors that allow cloning of a protein of inter-
est in frame with the N- or C-terminus of wild-type and mutant GFP, are
available from Clontech, Invitrogen, Pharmigen, and other companies. At
the present time there are no commercially available vectors like those con-
structed by Miyawaki et al. (19), widely referred to as “chameleons,” for
FRET constructs. When initiating a GFP-FRET project, it may be reason-
able to begin by creating such a vector and then cloning a variety of frag-
ments into a multiple cloning site between two fluorescent proteins.
However, the nature of FRET may require varying channel-GFP junctions
and individual construction of plasmids. In this case a hybrid primer con-
necting GFP and an ion channel is designed according to a desired structure
(flexible, rigid, or other) of the protein junction. We have achieved relative
orientation of CFP and YFP that permits FRET by their direct fusion with
N- and C-termini of Kir6.2.
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3. EXPRESSION OF FRET CONSTRUCTS
IN MAMMALIAN CELLS

GFP-channel chimeras are bright enough to be monitored in transfected
mammalian cells. The choice of transfection method for FRET constructs is
dictated by the necessity to test many constructs. We performed FRET mea-
surements on transiently transfected COSm6 cells. A DEAE-dextran-chlo-
roquine transfection protocol was applied when GFP-K ,1p constructs were
tested for channel activity; for morphological and spectral analyses, cells
were transfected using lipofectamine reagent (chloroquine causes swelling
of acidic compartments and changes the cell morphology).

The presence of a functional chimeric protein should be confirmed prior
to fluorescence measurements and we have used direct patch-clamping of
our K, rp channel chameleons. If a construct in question is devoid of electri-
cal activity, it may be recognized by Western blot with anti-GFP or anti-
channel antibodies and visualized in cells by microscopy. The major fraction
of GFP-tagged channels are located in inner membranes, and it is primarily
the state of this fraction that is tested in fluorescent measurements performed
on untreated live cultures. A certain cellular compartment could be enriched
in chimeric protein by cytostatic agents or isolated by fractionation, in order
to assay channel constructs located in specific compartments.

We tagged K rp subunits with one or two mutant GFPs and expressed
them under the control of the cytomegalovirus promoter in the pPCMV6 vec-
tor. COSm6 cells were plated on 100 mm Petri dishes at a density of 10°
cells per plate 24 h before transfection using lipofectamine reagent (Life
Technologies, Inc.) or a DEAE-dextran/chloroquine method (2). Measure-
ments were made on the second day after transfection when the fraction of
fluorescent transfectants was from 10-70% depending on the construct.
Cells collected from a single plate generated robust fluorescence, easily
detected by spectroscopic measurements in vivo and in vitro. In the con-
structs with covalently linked CFP and YFP, the donor:acceptor molar ratio
is constrained to 1:1 and provides conditions suitable for FRET. When Kir
6.2 subunits tagged individually with CFP and YFP were cotransfected
appropriate donor-acceptor ratios may be easily obtained by mixing DNA.
However we were unable to achieve ~1:1 ratio when Kir6.2-YFP was co-
expressed with SUR-CFP. The level of SUR-CFP and SUR-GFP fluores-
cence remained invariantly low even when SUR-GFP was expressed alone,
and despite the fact that SUR-GFP with Kir6.2 formed active K, p channels
and was visible (2). One possible explanation is that folding of this particu-
lar protein “damages” the fluorophore and weakens its fluorescence. When
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the SUR-GFP construct was shortened by deletions of various length the
fluorescence dramatically increased (unpublished observations).

When culturing cells expressing GFP fusion one might consider incubat-
ing them at 33°C, which is reported to improve GFP folding and to enhance
fluorescence, or using a mutant whose folding is insensitive to high (37°C)
temperature (37,38).

4. DATA ACQUISITION AND ANALYSIS

Screening for a FRET-producing combination requires rapid fluorescence
measurements of many cultures. This can be done by an easily available
spectrofluorometer, where an emission scan takes 1-2 min. Later the popu-
lation measurements can be followed by FRET microscopy (reviewed in ref.
13). We resuspended transfected and untransfected COSm6 cells in 3 mL of
K solution (140 mM KCI, 10 mM HEPES, 1 mM ethylenglycoltetraacetic
acid [EGTA], pH 7.3) and measured fluorescence in a stirred cuvet in a
FluoroMax fluorometer. CFP and YFP were excited at 430 nm and 480 nm,
respectively, and emission scans were performed. Excitation and emission
slit widths were 5 mm, fluorescence points were acquired in 1 nm incre-
ments. Spectroscopic scans were transferred to Microsoft Excel for analy-
sis, during which autofluorescence of the cells was subtracted from CFP- or
YFP-associated fluorescence after normalizing the spectra by cell density.

Figure 2 illustrates FRET between CFP and YFP flanking Kir6.2 and the
Kir6.2 N-terminal cytoplasmic domain. In each case, prominent 525 nm
emission peaks with excitation at 430 nm are much greater than the emission
of YFP caused by 430 nm excitation. A simple qualitative way to test whether
the acceptor emission is owing to FRET is to cleave the link between the two
GFPs by protease and observe gradual decrease of acceptor emission and
increase of donor emission. In K, 1p channels, trypsin cleaves cytoplasmic
regions of Kir6.2 (39,40), and we have demonstrated inversion of emission
spectra (FRET disappearance) after cytoplasmic trypsin cleavage (Fig. 2).
Once FRET is proven it has to be characterized quantitatively. The follow-
ing practical formula may be suggested for FRET measurements (Fig. 3):

FRET% = (F430 — Ca30) / Fago (0

where F430 and F,g is emission of the FRET producing sample at 430 nm
and 480 nm excitation, and Cy3( is emission of the donor (CFP) at 430 nm
excitation. It can be applied to FRET between covalently linked GFPs in
one construct or to compare different samples. FRET values obtained this
way for Kir6.2 constructs are presented in Fig. 3B.
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Fig. 2. Emission scans of CFP and YFP-tagged K,1p at 430 nm excitation. In
this and following figures, emission (ordinate, arbitrary units) is plotted vs wave-
length (abscissa, nm). (A) Kir6.2 is tagged with YFP at the N-terminus and CFP at
the C-terminus (y62c construct). (B) Kir6.2 subunits were tagged with CFP and
YFP at their C-termini (62c, 62y) and co-expressed. (C) The N-terminal domain of
Kir6.2 was flanked by CFP and YFP (cNy). Emission scans were performed on
disrupted cells before and after trypsin treatment. Panel (C) shows scans performed
at 3-min intervals after treatment with 0.1 mg/mL trypsin at room temperature.

5. INTERPRETATION OF FRET DATA

Can FRET values obtained above be converted into physical distances?
The Forster Equation 2 relates the distance (r) between donor (D) and
acceptor (A) fluorophores and the spectroscopic properties of each:

Kp = (1/tp) (Ro/r)° @)

where K7 is the rate of energy transfer from D to A, T, is the fluorescence
lifetime of D in the absence of A, R, (the Forster distance) is the distance at
which the average efficiency of transfer is 50%. Because K is proportional
1/r5, FRET efficiency becomes negligible above ~1.5 R,. Critically, the defi-
nition of the Forster distance includes an (inherently in this context)
unknown parameter, the relative fluorophore orientations. The main limita-
tion of the FRET assay in testing protein-protein interactions is a require-
ment of proper fluorophore alignment. GFP molecules are not point sources,
and placing two GFPs in the correct relative orientation may be a problem
even if the crystal structure of a hosting protein were known. Figure 4 shows
how FRET results can depend on fluorophore orientation in K rp channels.
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Fig. 3. Fluorescence emission of chimeric proteins. (A) Emission scan of COSm6
cells transfected with y62c, excited at 480 nm (i) or 430 nm (ii), and of cells transfected
with 62c, excited at 430 nm, normalized to the y62c emission at 476 nm (iii). Subtrac-
tion of the 62c cyan emission spectrum from the y62c emission spectrum yields the
apparent FRET in the spectrum (iv). In this and all subsequent figures, the abscissa is
the emission wavelength (nm), and the ordinate is the emission intensity in instrument
fluorescence units. (B) FRET efficiency expressed by 525 nm emission (430 nm excita-
tion) as a percentage of 525 nm emission at 480 nm excitation, for y62c (expressed with
or without SUR1) and for y62 constructs. Bars show mean = SEM, n = 7-10 indepen-
dent transfections. (C) Emission scan of COSm6 cells transfected with y62, excited at
480 nm or 430 nm, together with normalized CFP scan, and subtracted scan, as in (A).
(D) FRET efficiency expressed by 525 nm emission (excited at 430 nm) as a percentage
of 525 nm emission with 480 nm excitation, for YFP-containing constructs as indi-
cated. Bars show mean = SEM, n = 6-10 independent transfections.
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Fig. 4. Fluorescence emission of combinations of mutant GFP-tagged Kir6.2 pro-
teins. (A=D) Emission scans of COSm6 cells transfected with mixtures of YFP and
CFP tagged full-length Kir6.2 constructs as indicated. (E) FRET efficiency expressed
by 525 nm emission (excited at 430 nm) as a percentage of 525 nm emission with 480
nm excitation, for YFP-containing constructs as indicated. Bars show mean + SEM, n =
5-10 independent transfections. Note that otherwise identical pairs of combinations
give large FRET signals, or no FRET signal, depending on fluorophore orientation.
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When CFP and YFP are attached to the N- and C-terminus respectively, or
to C-termini of Kir6.2, FRET occurs. In two other configurations FRET does
not occur. We cannot formally distinguish between orientation or distance
factor in the interpretation of these results. However, because pairs of con-
structs are structurally identical with the exception of the point mutations to
generate CFP or YFP fluorophores, the simplest interpretation is that the
orientations of each fluorophore are critical.

Thus, for practical purposes, because R, for GFP based FRET pairs is
probably about 40 A (11), FRET is not typically observed between GFP
pairs that are separated by > ~60 A, and observed FRET may be taken to
indicate that the fluorophores are within this distance. However, a change of
FRET signal may indicate that either fluorophore distance, or orientation, is
changing. Separating these possibilities may be impractical.

In our experiments the background fluorescence of YFP attached to
Kir6.2, Kirl.1, Kir2.1, and SUR1 at 430 nm excitation did not exceed 5%. Is
any level of “background FRET” possible owing to nonspecific closeness of
the tested proteins in overexpressing cells? When different Kir subunits with
single CFP or YFP tags were co-expressed the FRET peaks were above the
background 5% but below the FRET amplitude observed between homolo-
gous subunits (unpublished observations). Moreover, Kir6.2 reduced to its
transmembrane domains and tagged with CFP/YFP displayed FRET.
Although this may reflect appropriate assembly of truncated channels,
artefactual clustering remains an alternate possibility.

6. CONCLUSIONS

At the present time (early 2000), experimental data obtained with inter-
GFP FRET on ion channels are very limited and do not allow serious con-
clusions about its usefulness. Our experience shows that FRET between two
GFPs can be achieved relatively easily in a functional ion channel. How-
ever, we could not demonstrate physiologically reversible modulation of
FRET by channel-specific agents. Unlike the two-hybrid system, the FRET
based protein—protein interaction assay does not provide a means of cloning
new proteins, because it does not provide an easy selection of positive
interactants. Nevertheless it may be useful in a limited screen of prospec-
tive candidates for protein-protein interaction. It also permits a quantita-
tive evaluation of any such interaction and spatial “sketching” of the
resulting complex. The main attraction of this approach remains in the pos-
sibility of encoding a fluorescent marker genetically and watching the life
of a channel in real time.
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Delivering Ion Channels to Mammalian Cells
by Membrane Fusion

David C. Johns, Uta C. Hoppe, Eduardo Marban,
and Brian O’'Rourke

1. INTRODUCTION

Ion channels in the plasma membrane play a critical role in cellular func-
tion. These proteins are the gatekeepers that control ion homeostasis and
shape excitability. Excitable cells use a variety of different ion channels to
fashion their hallmark electrical signal, the action potential. Advances in
molecular electrophysiology have led to the identification of more ion-chan-
nel genes than there are identified membrane currents. This excess is par-
ticularly striking with potassium channels, where a wide diversity of genes
is compounded by variable levels of hetero-multimerization, alternative
splicing, and post-translational modification. The classical methods of
studying the roles of each gene rely either on exogenous expression in frog
oocytes or pharmacological manipulation of native currents (/). Although
these techniques have yielded a wealth of information concerning ion chan-
nel structure and function, they have come up short in linking individual
genes and their products to physiology and disease.

Defects in ion channels have been linked to a number of inherited dis-
eases including epilepsy, periodic paralysis, cystic fibrosis, and long QT
syndrome (2). In addition, changes in cellular excitability are associated with
several common disease states including drug addiction, depression, and
heart failure (3-5). An enormous number of pharmaceutical agents affect
cellular excitability either directly or indirectly. This may be by design, as in
the case of local anaesthetic block of sodium channels, or as an unwanted
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side effect that limits the potential usefulness of the agent, such as erythro-
mycin-induced block of cardiac potassium channels leading to fatal
arrhythmias (6). The study of the role ion channels play in various patho-
logical states has been greatly advanced by the application of molecular
genetics. The study of germ line mutations affecting ion channels in an
organism, and somatic cell gene transfer, have become two powerful ways
by which investigators have unraveled the role of specific ion channels in
normal physiology.

As previously stated, one of the first techniques used to study cloned ion-
channel genes involved injection of in vitro transcribed cRNA into oocytes
isolated from Xenopus laevis. This technique has several advantages and is
still widely used today. Channels expressed in this way are generally
expressed robustly and, because each cell is individually injected, the
expression efficiency is near 100%. Some downfalls to this approach include
the high number of exogenous channels expressed in the oocyte cell mem-
brane, the large size of the oocyte makes it difficult to obtain a complete
clamp of the cell, and differences in the biophysical properties of expressed
channels presumably owing to lack of endogenous modulators of channel
function (7-9). The ideal situation would enable examination of the behav-
ior of the expressed ion channel in its native environment to determine not
only its native biophysical, but also its physiological function.

Improvements in the ability to transfect cloned DNA into cultured mam-
malian cells along with the creation of mammalian expression vectors has
led to the technique of transient transfection as another way of expressing
ion-channel proteins. The cDNA of interest is cloned into a plasmid vector
between a mammalian (or avian) promoter and poly-adenylation sequence
(both often of viral origin). The DNA is then transfected into cultured cells
by anyone of several techniques with a resulting transfection efficiency any-
where between 2 and 80% depending on the transfection technique and the
cell line used. Although this technique obviates, to some extent, the prob-
lems listed for the oocyte technique, it also lacked the ease with which posi-
tive cells could be identified. In addition, in some cases clones that could be
expressed in the oocyte system were more difficult to express in this system.
To eliminate the problems in identifying positive cells, a selectable marker,
usually an antibiotic resistance gene, can be included in the transfection.
Cells that integrate and stably express the resistance gene can then be
selected for and then screened for the expression of the gene of interest. This
technique has been used extensively with a number of different proteins to
create stable cell lines that express the protein of interest. Results with ion-
channel genes were more varied and seemed to depend on the channel of
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interest as well as the cell line used. In some cases the use of an inducible
promoter driving the ion channel made obtaining positive expressers easier
(10,11). More recently the advent of auto-fluorescent reporter proteins such
as the green fluorescent protein (GFP) has greatly simplified both of forms
of transfection (/2—17). The inclusion a GFP expression cassette makes it
possible to visualize, on an epi-fluorescence equipped microscope, positive
cells. This technique has now become a standard way of expressing ion-
channel proteins in cultured cells with the only drawback being that many
primary cells are refractory to transfection.

More recently, refinements in viral vectors that have accompanied the
surge of interest in gene therapy have resulted in a third way of expressing
ion channels. Recombinant viral vectors are engineered to express the
desired protein and these vectors can then be used to efficiently infect not
only cultured cells but also primary cells either in vitro or in vivo (/6-22).
The advantages of this technique are numerous and the continued refine-
ment in vector design promise to make this a widely used technique in the
future. One potential drawback with this technique is the potential for adap-
tive responses in the target cell from the time of infection until the time of
functional expression and analysis.

Another potential way to deliver exogenous proteins or macromolecules
is through cell fusion. The creation of heterokaryons was first used to dem-
onstrate rapid mixing of membrane components (23-25). Further applica-
tions have included delivery of macromolecules to mammalian cells,
inhibition of ouabain-induced arrhythmias in embryonic myocytes, investi-
gation of the dynamics of organelle turnover and processing, and studies of
a dominant regulator of skeletal muscle differentiation (26—31). From these
previous studies it appeared that this technique would be a useful way to
deliver ion-channel proteins to target cells. Several techniques have been
employed to facilitate the fusion of two cells. The most straightforward of
these is to use polyethylene glycol (PEG) to dehydrate the cells, which upon
re-hydration results not only in the fusion of the cell membranes but an open-
ing of a pore that connects the cytosolic compartments (32). Proteins in the
cytosol then diffuse freely between the two cells and proteins in the differ-
ent membrane compartments begin to mix at somewhat slower rates depen-
dent on the protein in question (30,33-35). The opening of the pore can be
readily observed by the loading of one of the cell types with a viable marker
(either a dye or auto-fluorescent protein). There are several advantages of
this technique; first, premade functional proteins are rapidly delivered to the
cell of interest, preventing the potential for adaptive changes. Second, the
vectors used are standard plasmid vectors that are readily manipulated in
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most laboratories. Lastly, it allows a before and after picture of the channel’s
properties to be elucidated (for example, one could for look for an endog-
enous factor in the native cell that modulates channel function).

This chapter is intended to provide an introduction into the use of GFP
and cell fusion in studying ion-channel function. This work, in part, has
been previously published (36).

2. MATERIALS AND METHODS

2.1. Plasmid Constructs

The expression plasmid for Kv4.3 (pCGI-Kv4.3) was generated by clon-
ing the coding sequence from rat Kv4.3 (kindly supplied by Dr. Bernardo
Rudy, New York University, New York) into the vector pCGI (formerly
pGFP-IRES [37]). The vector pPEGFP-N3 (Clontech, Palo Alto, CA) was
used for control transfections. The coding sequence for the human CD8 was
PCR-amplified from the plasmid pEBO-CD-Leu2 (ATCC #59564, Ameri-
can Type Culture Collection, Manassas, VA 20110-2209) and cloned into
pCGlI in place of the EGFP sequence (pC8I). All vectors were purified by
alkaline lysis followed by cesium chloride gradient centrifugation (38).

2.2. Transient Transfections

CHO-K1 cells (ATCC CCL 61, American Type Culture Collection,
Manassas, VA 20110-2209) were cultured in Ham’s F12 medium (Cellgro,
Mediatech, Washington, DC) supplemented with 10% fetal bovine serum
(FBS) (Life Technologies, Gaithersburg, MD), 2 mM glutamine, 100 U/mL
penicillin, and 100 ug/mL streptomycin (Life Technologies, Gaithersburg,
MD) in a 5% CO, incubator at 37°C. Twenty four hours prior to transfec-
tion, cells were plated at a density of 2.0 x 103 per 35 mm plate. Cells
were transfected using 9 uL of lipofectamine (LifeTechnologies) and
0.75 ug of the respective plasmid mixed as directed by the manufacturer.
All transfections were done for 6 h, after which cells were washed once
with growth media and returned to the incubator in growth media.

2.3. Stable Cell Lines

Stable cell lines were generated by first linearizing the desired plasmid at
the Asel site. Linearized DNA was transfected into CHO-K1 cells using
lipofectamine. Forty-eight hours after transfection, cells were placed in
growth media containing geneticin sulfate (500 ug/mL; G 418, Life Tech-
nologies). Following selection cells were sorted on a fluorescence activated
cell sorter (FACS). Cells exhibiting fluorescence levels above background
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were plated at low density and allowed to grow until single colonies could
be picked for further analysis. Expanded colonies were analyzed by flow
cytometry and patch clamp analysis.

2.4. Flow Cytometrical Analysis

Flow cytometry was performed using a Becton Dickinson Facstar and
analyzed using CellQuest (Becton Dickinson) or Win MDI software (Scripps
Institute). Forward and side scatter was used to gate single cells, and excita-
tion at 488 nm and collection at 530 nm measured GFP fluorescence. Cells
transfected with a plasmid expressing LacZ were used as nonfluorescent
controls. GFP-positive cells were selected as those whose fluorescence
intensity exceeded the fluorescence of 99.9% of the control cells.

2.5. Ventricular Myocyte Isolation

Guinea pig ventricular myocytes were isolated using Langendorff perfu-
sion as previously described (39). Adult guinea pigs (300-350 g) were
sacrified by pentobarbital (50 mg/kg i.p.). The heart was extracted and ret-
rogradely perfused via the ascending aorta with nominally Ca**-free modi-
fied Tyrode’s solution (140 mM NaCl, 5 mM KCI, 10 mM glucose, 1 mM
MgCl,, 10 mM HEPES; pH was adjusted to 7.4 with NaOH, 37°C) for 6
min, followed by 9 min in the same solution with added collagenase (type II,
200 IU/mL; Worthington Biochemical Corp., Freehold, NJ) and protease
(type XIV, 0.3 IU/mL; Sigma Chemical Co, St Louis, MO). Finally, the
enzyme was washed out for 5 min with modified Tyrode’s solution that con-
tained 200 uM Ca”*. After digestion, cells from the left ventricular myocar-
dial wall were disaggregated by mechanical agitation, strained through a
nylon mesh filter, and stored at room temperature in a high potassium solu-
tion (120 mM K-glutamate, 25 mM KCl, 1 mM MgCl,, 10 mM glucose, 10
mM HEPES, 1 mM EGTA; pH was adjusted to 7.4 with KOH) for 30 min.
Myocytes were then placed on laminin-coated (20 uL./mL culture medium;
Becton Dickinson Labware, Bedford, MA) cover slips in 6-well plates in
medium 199 (Cellgro, Mediatech, Washington DC) supplemented with 2%
FBS (Life Technologies) and maintained at 37°C in a 5% CO, humidified
incubator for 1 h.

2.6. Cell Fusion

Control (CHO) or test (CHO-Kv4.3) cells were grown to 70% confluency
in 75 cm? flasks in normal growth media. Before fusion, CHO cells were
loaded with calcein-AM (2 uL/mL growth medium; 1 mM stock solution in
dimethyl sulfoxide (DMSO); Molecular Probes, Eugene, OR) and incubated
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in the presence of the dye for 30 min. Following staining, cells were twice
washed with phosphate-buffered saline (PBS), trypsinized, centrifuged, and
resuspended in 6 mL medium 199 supplemented with leucoagglutinin 40
ug/mL (Sigma Chemical Co., St. Louis, MO). The myocyte growth medium
was exchanged with this CHO cell suspension at 0.5 mL/well. One hour
after co-plating, myocytes and CHO cells were fused with prewarmed
(37°C) polyethylene glycol 1500 40% (PEG) (Boehringer Mannheim,
Mannheim, Germany). After 2—4 min exposure to PEG cells were rehydrated
with high potassium solution.

2.7. Electrophysiology

Experiments were carried out using standard microelectrode whole-cell
patch-clamp technique (40) with an Axopatch 1D amplifier (Axon instruments,
Foster City, CA) while sampling at 10 kHz and filtering at 2 kHz. Data were
digitized and stored on personal computer for off-line analysis using custom
software. All experiments were performed at a temperature of 37°C.

Cells were superfused with a physiological saline solution containing:
138 mM NacCl, 5 mM KCI, 2 mM CaCl,, 10 mM glucose, 0.5 mM MgCl,, 10
mM HEPES; pH was adjusted to 7.4 with NaOH. The micropipet electrode
solution was composed of: 130 mM K-glutamate, 9 mM KCI, 8 mM NaCl,
0.5 mM MgCl,, 10 mM HEPES, 2 mM ethyleneglycol-bis(f-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA), and 5 mM Mg-ATP; pH was ad-
justed to 7.2 with KOH. Borosilicate microelectrodes had tip resistances of
1-5 M€ when filled with the internal recording solution.

Currents were normalized to membrane capacitance to calculate current den-
sities when indicated. Action potentials were initiated by short depolarizing cur-
rent pulses (2-3 ms, 500-800 pA). Action potential duration was measured as
the time from the overshoot to 50% or 90% repolarization (APD5,, APDg).

Membrane capacitance was established by applying 10 mV depolariza-
tion test pulses from a holding potential of —80 mV. Mean cell capacitance
determined by integrating the area under the capacity current transient was
not different between myocytes fused with CHO-Kv4.3 cells (99.1 = 10.5
pF; n =19), myocytes fused with nontransfected CHO cells (84.5 = 9.2 pF;
n = 5) and nonfused myocytes (86.2 + 9.8 pA/pF; n = 6). Data were cor-
rected posthoc for the measured liquid junction potential between the pipet
and bath solution (4/). A xenon arc lamp was used to view calcein fluores-
cence at 488/530 nm (excitation/emission).

2.8. Confocal Imaging

For confocal imaging guinea-pig myocytes were fused with CHO-K1
cells transiently cotransfected with pEGFP-N3 and pC8I (0.4 ug each per
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2.0 x 103 cells). Following PEG exposure and rehydration cells were fixed
with 3% paraformaldehyde and stained with R-phycoerythrin conjugated
monoclonal CD8 antibodies (Sigma). Until cells were fixed, they were kept
at 37°C. Images were taken on a laser confocal microscope (PCM 2000,
Nikon Inc. Melville, NY) with a 60x water immersion objective lens.

2.9. Statistical Analysis

Pooled data are presented as mean =+ standard error of the mean (SEM)
when appropriate. Regression analysis was used to test for a relationship
between I, density and repolarization velocity, plateau height, and ac-
tion potential duration. Comparisons between groups were made using
unpaired Student’s #-tests. Values of p < 0.05 were considered significant.

3. RESULTS

3.1. Stable Cell Lines

Figure 1A shows a schematic of the plasmid, pCGI, that was used to
generate the stable cell lines. The use of an internal ribosome entry site
allowed easy identification and analysis of the different stable cell
lines. There were some interesting differences between HEK293 and
CHO-KI1 stable cell lines. The first and most dramatic difference was
in the number of positive cells within a pooled population of G418
resistant cells with the 76% of the HEK cells expressing GFP levels
above background and only 32% of the CHO-KI1 cells (Fig. 1B). These
positive CHO-K1 cells could be readily selected for by FACS with the
resulting population resembling the HEK293 cells both in the percent-
age of positive cells (Fig. 1B) and the mean fluorescence (Fig. 1D).
The reason for this initially lower number of positive cells did not seem
to stem from the development of spontaneous resistance as no CHO-
K1 cells survived selection following a mock transfection. The inclu-
sion of the ion-channel gene caused a decrease in the average level of
expression that was more subtle but consistent no matter which cell
line was used (Fig. 1C). CHO-K1 and Hek293 cells also responded dif-
ferently to cell-to-cell contact. Figure 1D shows that upon reaching
confluence, there is no change in the level of fluorescence in HEK293
cells but CHO-K1 cells have a dramatic decrease in the level of expres-
sion. Upon splitting the cells, the level of fluorescence returns to the
original level suggesting that this decrease is a transient response to
contact inhibition.
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3.2. CHO Cell Line Stably Expressing Kv4.3

The CHO cell line stably expressing Kv4.3 depicted in Fig. 1C was fur-
ther subcloned by one round of FACS followed by picking individual colo-
nies. As shown in Fig. 2A, mean fluorescence measured by FACS analysis
of the three stable CHO-Kv4.3 clones (A-C) clearly exceeded background
autofluorescence of nontransfected CHO cells. Clone A was examined by
patch-clamp analysis and shown to express robust transient outward cur-
rents upon step depolarizations from —100 mV to +40 mV. Figure 2B shows
a representative fully inactivating outward current that could be recorded in
all cells of the clone used in these experiments (n = 12). Mean peak current
density at +40 mV, obtained by subtracting the prepulse inactivated current
(0 mV prepulse) from the fully primed current (=100 mV prepulse), was
39.9 + 16.6 pA/pF (n = 12) (Fig. 2C).

3.3. Confocal Imaging of Myocytes Fused with CHO Cells
Expressing GFP and CD8

To test whether cell fusion of guinea-pig myocytes with CHO cells led
only to cytosolic exchange between fused cells or also to a mixture of cell-
membrane proteins, myocytes were fused with CHO cells transiently trans-
fected with GFP and CDS8. Figure 3A depicts a confocal green-fluorescence
image of a typical heterokaryon of a guinea-pig myocyte and CHO cell mem-
brane (cell fixed 5 min after cell fusion). Green fluorescence of the myocyte
verified a transfer of cytosolic GFP from the CHO cell to the fused myocyte.
Following CD8 visualization using phycoerthyrin labeled anti-CD8 antibod-
ies, red fluorescence of the surface membrane and of t-tubular structures of
the myocytes indicated that CD8 from the CHO cell membranes mixed with
the surface membranes of the myocytes (cell fixed 2 h after cell fusion) (Fig.
3B). Cell fusion had no obvious effects on myocyte morphology, except at
the site of fusion itself.

Fig. 1. Stable cell lines made with pCGI. Map of the plasmid, pCGI (A), CMV,
cytomegalovirus immediate early promoter; EGFP, coding sequence of the
enhanced green fluorescent protein; IRES, polio virus internal ribosome entry site;
MCS, multiple cloning site; Neo, the neomycin resistance gene under the control of
the SV40 early promoter. Flow cytometrical analysis of cells stably expressing
pCGI (B), CGI-CHO-K1-S represent the population after sorting for cells exhibit-
ing fluorescence above background. Inclusion of the Kv4.3 coding sequence
reduces the level of expression in both cell backgrounds (C). Cell-to-cell contact
does not affect GFP expression levels from HEK293s but does decrease expression
levels form CHO-K1 cells (D).
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3.4. Cell Fusion of Myocytes with Noninfected CHO Cells
Has No Effect on Action Potential Morphology

To test the role of I,,; on repolarization of cardiomyocytes, freshly iso-
lated guinea-pig myocytes were chosen for cell-fusion experiments, as
guinea-pig myocytes physiologically lack transient outward potassium cur-
rents. Before attempting to modify the electrophysiology of guinea-pig cells,
we needed to confirm that myocytes could be fused with CHO cells without
altering the basic electrophysiology. Because GFP fluorescence of stable
CHO-Kv4.3 cells was too light to lead to a reliable fluorescence of fused
myocytes, stable CHO cells were additionally loaded with calcein-AM. Cell
fusion was verified by the obvious transfer of calcein or cytosolic GFP from
CHO cells to the cardiomyocytes. Fused myocytes were readily distinguish-
able from the background autofluorescence of nonfused cells. To test for
nonspecific effects of cell fusion on the electrophysiology of guinea-pig
myocytes, action potentials were recorded in nonfused cells that had not
undergone PEG exposure and compared with recordings obtained in
myocytes fused with nontransfected CHO cells. Cell fusion did not produce
any appreciable effects on the waveform or duration of action potentials. As
shown in Fig. 4, action potential durations measured at 50% and 90% repo-
larization did not differ significantly in myocytes that had not undergone PEG
exposure (n = 6) and myocytes fused with nonexpressing CHO cells (n =5).

3.5. Effect of Myocyte/ CHO-Kv4.3 Cell Fusion on Action
Potential Plateau and Duration

Myocytes fused with CHO-Kv4.3 cells exhibited robust transient outward
currents. The density of I,; introduced into guinea-pig myocytes by cell
fusion ranged from 1.9 pA/pF to 44.2 pA/pF at +40 mV. Figure 5C,E,G
show transient outward currents recorded in three different myocytes fused
with CHO-Kv4.3 cells that exhibited different I,,; current amplitudes. Mean
peak current density was 16.5 = 2.6 pA/pF at +40 mV (n = 19). In myocytes

Fig. 2. CHO cell clones stably expressing Kv4.3. Mean fluorescence measured
by FACS analysis of four different clones stably expressing Kv4.3 (A-C) clearly
exceeded background autofluorescence of noninfected CHO cells (A). In CHO-
Kv4.3 cells of clone (A) (clone used in these experiments) depolarization to +40
mV from a holding potential of —100 mV elicited a fully inactivating transient out-
ward current (B). Mean peak current density was obtained by subtracting the
prepulse inactivated current (0 mV prepulse) from the fully primed current (—100
mV prepulse) (n = 12) (C). Reprinted by permission from ref. 36.
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Fig. 3. Confocal images of heterokaryons. CHO cells were transiently transfected
with GFP and CDS8. After cell fusion cells were fixed and CD8 was visualized with
R-phycoerythrin conjugated monoclonal CDS8 antibodies. (A) Green fluorescence
image: green fluorescence of the myocyte indicates transfer of cytosolic GFP from
the fused CHO cell. (B) Red fluorescence image: red staining of the surface mem-
brane and of t-tubular structures of the myocyte verifies that CD8 from the CHO cell
membrane mixed with the membranes of the myocyte. Cell fusion had no obvious
effects on myocyte morphology. (H) Reprinted by permission from ref. 36.

fused with nontransfected CHO cells no transient outward currents were
recorded (n =5) (Fig. SA).



Delivering Ion Channels 287

[_] APD,,
B APD,,
250 —
T -
200 - 5
- I
1501
12)
E
)
@ 100 -
< !
50 -
0 | SRBl]
myocytes without myocytes fused with
PEG exposure non-transfected CHO cells

Fig. 4. Action potential duration in control heterokaryons. Action potential
durations measured at 50% (APDs,) and 90% (APDy,) repolarization were not al-
tered in guinea-pig myocytes fused with nontransfected CHO cells (n = 5) com-
pared to myocytes that had not undergone PEG exposure (n = 6). Reprinted by
permission from ref. 36.

In all fused myocytes action potentials were obtained. The resting mem-
brane potential in myocytes fused with CHO-Kv4.3 cells (-89.9 + 1.2 mV;n
=19) and nontransfected CHO cells (-88.3 £ 3.0 mV; n = 5) were not differ-
ent. Figure 5D,F,H demonstrate the effect of I,,; on repolarization of guinea-
pig cardiomyocytes. The introduction of I, substantially changed the action
potential waveform compared with myocytes fused with control CHO cells
(Fig. 5B). The modification of the action potential became more pronounced
as the amount of I, increased. Extremely large I,,; densities resulted in a
spike-like configuration of the action potential reminiscent of that recorded
in normal rat ventricular myocytes (Fig. 5H).

The most prominent effect of introduction of I, into guinea-pig myocytes
was depression (hyperpolarization) of the action potential plateau. In most
fused myocytes, the whole plateau phase was suppressed; only in one fused
myocyte was a small notch and dome obtained (Fig. 5G). To assess the pla-
teau height of the action potential, the voltage during the plateau phase at
d?V/de* =0, i.e., at the transition from phase 1 to phase 2 repolarization was



288

A 50 -
40 4
30
& 20
<
2
10
4]
-10 T T T T 1
4] 100 200 300 400 500
Time (msec)
B 50
40 4
30 4
i
o 20
<
e
T
0
-10 T Y T T T T T T 1
4] 100 200 300 400 500
Time (msec)
C “
30 4
& 20
<
=3
T
0t
-10 T T T —T
0 100 200 300 400 500
D 50 - Time {msec)
40 4
30 1
o
o 204
<
k=
10 4
Q- p—
henmind
-10 — T T T 1
100 200 300 400 500
Time (msec)

v (mV)

v (mV)

v (mv)

v (mv)

-100

-100

60 -

404

204

[ -

-20

-404

-60

-804

Johns et al.

60 4

40

T
100

T T 1
200 300 400

Time (msec)

204

T
100

T T T 1
200 300 400

Time {msec)

-204

-404

-604

-804

-100

60 4

404

204

-204

-404

-60

-804

-100

T
100

T— T T 1
200 300 400 500
Time (msec)

T
100

T M T T 1
200 300 400

Time (msec)

measured as previously reported for human ventricular subendocardial
myocytes (42). For the fused myocyte that exhibited the small notch and
dome, the maximum plateau voltage after the notch at phase 1 was obtained.
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As shown in Fig. 6A, the suppression of the voltage level of the early pla-
teau phase correlated well with the introduced I,; density (r = —-0.90; p <
0.0001).

I,,; also decreased the overall action potential duration. As shown in Fig.
6B, the reduction of the action potential duration at 90% repolarization
(APDyj; r=-0.65; p =0.0006) became more pronounced with the amount of
the introduced transient outward current. I,,; density was not correlated
to the maintained outward current measured at the end of a 500 ms depo-
larization pulse to +20 mV (r = 0.43; p = 0.03) or +40 mV (r =0.39; p =
0.11). Indeed, these were insignificant differences in maintained current
between myocytes fused with nonexpressing CHO cells and myocytes fused
with CHO-Kv4.3 cells; e.g., mean maintained outward current densities at
the end of a 500 ms depolarization pulse to +40 mV equaled 7.6 = 2.3 pA/pF
vs 7.4 = 0.7 pA/pF, respectively.

4. DISCUSSION

Stable expression of ion-channel genes in a mammalian cell background
devoid of most ionic currents makes detailed analysis of the resulting ionic
currents straightforward. The use of a dual selection process, G418 resis-
tance and green fluorescence simplified the selection of a clone with the
desired characteristic. The reason for the much lower initial expression level
in CHO-KT1 cells vs HEK293 cells is unclear as is the mechanism by which
cell-to-cell contact decreases expression from the CMV promoter. The
decreased expression levels obtained with constructs containing ion chan-
nels genes may represent decreased mRNA stability owing to the increased
size of the transcript or a deleterious effect of the ion-channel protein on cell
survival. Owing to the relative ease and efficiency with which CHO-K1 cells
can be transfected, it may not be worth the trouble of creating a stable cell

Fig. 5. Kv4.3 currents in guinea-pig myocytes. Transient outward currents and
action potentials of myocytes fused with CHO-Kv4.3 cells and nontransfected CHO
cells (I,; = 0 pA/pF). In myocytes fused with nontransfected CHO cells no I ;
could be recorded (A). Introduction of I,,; into guinea-pig myocytes (C,E,G) sub-
stantially changed the action potential waveform (D,F,H) compared to myocytes
fused with nontransfected CHO cells (B). These changes became more pronounced
with increasing densities of transient outward currents, resulting in a suppression of
the plateau potential and abbreviation of the overall action potential duration.
Introduction of very large I,,; densities (G) caused a spike-like action potential.
Reprinted by permission from ref. 36.
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Fig. 6. Effect of I,,; on the action potential plateau. The suppression of the volt-
age of the early plateau phase measured at d*V/dt?> = 0 (at the transition from early
repolarization to final repolarization) correlated well with the introduced I,; den-
sity. The action potential duration at 90% repolarization (APDy) (B) is plotted vs
I;,; current density at +40 mV. Reduction of APDy, correlated well with I, density
evaluated by regression analysis. Reprinted by permission from ref. 36.

line vs doing transient transfections. On the other hand, in these experiments,
having a stable cell line made for more consistent results.

The preliminary results in cell fusions as well as a review of the literature
pointed out a couple of areas where the technique could be modified to suit
the cell type of interest. These included the time of PEG treatment, the con-
centration of PEG used, the density of cells, the temperature of the fusion,
inclusion of agents to enhance cell-to-cell contact and the speed with which
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the PEG is removed. The conditions given in the methods provided the most
consistent results in our experiments. As might be expected the process of
dehydrating and rehydrating can cause the cell to become refractory to patch
clamping experiments. Therefore, the ideal fusion conditions will depend
both on fusion efficiency and the quality of the fused cells.

With this technique we have demonstrated that I,,; substantially changes
the early repolarization phase and leads to an abbreviation of the action
potential duration. Previously, the role of I,; in shaping the action potential
waveform has been assessed indirectly by either by comparison of I,; den-
sities and action potentials throughout the layers of the myocardial wall (i.e.,
humans [42,43], dogs [44—46], cats [47], rats [48], and rabbits [49]) or in
disease states such as hypertrophy and heart failure (50-52). To further elu-
cidate the role of I,,;, I;,; has been blocked pharmacologically, knocked out
by dominant-negative constructs or artificially introduced into heart failure
cells with brief repolarizing current pulses (48,51,53,54). However, K* chan-
nel blockers such as 4-aminopyridine also exhibit nonspecific effects (48),
current pulses lack physiological current kinetics, and previous knockout
studies were limited by action potential changes during cell culture (53) or
adaptive upregulation of other outward currents in transgenic mice (54).
Using cell fusion to introduce Kv4.3 in freshly isolated guinea-pig
cardiomyocytes to probe the role of I,,; on repolarization, we obviated cul-
ture-related alterations of the action potential and nonspecific drug effects
in the present study.

I, accelerated the early repolarization velocity and suppressed the volt-
age level of the plateau phase in guinea-pig myocytes. Both effects became
more pronounced as I, density increased. Therefore, these results support
the conclusion that I, exerts significant effects on early repolarization and
plays an important role in setting the voltage of the plateau phase. Previ-
ously, reduction of I,,; density in tachycardia-induced heart failure of dogs
has also been related to observed changes in the plateau height, i.e., an
elevation of the plateau voltage in failing canine ventricular myocytes com-
pared to nonfailing control cells (57). In human subendocardial myocytes
that exhibit small I,,; sizes, the plateau voltage tended to be higher than in
subepicardial cells, which have significantly larger I, densities (42).

The introduction of I,,; into guinea-pig myocytes shortened the action
potential duration in a dose-dependent manner. Although the rapid inactiva-
tion of Kv4.3 makes a direct contribution to the late phase of repolarization
unlikely, the observed changes in the action potential duration may be owing
to indirect effects on other currents secondary to changes in the early pla-
teau potential (42,55).
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Cell fusion has previously been used in embryonic cardiomyocytes and
skeletal muscle cells (26,28-30). In the present study we could demonstrate,
that heterologous cell fusion is also possible with adult cardiomyocytes with-
out any appreciable effect on cell morphology or viability. Because the space
constant of myocardial tissue is much larger (~10x) than the length of an
isolated myocyte (56), punctate delivery of current into a myocyte will elec-
trically affect the entire cell. Thus, the observed changes of the action poten-
tial waveform of guinea-pig myocytes fused to CHO-Kv4.3 cells would be
readily explained even if the Kv4.3 channels remained localized in the CHO
cell membrane. Nevertheless, fusion of myocytes with CHO cells transiently
expressing GFP and CD8 demonstrated that there is not only prompt cytoso-
lic exchange, but also eventual redistribution of membrane proteins between
fused cells. Thus, this technique provides further applications to introduce
premade proteins into cardiomyocytes and to study their interaction with the
endogenous myocyte membrane.

In summary, the use of GFP greatly simplifies the isolation and charac-
terization of cell lines stably expressing ion-channel genes. These lines are
useful both for direct analysis of the expressed protein as well as provide a
vector for the delivery of the ion-channel protein. Upon transfer to a primary
cell the direct electrical effects can be readily observed. In addition, the rapid
mixing of both cytosolic and membrane components may prove useful in
assessing downstream modification of the primary cell by the donated pro-
tein. With the increasing array of fluorescent proteins, which emit different
wavelengths of light, this technique may also be useful in determining spa-
tial relationships between proteins.
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Detection of Neurons Expressing
Calcium-Permeable AMPA Receptors
Using Kainate-Induced Cobalt Uptake
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1. INTRODUCTION

a-Amino-3-hydroxy-5-methyl-4-isoxaxole propionic acid (AMPA)
receptors are a family of ligand-gated ion channels sensitive to the excita-
tory neurotransmitter glutamate. Many of these receptors are localized
postsynaptically along with other glutamate-sensitive receptors such as N-
methyl-D-aspartate (NMDA) receptors. Some AMPA receptors are perme-
able to Ca?*, whereas all molecular configurations of NMDA receptors
studied thus far are permeable to Ca”*. Postsynaptic Ca”* influx through
both NMDA receptors and the less well-known Ca?*-permeable AMPA
receptors has been shown to mediate long term changes in synaptic strength
(1,2). Thus efforts have intensified in recent years to identify which neurons
express Ca’*-permeable AMPA receptors to help understand the role of these
receptors in nervous system function.

There are four subunits, GluR 1-4 or GluRA-D, that contribute to the final
configuration of the multimeric AMPA receptors. The GluR2 subunit is sub-
ject to RNA editing such that a glutamine within the membrane loop that
lines the pore of the channel is replaced by an arginine. This RNA editing
happens for over 99% of GluR2 mRNA. When one or more edited GluR2
subunits is included in the AMPA receptor multimeric assembly, that recep-
tor has low permeability to Ca®* (3). When GluR?2 is not present, such as
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when an AMPA receptor is assembled from GluR1 alone, for example, the
receptor has comparatively high permeability to Ca®*.

Because the absence, rather than the presence, of a subunit determines the
Ca’* permeability of AMPA receptors, it is difficult to use immunocytochem-
istry or mRNA detection methods to determine when Ca**-permeable AMPA
receptors are expressed by a neuron. This is true because GluR2 protein or
mRNA may be expressed by a neuron yet the GluR2 subunit may not incor-
porate into all of the AMPA receptors functionally expressed on the cell
surface. Such a GluR2-expressing neuron would have some AMPA recep-
tors with high Ca?* permeability and some with low Ca?* permeability. A
functional assay is the most reliable method for detecting whether Ca**-per-
meable AMPA receptors are present on a neuronal surface membrane.

Two channel properties that may be used to functionally identify Ca>*-
permeable AMPA receptors are selective ion permeability and channel rec-
tification. Receptor identification sensitivity is improved when one or both
of these properties are studied together with specific combinations of recep-
tor agonists and antagonists. Ca>*-permeable AMPA receptors are not only
permeable to Ca?t, they are also permeable to Na*, K*, Mg2+, and Co**,
among other ions. Although strong permeability to Co?* is not entirely
unique among known ligand-gated or voltage-gated Ca>* permeable ion
channels, neither is it common. Thus, Co?* entry through agonist-activated
Ca”*-permeable AMPA receptors has proved to be a relatively selective way
of identifying neurons expressing Ca’*-permeable AMPA receptors when
performed together with careful receptor pharmacology. This technique was
first demonstrated by Pruss et al. (4) and has been subsequently widely
applied. We will provide details of the technique here, for application with
cultured neurons and with brain or spinal cord slices.

2. MATERIALS AND METHODS

2.1. Overview of the Technique with General Considerations
2.1.1. Summary of Methods

Neurons expressing Ca’*-permeable AMPA receptors are loaded with
Co?* by exposing them for a few minutes to a nondesensitizing agonist, such
as kainate, while bathing in a Co?*-containing solution. Following this Co?*
loading procedure, the cells are washed in the presence of the divalent cation
chelator, ethylenediaminetetraacetic acid (EDTA), to help remove extracel-
lular Co**. After removing the extracellular Co?*, the cells are briefly
exposed to ammonium sulfide to precipitate the intracellular Co** by form-
ing CoS. After this step, the cells are fixed and, if required, the appropriate
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procedure for immuno-identification of desired neuronal epitopes is performed.
Afterwards, the CoS precipitate is enhanced with silver intensification (5).

2.1.2. Pharmacology

Extensive pharmacological testing should be used to make certain that
the route by which Co?* enters the neurons under study is through Ca%*-
permeable AMPA receptors. In addition, we have found that it is important
to include at least one control with receptor antagonists in each set of ago-
nist-induced Co?* uptake experiments to monitor whether Co?* loading is
receptor-mediated for each experiment and not owing to some technical or
conflicting biological problem. Alternative possible causes for Co?* loading
that would not be blocked by non-NMDA receptor antagonists include
heavy-metal ion transporters (6) and poor cell health allowing nonselective
Co?* leak. Including CNQX or another non-NMDA receptor antagonist
together with kainate in a parallel preparation helps ensure that the Co**
loading induced by kainate is blockable.

Other useful control pharmacology to show that the route of Co?* entry is
via Ca®*-permeable AMPA receptors includes use of AMPA receptor selec-
tive antagonists such as GYKI 52466 (7) and Ca’* permeable non-NMDA
receptor blockers such as Joro spider toxin (JsTx) or other polyamines (§).
Block of kainate-induced agonist loading by GYKI 52466 rules out kainate
receptors as a possible route of Co?* entry and good block with JsTx means
that only the Ca>* permeable form of the AMPA receptor is involved in
Co?* loading. Because JsTx and the other polyamines block Ca?*-permeable
AMPA receptors in a use-dependent manner, we apply JsTx together with
kainate prior to the kainate-induced Co?* loading step (see Section 2.2.2. for
details). Other useful controls include agonists for other Ca** permeable
receptors that might be present including NMDA for NMDA receptors, nico-
tine for nicotinic ACh receptors, m-chlorophenylbiguanide for SHT; recep-
tors, and ATP or ATPyS for P2X receptors. Lack of Co?* loading in the
presence of these agonists helps exclude the possibility that the kainate effect
was indirect owing to kainate-induced release of transmitters that in turn
acted on these receptors to induce Co?* loading. None of these receptors
have been shown to mediate Co?* loading (but not all have been tested).

2.1.3. Considerations for Cobalt-Loading Bath Solutions

Kainate is well known as an excitotoxin for neurons. Thus, bath conditions
should be chosen that minimize the negative impact of prolonged exposure to
kainate. Use of a low Na*, low Ca** bath helps minimize both Na* and Ca”
loading of neurons in kainate (4). We recommend a HEPES-buffered salt solu-
tion for use with cultured neurons and a bicarbonate-buffered Krebs solution for
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use with acutely prepared slices of brain or spinal cord tissue. It should be noted
that the salt of bicarbonate and Co?* is insoluble, and care must be taken, there-
fore, to prevent the precipitation of the Co?*. It is possible to dissolve 1.5 mM
Co”* together with 0.5 mM Ca”* in a bicarbonate buffered solution.

2.2. Specific Methods for Kainate-Induced Cobalt Loading
with Slices of Brain and Spinal Cord
2.2.1. Solutions for Cobalt Loading of Slices

Bicarbonate-buffered Krebs solution is used for allowing slices to recover
after their initial preparation and for recovery from periods of prolonged
drug application. The Krebs solution is: 125 mM NacCl, 2.5 mM KCl, 26 mM
NaHCO;, 1.25 mM NaH,PO,, 25 mM glucose, 2 mM CaCl,, 1 mM MgCl,
bubbled with 95% 0,/5% CO.,.

The solution in which the Co?* uptake experiments are performed is called
the uptake Krebs. As described earlier, uptake Krebs is a low sodium, low
calcium Krebs with: 50 mM NaCl, 2.5 mM KCl, 26 mM NaHCO;, 1.25 mM
NaH,PO,, 25 mM glucose, 0.5 mM CaCl,, 2 mM MgCl,, and 0.5 uM TTX
bubbled at room temperature with 95% O,,5% CO,. Either 135 mM sucrose
or 80 mM NMDG (pH adjusted with HCI) is added to adjust for the low
sodium (9). CoCl, is added to well-bubbled uptake Krebs immediately
before use to prevent Co>* precipitation with bicarbonate.

The wash solution is divalent cation-free Krebs: 125 mM NaCl, 2.5 mM
KCl, 26 mM NaHCO;, 1.25 mM NaH,PO,, 25 mM glucose, and 5 mM
EDTA (pH adjusted with NaOH).

The ammonium sulfide solution is 0.12% (NH,),S in uptake Krebs. This
is diluted immediately before use from a 20% stock solution. We purchase
the stock solution in small (25-mL) bottles (Aldrich), as (NH,),S oxidizes in
contact with air. This solution should be used in a chemical fume hood.

The blocking solution for silver intensification is 2% sodium tungstate in
distilled water.

The developer for silver intensification consists of 1 part 5% sodium tung-
state, 8 parts AgNOj; solution, and 1 part 0.25% ascorbic acid. The AgNO;
solution is 355 mL distilled water, 15 mL 1% Triton X-100, 1.5 g sodium
acetate-3H,O, 30 mL glacial acetic acid, and 0.5 g silver nitrate (/0). The
tungstate and AgNOj solutions are stable for weeks to months. The AgNO;
solution is light-sensitive, and should be kept in a dark bottle. The ascorbic
acid solution should be prepared within 30 min of use. The three compo-
nents of the developer should be mixed immediately before use.

2.2.2. Agonist-Induced Cobalt Loading

Slices of brain (4) or spinal cord (9) are prepared in the usual way and
allowed to recover at 37°C in Krebs bubbled with 95% O,/5% CO,. Follow-
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ing a recovery period of at least 1 h, slices are transferred into the uptake
Krebs for 15 min at room temperature. For subsequent stimulation of Co**
loading, the above solutions are replaced with bubbled uptake Krebs con-
taining 250 uM kainate and 1.5 mM CoCl,. For antagonist controls, the uptake
Krebs may also contain 50 uM CNQX, 100 uM GYKI 52466, or 100 uM APV.
Note that CNQX and APV are competitive antagonists of non-NMDA and
NMDA receptors, respectively, so if the concentration of kainate is increased,
the concentration of antagonist must be increased. When using JsTx, the
slices are pretreated with 5-10 uM JsTx together with 250 uM kainate in
uptake Krebs for 15 min and then exposed to the uptake Krebs containing
kainate and Co”*. Parallel control slices are also pretreated with 250 uM
kainate in uptake Krebs before the Co** loading. The slices are incubated in
these solutions at room temperature for 20 min following which the stimu-
lation solution is replaced with divalent-free Krebs for 10 min. The slices
are then rinsed in normal Krebs and incubated in a 0.12% solution of
(NH,),S in normal Krebs for 5-6 min. After another rinse in normal Krebs,
the slices are fixed in cold 4% paraformaldehyde in 0.1 M phosphate buffer
overnight at 4°C. The slices are rinsed the next day in 0.1 M phosphate buffer,
then put into to a solution of 30% sucrose in 0.1 M phosphate buffer until
they sink. They may then be mounted with OCT for cryostat sectioning.

The sections made from the slices are exposed to the silver intensification
process to darken the CoS reaction product using the method of Davis (10).
After the sections have dried, they are incubated in a 2% solution of sodium
tungstate for 10 min, followed by 15-20 min in developer. Control and
experimental sections are incubated in parallel for the same amounts of time.
They are rinsed one last time in 2% sodium tungstate and then mounted in
either 50% glycerol/50% PBS, Gel/Mount, or 2.5% DABCO in 90% glyc-
erol/10% PBS for slides containing Cy3 labeled fluorescent antibodies, or
ProLong Antifade for slides containing Alexa-488 conjugated secondary
antibodies (see below). An example of two spinal-cord sections prepared in
this manner are shown in Fig. 1. In this example, the section on the left was
prepared in uptake Krebs with 1.5 mM CoCl, and 250 uM kainate while the
one on the right in uptake Krebs with 1.5 mM CoCl,, 250 uM kainate and
100 uM GYKI 53655, an AMPA receptor antagonist.

2.3. Specific Methods for Kainate-Induced Cobalt Loading
for Neurons in Tissue Culture

2.3.1. Solutions for Cobalt Loading of Cultured Neurons

The HEPES uptake solution is used to wash and stimulate cells. It is
HEPES based and has low Na* and low Ca2* to minimize kainate-induced
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Fig. 1. Kainate-induced cobalt loading of neurons in the dorsal horn of a P10 rat
spinal cord slice is shown. Slices were treated with 1.5 mM Co** and 250 uM kainate
(left) or 250 uM kainate plus 100 mM GYKI 53655 (right). Scale bars are 40 um.
(Adapted with permission from ref. 9).

Na* and Ca>* uptake. The HEPES uptake solution contains: 139 mM sucrose,
57 mM NaCl, 5 mM KCI, 2 mM MgCl,, 1 mM CaCl,, 12 mM glucose, 10 mM
HEPES, pH 7.6 with NaOH.

The EDTA wash solution is the HEPES uptake solution without divalents
and with 5 mM EDTA added.

2.3.2. Agonist-Induced Cobalt Loading of Neurons in Tissue Culture

Cultures should be washed once with the HEPES uptake solution, then
incubated at room temperature with 250 uM kainate and 5 mM CoCl, in
HEPES uptake solution for 20 min. This is followed by wash with EDTA
wash solution, then with HEPES uptake solution. Thereafter, the prepara-
tion of cells is incubated in a 0.12% solution of ammonium sulfide in HEPES
uptake solution for 5 min. The cells are then washed and fixed for 10-30
min in 4% paraformaldehyde in PBS. If necessary, 4% sucrose may be added
to the fixative to help preserve morphology. Finally, the CoS precipitate is
silver-intensified according to Davis (10), as described for slices. The
progress of the silver intensification should be followed under the micro-
scope in order to optimize the time of development. Again, it must be
stressed that the ascorbic acid solution must be made within 30 min, and
the developer mixed immediately before use. After stopping the develop-
ment by washing with the 2% sodium tungstate solution, the coverslips
with cells are dipped in double-distilled water to remove excess salts, then
mounted in Aquamount (Lerner Laboratories, Pittsburgh, PA) plus 50%
glycerol. After removing the excess of mounting solution, they are sealed
with nail polish.
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Fig. 2. GYKI 53655 (100 uM) potently blocks kainate-induced cobalt loading in
these cultured dorsal horn neurons indicating AMPA receptor involvement. Meth-
ods as in text. Scalebar, 50 um.

Pharmacological controls for kainate-induced Co?* loading with cul-
tured neurons are similar to those used for slices. Figure 2 shows kainate-
induced Co?* loading in dissociated rat dorsal horn neurons in the left
panel and good block of that loading when it was performed in the presence
of 100 uM GYKI 53655, a selective AMPA receptor antagonist, in the right
panel. When using JsTx with cultured neurons, either uptake solution or a 0
Na*, 0 Ca”* solution: 155 mM NMDG, 144 mM HCl, 20 mM CsCl, 0.02 mM
CaCl,, 10 mM HEPES, 5.5 mM glucose, pH 7.3, 317 mOsm, adjusted with
sucrose (//); may be used for the pretreatment with JsTx and kainate. Spe-
cifically, the cultures are preincubated with 5—-10 uM JsTx plus 100-250 uM
kainate for 4-5 min, immediately followed by the kainate-induced Co**
loading. Parallel control cultures without JsTx are incubated in 0 Na* 0 Ca**
solution with kainate prior to Co** uptake (5). The 0 Na* 0 Ca’* solution
helps to prevent the neuritic blebbing that is observed in Ca?*-permeable
AMPA receptor-positive cells subjected to this protocol. However, while
using low Ca* solutions prevents neuritic blebbing, it also causes retraction
of the underlying astrocytic layer.

3. LABELING FOR OTHER NEURONAL
CHARACTERISTICS

3.1. Double Labeling Using Immunocytochemistry and Co**
Staining
When combining immunocytochemistry with Co?* staining, the prepara-

tion is stimulated in the presence of Co**, then washed and treated with
ammonium sulfide, then fixed. After that, immunocytochemistry can be per-
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Fig. 3. Ca>*-permeable AMPA receptors are expressed by some dorsal horn neu-
rons also expressing the substance P-sensitive, NK1 receptor. On the left is a mi-
croscopic field from a dorsal horn culture showing a neuron expressing NK1-like
immunoreactivity. On the right is a differential interference contrast picture of
the same field after silver enhancement of cobalt uptake. Arrow indicates cell
positive for both NK1-LI and cobalt. Scalebar, 50 um.

formed either before (5,9) or after (4) silver intensification of the Co?* stain-
ing. The problem with the second choice is that the silver deposits tend to
obscure the signal from the immunocytochemistry if the antigen is intracel-
lular, making it more difficult to distinguish double-positive cells. There-
fore, we perform the complete immunocytochemical assay, using either
fluorophore- or enzyme-coupled secondary antibodies, record images of ran-
dom fields, and then perform the silver intensification, and re-record images
of the previously examined fields (Fig. 3). Our protocols are detailed below
(after refs. 5,9).

3.1.1. Immunocytochemistry in Slices

Primary antibodies are diluted in PBS with 0.1% Triton X-100, required
if intracellular epitope is involved, and 1% normal serum. All serum is from
the same species as the host that generated the secondary antibody. Sections
are first incubated in a blocking solution of 10% normal serum in PBS with
0.1% Triton X-100. Primary antibody solution is applied overnight at 4°C
or for 2 h at room temperature. For negative controls, parallel sections are
incubated in the same solutions lacking primary antibody. Sections are
rinsed, then incubated in fluorophore-coupled secondary antisera appropri-
ately diluted in PBS plus Triton X-100 and 1% normal serum. For sequen-
tial immunofluorescence and Co?* staining, sections are coverslipped with a
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temporary mounting medium, consisting of 50% glycerol in PBS, before
silver intensification. The slides are then taken to the microscope for image
acquisition. After that, the coverslips are removed, by immersing the slides
in PBS, and the sections are then treated for silver intensification as
described. The previously imaged fields are then located and imaged again.

3.1.2. Immunocytochemistry of Cell Cultures

Cultured neurons are fixed for 15 min with 4% paraformaldehyde in PBS
plus 4% sucrose. In some instances, such as for the monoclonal antibody
(MADb) anti-GABA MAB316 (12), 0.0025-0.005% glutaraldehyde must be
added to the fixative, in order to make the epitope recognizable by the anti-
body. These glutaraldehyde concentrations are enough to provide good anti-
genicity without eliciting significant autofluorescence. However, it should
be noted that even low concentrations of glutaraldehyde might produce false-
positives with the silver intensification. Therefore, we do not recommend
that antibodies requiring glutaraldehyde fixation be used together with Co**
staining. After fixation, the cultures are incubated for 30 min to 2 h with the
appropriate concentration of primary antibody, in PBS plus 0.1% (or 0.5%)
Triton X-100, at room temperature. After careful wash, the cells are treated
either with the LSAB peroxidase kit (DAKO, Carpinteria, CA), or with
fluorophore-coupled secondary antibodies. The LSAB kit is used according
to the instructions of the manufacturer (a 20-min development time was usu-
ally required for optimum staining), except that the hydrogen peroxide incu-
bation must be eliminated, because it interferes with the Co®* staining. No
increased background was observed in the absence of primary antibody
because of this modification of the original protocol. Fluorophore-coupled
secondary antisera are added for 30 min at room temperature and then the
cells are washed.

After this step, the coverslips are mounted in a perfusion chamber with
PBS to maintain a constant orientation. Images of sequentially located fields
may be acquired with videomicroscopy or with standard photographic tech-
niques, using a water-immersion objective. The coordinates of each field
are recorded from the stage verniers. The Co?* staining is then silver-enhanced
as described, the fields previously recorded are found again from the coordi-
nates, and new pictures of the same fields are taken for comparison.

4. TROUBLESHOOTING

The Co?* staining technique we present here is fairly straightforward.
Problems, if they arise, will usually be owing to the use of solutions that are
not fresh enough. First and foremost, one must remember to always mix the
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developer immediately before use, and to prepare the ascorbic acid solution
within about 30 min of use. If the technique stops working, the AgNO; solu-
tion is the prime suspect, and should be made fresh again. The (NH,),S
stock solution might also be to blame for lack of staining; (NH,),S oxidizes
in contact with air and eventually the concentration in the stock solution
might be too low to produce significant amounts of CoS. One way to tell
whether this solution is the culprit is to look at the preparation immediately
after the (NH,),S treatment. Usually the CoS deposit can be detected as a
yellow-gray coloring. Alternatively, the color or the stock solution itself
provides a rough indication of aging. When new, the 20% (NH,),S solution
we purchase from Aldrich is almost clear; months after being removed from
its sealed package, it becomes strongly yellow.

Another potential problem is the false-positive staining, or staining that is
observed in the absence of agonist or in the presence of antagonist. In this
case, the problem tends to be that the washing step after incubation with
Co?* was insufficient. Using an EDTA-containing solution for washing usu-
ally helps solving this problem.

5. POSITIVE CONTROL FOR COBALT STAINING

The multispecific ionophore lasalocid (X537A, Sigma, St. Louis, MO)
provides a pathway for Co>* to enter a cell (13) and, therefore, can be used as
a positive control for the Co** staining techniques. We used lasalocid to con-
trol for the possibility that calretinin or calbindin, by chelating Co**, made it
undetectable by our staining techniques (5). We compared cultures stimu-
lated with kainate in the presence of 5 mM CoCl, with sister cultures treated
for the same time with 40 uM lasalocid and 5 mM CoCl,. In the kainate-
treated cultures, only a subpopulation of neurons was stained while in the
lasalocid-treated cultures, all cells, including the underlying glia, were
stained. Although the degree of staining, or darkness, varied among kainate-
treated neurons, lasalocid treatment caused all cells to be comparably stained.

6. TWO-COLOR METHOD
FOR THE SIMULTANEOUS DETECTION
OF COBALT AND NICKEL UPTAKE

An alternative to the Co?* detection method just presented is the rubeanic
acid method, first described by Quicke and Brace (/4). This method employs
the spot-test reagent rubeanic acid (dithio-oxamide) and has the advantage
of allowing the simultaneous detection of two, or even three different heavy-
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metal entry pathways, with each metal forming a precipitate of different
color. In order to use it to detect multiple heavy-metal-permeable pathways,
the preparation must be sequentially incubated with the appropriate metal-
agonist combination, with careful washes between successive incubations.
This is necessary, because a pathway permeable to one heavy-metal ion is
frequently permeable to others as well. A saturated solution of rubeanic acid
in 70% ethanol is then applied to the preparation immediately after washing
the stimulation solution. In a matter of seconds to minutes, depending on the
thickness of the preparation, a colored precipitate will form. This precipitate
will be yellow to orange for Co?*; gray to blue-black for Ni**; and bright red
to purple when those two ions are co-precipitated. Cupric ion (Cu*) will
form a green precipitate. Another advantage of this method is that it dis-
penses with the highly toxic (NHy),S solution (/4). This method has been
reported to be amenable to silver intensification using hydroquinone as the
reducing agent (/5) but, to our knowledge, the Davis technique (/0) has not
been successfully employed with it.

7. FLUORESCENT INDICATORS FOR COBALT
UPTAKE

Co?* uptake can be studied on a cell-by-cell basis with the use of Ca>*-
sensitive fluorescent dyes, such as fura-2 (4). Co** quenches the fluores-
cence of fura-2 (16), and the rate of quenching can be used as a comparative
measure of the permeability of each cell to Co?*. In our experiments, this
method is a more sensitive measure of Co>* entry than cobalt staining, but
is considerably more time-consuming for performing population screens.
Furthermore, some fluorescent dye quenching can be obtained with ago-
nists that cause no detectable Co”* staining with the cobalt staining method
presented earlier.

8. CONCLUSIONS

Co?* uptake provides an useful method for the functional detection of
some Ca’*-permeable pathways. In particular, it is especially useful for
detecting the presence of Ca®*-permeable AMPA receptors in populations
of neurons where Ca?*-permeable AMPA receptors might be co-expressed
with Ca** -impermeable AMPA receptors. This technique has the power of
allowing the analysis of entire populations of cells at one time, and of being
amenable to simultaneous use with other staining techniques, such as
immunocytochemistry.
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Crystallization Technique for Localizing
Ion Channels in Living Cells

Anatoli N. Lopatin, Elena N. Makhina,
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1. INTRODUCTION

A detailed mechanistic understanding of ion-channel function has been
achieved over the last 40 years, propelled in the last 15 years by advances in
patch-clamp technology and most recently by determination of channel
structures and their manipulation. From the pharmacological perspective,
perhaps as important as knowing how channels work, is knowing where
they are—both where in tissues, and ultimately, where in individual cells.
Because ion channels are integral membrane proteins, their localization can
be studied using established general approaches. Immunofluorescent label-
ing has been widely used to map cloned Ca®* (1), Na*(2), and K* (3) chan-
nels, for which antibodies have been raised against the channel protein.
Different variations of channel immunolabeling, including immunogold (4)
(Na* channels) or radiolabel staining are available in this arsenal. A less
general but specific technique commonly used with ion channels is to use
high-affinity toxins, either fluorescently or radioactively labeled, that spe-
cifically bind to the channel pore or regulatory subunits. Among these are
scorpion toxins to map Na* channels (5), Q-conotoxin to map Ca>* channels
(6), a-dendrotoxin to map voltage-gated channels (7) and a-bungarotoxin
(8) to map nicotinic ACh receptors. Such techniques, in addition to being
expensive and time consuming, generally require tissue fixation, and are not
amenable to living cells. Green fluorescent protein (GFP) (9) based technol-
ogy is now revolutionizing the localization of proteins, including ion chan-
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nels (see Part 2 of this book). Attaching GFP to N or C termini of the protein
of interest permits visualization in living or fixed preparations, generally
without significantly affecting channel function.

All the above techniques, including GFP-tagging, label proteins, not func-
tional channels. Given that nonfunctional channel proteins may be the most
abundant species in many cases, if it is the localization of channel function
that is desired, other techniques are required. To localize channel function we
must obtain an indication of ion flow through channels. The most direct way
to localize channels on cell membranes is by analyzing currents in membrane
patches, and scanning the surface of the cell. “Tight-seal” patch-clamp scan-
ning is a particularly laborious means of detecting surface localization (/0),
and in many cases, the cell is destroyed after the first seal has been made.

To circumvent these problems, we are developing a novel “crystalliza-
tion method” to localize ion-channel function on the surface of individual
cells as well as identifying cells carrying specific ion channels in multicellu-
lar preparations. The general idea of this approach has already been success-
fully implemented in the past to localize cells expressing kainate receptors
(11) (see also Chapter 16 in this book). In our particular approach, thallium
ions flowing through potassium channels meet specific anions on the other
side of the membrane with which they generate an insoluble precipitate,
forming visible crystals. In principle, by appropriate choice of ion combina-
tions, this method may be applicable to other ion-selective channels, and to
any cell type.

2. MATERIALS AND METHODS

2.1. Expression of K* Channels in Xenopus Oocytes

Stage V-VI oocytes were surgically isolated from adult female Xenopus
using tricaine anesthesia (1 g/L). Oocytes were defolliculated by 1-1.5 h
treatment with 1-2 mg/mL collagenase (Sigma Type 1A, Sigma Chemical,
St. Louis, MO) in zero Ca?* ND96 (below), with slow continuous rocking in
a 50 mL tube with ~20 mL ND96 solution. Two to 24 h after defolliculation,
oocytes were pressure-injected with ~50 nl of 1-100 ng/uL in vitro tran-
scribed cRNA encoding for a specific K* channel. Oocytes were kept in
ND96 supplemented with 1.8 mM Ca?*, penicillin (100 U/mL) and strepto-
mycin (100 ug/mL) for 1-2 d prior to experimentation.

2.2. Loading Xenopus Oocytes with Bromide

Xenopus oocytes expressing K* channels (IRK1 = Kir2.1, HRK1 = Kir2.3,
ROMKI1 =Kirl.1 and DRK1 = Kv2.1) were pressure injected (about 10% of
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oocyte volume; ~100 nL) with 30 or 300 mM potassium bromide (KBr dis-
solved in water) to give a final internal concentration of ~3 or 30 mM at least
10 min prior to exposure to thallium containing solution. Oocytes were then
kept in ND96 solution containing 3 or 30 mM KBr to compensate for diffu-
sion of Br~ions out of oocytes if they were to be used later than 10 min after
Br™ injection.

2.3. Electrophysiology

Ionic currents were studied by standard two-microelectrode voltage-
clamp technique using an OC-725 voltage-clamp amplifier (Warner Instru-
ments). Microelectrodes were pulled from thin-walled capillary glass (WPI
Inc., New Haven, CT) on a horizontal puller (Sutter Instrument, Co., Novato,
CA). Tips were mechanically broken against a small bead of glass under
microscope control, to bring electrode resistance to 0.5-2 M€ when filled
with 3 M KCI solution. PClamp software and a Digidata 1200 converter
were used to generate voltage pulses and collect data. Oocytes expressing
Kir channels and having resting potential less then —80 mV in low K* ND96
solution were discarded.

When working with thallium, bromide, and chloride ions were excluded
from the bath solution to prevent extracellular precipitation of TIBr or TICI.
KDO98 (CI~ containing) bath solution was completely exchanged for KN98
(NO;3;~ containing) solution before applying thallium containing solution
(NT100). Standard Ag/AgCl grounding electrodes were bathed first in 3 M
KClI and then connected to the bath using 3 M KCl agar bridge followed by
3 M NaNOj agar bridge. Glass microelectrodes were filled with 3 M NaNO;.

2.4. Image Handling

Photo images of oocytes were obtained using an Olympus OM-2 camera
attached to a dissecting microscope (Nikon SMZ-1B, Japan). Photo-prints
were then digitized and imported to CorelDraw 5.0-6.0 graphics package
for presentation. Confocal images of oocytes were obtained using a Biorad
MR 1000 confocal microscope by illuminating oocytes with 548 nm yellow
light from an argon laser and capturing reflection from TIBr crystals. Details
of the chamber used for imaging can be found in Fig. 4. Image Tool
(UTHSCSA, V-1.27) and CorelDraw PhotoPaint software were used for
image analysis and presentation.

2.5. Solutions

NT100: 100 mM TINO3, 1 mM Mg(OH),, 5 mM Na-HEPES, pH ~7.4,
with NaOH. This is standard solution for application of thallium.
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KN 98: 98 mM KNO;, 1 mM Mg(OH),, 5 mM K-HEPES, pH ~7.4 with
KOH. Before application of NT100 CI- or traces of Br~ ions are carefully
washed out with KN98 solution.

ND 96: 96 mM NaCl, 2 mM KCI, 1 mM MgCl,, 5 mM Na-HEPES,
pH~7.5. This is standard solution for oocytes incubation.

3. CRYSTALIZATION METHOD FOR K*
CHANNEL LOCALIZATION

3.1. General Approach

Only one picoamp (pA) of ionic current corresponds to a flow of a
monovalent cation of about 6 million/s. One can imagine the potential for a
channel labeling method if a fraction of these ions could be used to visualize
the ion channel. We have exploited the high permeability of K* channels to
monovalent thallium (TI[I]*) ions and the weak solubility of thallium
halide salts to develop a simple, yet very sensitive, method to study mem-
brane localization of potassium channels (Fig. 1A; /2). When thallium
ions are applied to one side of the membrane, they will pass through the
channel pore(s), create a local increase in thallium concentration, and even-
tually crystallize with, for example, Br~ ions applied to other side of the
membrane. Crystals will rapidly grow to visible size, thus marking the loca-
tion of ion channels on the membrane.

3.2. Theoretical Background

The low solubility of T1 halides will ensure that, if thallium ions can pass
the membrane into the cell, then [T1*] concentration will eventually rise to a
value high enough to crystallize with an appropriate counter ion. At equilib-
rium, thallium ions will be evenly distributed inside the cell, and this would
make ion channel localization, by crystal formation, impossible. However,
equilibrium crystal distribution could be used to differentiate between cells
expressing a significant thallium permeability from nonpermeable (i.e., non-
K* channel expressing) cells. To apply the “crystallization technique” to
really localize ion channels, some specific conditions have to be met: the
flow of thallium ions through channels should create (1) a local increase of
concentration, which should be (2) big enough to cause crystallization pro-
cesses. Although numerical calculation of Tl*halide crystallization condi-
tions is not practically possible because of the undefined intracellular
environment and complexity of crystallization per se, some major charac-
teristics of this process are worth considering.
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Fig. 1. K* channels can be localized in the membrane by crystallization method.
(A) When extracellularly applied monovalent thallium ions, T1*, are driven through
open K* channels into the cell, either by diffusion and/or applied negative mem-
brane potential, they create a local concentration increase which can then be visual-
ized by observing crystallization of T1* ions with intracellularly loaded bromide
(Br") anions. T1* and Br~ ions represent a preferred ion pair compared to K*and CI-,
because TI* is more conductive for some inward rectifier channels and TIBr salt is
less soluble than TICI. TIBr crystals can only grow where potassium channels are
located and can be easily visualized in Xenopus oocytes because of their
“macrosize” using low power microscopy. (B) Practically, oocytes are first injected
with cRNA encoding a specific potassium channel, additionally injected with
appropriate amount of Br~ ions and after a short time exposed to high concentration
of monovalent thallium.

The concentration of T1* ions at the exit from the pore can be estimated
assuming steady-state current flow. Integrating the diffusion Equation 1
where J is ion flux, S(r) is the surface area of hemisphere of radius r, D is the
diffusion coefficient, and r is the distance from the center of the pore exit,
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J=D-S(r) dC(r)/dr = const (D)
Cop=J/2nDr 2)

gives the following (2) estimation of TI* concentration (Co) at a distance r,
from the pore exit. Assuming an inner pore vestibule of r,=5 A, 1 pA current,
and ~2*107 cm?s diffusion coefficient for TI* (see ref. 13; Chapter 10), the
concentration of [T1] = 1.65 mM can be estimated. The precipitating concentra-
tion of bromide can be estimated from the solubility product of TIBr salt at room
temperature, 0.05 g/100 mL ~ 1.8 mM, as referenced in Handbook of Chemistry
and Physics (72nd ed., 1991-1992): [Br | = [1.8 mM]?%/[TI] = 1.96 mM. Thus
loading oocytes with Br~ ions at a higher concentration, or using less soluble
salts (TII, T1,Se) would suffice to form a microcrystal by ion flow originating
from a single channel. More detailed analysis of the crystallization process (12)
suggests that many other parameters including temperature and type of halide
counter ion will also be important. Having in mind the complexity of this
process practical experimentation is the only way of proving the applicability
of the crystallization technique.

3.3. Ionic Currents in Thallium-Containing Solutions
3.3.1. Some Practical Notes

When working with thallium salts, some simple but essential precautions
should be observed. First, thallium is a poisonous compound and should be
handled with care at all times (premature baldness is one unfortunate effect!).
Because most physiological solutions contain CI~ as the major anion, and
TICl is rather insoluble salt, C1~ should be excluded from any solutions that
will contact thallium. In practical terms, this means that standard bath KCl
agar salt bridges should be replaced with, for example, NaNO; bridges.
Because AgCl electrodes are designed to work in chloride solutions double
salt bridges can be used to avoid incompatibility, i.e., a standard AgCl-KCl
agar bridge is extended with a NaNOj; bridge that will face the bath solution
containing thallium ions. The same procedure cannot easily be applied to
glass microelectrodes, thus they can be simply filled with saturated NaNOj;
solution with AgCl electrode in direct contact. The stability of the AgCl/
NaNOj electrode potential and its resistance are less than a AgCIl/KCl elec-
trode, especially if big and prolonged currents are applied, but practically,
this has not been a problem in our experiments.

3.3.2. Inward Rectifier Currents in Xenopus Oocytes

To our advantage many potassium channels are more permeable to
monovalent thallium (T1") ions than to K* (/4-16), and conduct more cur-
rent when T1* is completely substituted for K*. Figure 2 shows that inward
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Fig. 2. Cloned inward rectifier potassium channels conduct more current when
extracellular K* is equimolarly substituted for monovalent thallium, TI*. HRK1
(Kir2.3) channels were expressed in Xenopus oocytes and ionic currents were re-
corded using two-microelectrode voltage-clamp in response to ~400 ms voltage ramp
from —80 mV to +50 mV in the presence of 100 mM extracellular (a) KNO3 or (b)
TINO3. About a twofold increase of inward current, and a positive shift of reversal
potential are observed.

currents through cloned strong inward rectifier potassium channels HIRK1
(Kir2.3) are nearly doubled when 100 mM external K* is equimolarly substi-
tuted by T1* ions. Interestingly, ionic currents in thallium containing solution
usually decline with time, possibly because the formation of TICI crystals at
the inner surface of the membrane which “blocks” the ion-conduction path-
way. At high current densities (>20-30 uA per oocyte) and with frequent
pulsing, fine white crystals of TICI are readily observed under a dissecting
microscope (not shown). Although prolonged TI* currents may finally cause
disruption of the membrane (indicated by appearance of nonselective leak
currents), current amplitude may be at least partially restored by keeping
oocytes at nonconducting potentials to allow TIClI crystals to dissolve.

3.4. Crystal Growth in Xenopus Oocytes Expressing
Potassium Channels

Implementation of the “crystallization method” for visual localization of
K* channels is shown in Fig. 3A. Xenopus oocytes were injected into the
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Fig. 3. Crystal growth is determined by the flow of Tl+ ions through K+ chan-
nels. (A) Images were taken from voltage-clamped oocytes before (#1) and after
(#2) ~40 voltage ramps from —80 to +50 mV to cause inward flow of thallium to the
cell. The glass microelectrodes are not visible owing to low contrast of the image,
but points of electrode insertion are indicated by arrows. (B) An oocyte expressing
weak inward rectifier ROMKI channels (Kirl.1) was first injected with ~100 nL of
100 mM KBr (~30 mM final intracellular concentration) ~10-min before exposure
to 100 mM TINO;-min for ~1 min, at which time image #1 was taken. The oocyte
was then tilted and photographed again to show the “pseudo-polarized” crystal pat-
tern. Most of the crystals are located in the dark (animal) hemisphere.

animal (dark) hemisphere with 1-5 ng of cRNA encoding Kir2.3 (HIRK1)
inward rectifier channels 2 d prior to experimentation. lonic currents mea-
sured at —120 mV in 100 mM KCl extracellular solution usually ranged from
1-20 uA. At least 10 min before exposure to thallium-containing solution
(to allow for intracellular diffusion), oocytes were injected with ~100 nL of
30 mM KBr (to bring intracellular concentration to ~ 3 mM). These oocytes
could then be incubated in standard extracellular solution supplemented with
3 mM NaBr for up to a few hours prior to experiment. Oocytes were trans-
ferred to the recording chamber and voltage-clamped using a standard two-
microelectrode voltage-clamp, first in 100 mM K* solution to check for
expression level and leakage currents. Once voltage clamp was established
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extracellular potassium solution was switched to solution containing 100 mM
TINO; (NT100, see Section 2.). Linear voltage ramps from —80 mV to +50 mV
(400 msecs) were applied at a frequency of 1-0.75 Hz to produce net inward
flow of TI* ions, and oocytes were photographed. After a brief period of
time, usually less than a minute, a clear patch of multiple white crystals
formed on the dark (animal) hemisphere, which could be easily observed
under normal light conditions in a dissecting microscope (Fig. 3A). Crystal
growth was evidently associated with the presence of potassium channels
because no crystals could be observed in (a) uninjected oocytes or in oocytes
expressing less than ~0.2 wA of current (at =120 mV) or in (b) expressing
oocytes but held at voltages preventing inward currents (from 0 to +50 mV).

3.5. Crystals Can Be Generated Without Voltage-Clamping

Electrodiffusion (i.e., diffusion driven not only by concentration gradient
but also by applied voltage) of TI* ions into the oocytes can be substituted
by simple diffusion (no voltage applied) just by appropriate increase of
intracellular Br. Figure 3B shows that patches of white crystals can be eas-
ily observed in nonclamped oocytes expressing Kirl.1 (ROMKT1) channels,
if oocytes are first preinjected with 300 mM bromide (to a final intracellular
concentration of about 30 mM) and then simply exposed to 100 mM extra-
cellular TI*.

We have found that not only inward rectifier potassium channels can be
localized by this approach in Xenopus oocytes but also voltage-gated K chan-
nels (not shown). The limiting factor in many cases is the final concentra-
tion of Br~ ions, which should not exceed some reasonable value, which is
around 100 mM (intracellularly), or else oocytes rapidly die.

3.6. Functional Channels and TIBr Crystals Are Colocalized

Although crystal growth correlates with the expression of functional
potassium channels in Xenopus oocytes, it could conceivably be merely a
reflection of disturbances in the membrane or in the cytoskeletal network of
the oocyte caused by damage during the cRNA injection. In order to prove
co-localization of K* channels and TIBr crystals directly, it is important to
correlate experimentally current density with crystal density. We have done
this by direct patch clamping of oocytes having crystals using giant patch
pipettes. The use of up to 20 wm tip diameter pipettes was necessary because
of the macro size of visible crystals. In a few cases we recorded extremely
large (up to 20 nA) currents (at —80 mV, 100 mM K* outside) from mem-
brane patches that contained large visible crystals. By contrast, multiple
patches from areas between large visible crystals (i.e., containing only barely
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identifiable crystals) gave rise to current amplitudes of only about 0.1-0.5
nA, and only leakage currents (<= 50 pA) were observed when areas free of
any signs of crystals were patch-clamped.

It is clear that T1Br crystals are arranged in patches, i.e., highly localized
to seemingly random parts of the oocyte membrane. Simple experiments
using injection of cRNA either into the animal (black) or vegetal (white)
poles proved that crystals, and hence channels, are preferentially located at
the point of injection (/2). We called this trivial phenomenon a “pseudo
polarization” of ion channel expression, as opposed to “natural polariza-
tion” that might result from the polarized nature of the cell.

3.7. Sensitivity of the “Crystallization Technique”

The sensitivity of the crystallization technique for ion-channel localiza-
tion is striking. We find that channel-specific crystal growth can be reliably
detected from oocytes expressing as little as 100 nS K* conductance in 100
mM extracellular K*. Rough estimation of channel density, assuming 1 pA
for single channel current amplitude and 0.5 mm for the average oocyte
radius translates to only 1 million channels per whole oocyte or less than 1
(~0.6) channel per square micrometer.

3.8. Confocal Microscopy May Be Used To Observe
Out-Of-Focus Crystals and To Enhance Image Contrast

Crystal visualization using a dissecting microscope and standard camera
is limited by (1) low image contrast (especially for crystals located on
the white, vegetal side), and (2) the low depth of focus, which prevents
more detailed analysis of crystal localization and characterization. To
overcome these problems, we have used confocal microscopy and exploited
the property of TIBr crystals to reflect effectively yellow light (548 nm)
generated by an argon laser, as used in standard confocal microscopes
(Biorad MR 100). Because of the size of Xenopus oocytes, low-power
objectives (x4) have to be used to image an entire hemisphere. For the same
reason, the iris diaphragm (which determines the vertical or “Z” resolution
of the confocal microscope) usually has to be set to higher values (bigger
opening) to bring vertical Z resolution to a reasonable value of ~10-50 um,
such that only 10-20 optical sections will be required to cover the whole
hemisphere in the vertical direction.

Placing oocytes in a desired and stable position, and artifact-free imaging
may take some time. For our recordings we use a simple chamber (Fig. 4).
An oocytes is placed in the desired position in a small pit impressed on the
surface of soft putty (Fun-Tak®) placed on the bottom of the chamber. The
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Fig. 4. Simple chamber for confocal imaging of Xenopus oocytes. Oocytes are
placed in small pits of appropriate size imprinted on a soft water-resistant material
(Fun-Tak®). The chamber is filled with solution up to the top and covered with
glass cover slip. The cover slip should be far enough (few millimeters) from the top
of the oocyte to prevent unwanted reflection (#1). Reflection from the bottom of
the chamber (#2) is unavoidable in this arrangement but much less problematic.

solution fills the chamber, which is covered by a piece of glass cover slip at
a distance of at least a few mm from the top of the oocyte. This arrangement
serves three purposes: (1) because all the space is filled by solution, small
movements of the chamber do not cause solution movement, so that oocytes
remain stationary; (2) the glass cover slip creates a “flat” surface for perfect
imaging; and (3) its distant positioning from the surface of the oocyte does
not create unwanted reflection. Imaging close to the surface of the clay is
less problematic and artefacts appear only when imaging very close to it.
Figure 5A shows a representative low magnification (x4 objective) pro-
jected series of confocal “slices” taken from the vegetal (white) hemisphere
of oocytes expressing Kir2.1 (IRK1) channels. Black dots indicate TIBr crys-
tals scattered over the surface of the oocyte. Usually the density of crystals
declines in a uniform manner from the point of cRNA injection (pseudo-
polarization) but in some cases unusual patterns can be observed (Fig. 5B).
Arrowheads in Fig. 5B, in places distant from the point of injection of cRNA
and bromide, point to spots of silence. Progressively smaller crystals can be
observed by switching to more powerful objectives (Fig. 5C). At higher
magnification (x60 objective), it was also possible to observe apparently
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Fig. 5. Reflection confocal imaging of TIBr crystals in Xenopus oocytes.
Reflected light from TIBr crystals can be collected at different depths by confocal
microscopy to obtain the total projection of the oocyte surface. (A) “Piled-up” pro-
jection from an oocyte expressing ROMKI1 (Kirl.l) channels and treated as
described in this chapter to grow TIBr crystals. “Z” resolution (x4.5 objective, iris
diaphragm I = 8 in BioRad MR 1000) was set to minimum for the purpose of pre-
sentation. (B) Unusual distributions of active channels can be observed (“spots
of silence”) without any visual disturbances in the color pattern of the oocytes (not
shown). (C) Crystals can be imaged at higher magnification (x60 objective here)
and crystal size distribution (arbitrary units) analyzed (D). The size distribution of
TIBr crystals can be approximated by an exponential function (note Log scale).
Approximations of crystal size based on random distribution (Poisson equation) of
ion channels are much steeper functions (x1).

circular and linear paths along which TIBr crystals were located (not shown)
but quantitative analysis and interpretation of these patterns is challenging
at this time. Crystal size, which should be proportional to the current den-
sity, or to the density of K* channels, is much easier to quantify. We have
used a powerful “ImageTool” software (v. 1.27) from UTHSCSA (free



Channel Localization with the Crystallization Technique 323

access on internet at http://vivaldi.ece.ucsb.edu/courses/ecel81b/
vision181.html) to estimate the distribution of crystal size. Crystal size does
not follow Poisson distribution (which would correspond to random channel
distribution, Fig. 5D). Instead, the distribution of crystal size (area) is ap-
proximated by an exponential function, the number of crystals of a bigger
size is approximately halved with doubling of their size. This discrepancy
strongly agues in favor of clustered organization of K* channels in Xenopus
oocytes (12).

4. POSSIBILITIES FOR APPLICATION

OF THE CRYSTALLIZATION TECHNIQUE
FOR LOCALIZING ION CHANNELS

IN CULTURED CELLS

The crystallization technique, employing thallium halide crystal forma-
tion, may in principle be extended, by appropriate choice of permeant and
counter ions to generate hardly precipitates, to the examination of the distri-
bution of any other ion channels in any cell type. In practice though there are
some essential limitations, which make application of this technology chal-
lenging if not impossible in cells other than Xenopus oocytes. There are some
crucial properties of Xenopus oocytes, which make them unique in this con-
text: (1) the intracellular milieu of the oocyte represents a practically infinite
sink for T1* ions entering from outside, and (2) the intracellular solute com-
position can be easily varied by simple microinjection of desired solution. In
small cells, thallium concentration may increase rapidly, eliminating the ini-
tial concentration gradient and preventing localized crystal growth. The total
amount of counter ion loaded inside cultured cells may be limiting, so that
the total number and size of the crystals could also be very low. The
“supersolubility” (12) of small crystals will contribute to the problem.

With some modifications the crystallization technique can probably
be successfully used for localizing cells expressing specific, pharmaco-
logically or physiologically distinguishable ion channels and receptors
(17) (see Chapter 16). We have found, for example, that T1,S crystals
can serve as catalytic centers for the common process of reducing Ag* to
metallic silver, similar to processes used in film development. Accord-
ing to this idea, cells expressing specific T1* permeable channels (K
channels, glutamate receptors, etc.) could be loaded with thallium and
then exposed to Na,S (sodium sulfide). T1,S crystals would then be
formed in cells expressing a specific channel. Cells could then be washed
out to remove free sulfur and localized by applying a standard photo-
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developing solution. Similar technology has been used to localize zinc-
enriched synaptic vesicles in brain (/8).

5. SOME USEFUL TIPS FOR WORKING
WITH CLONED CHANNELS IN XENOPUS OOCYTES

Several practical points emerge from these localization studies that should
be considered when studying channels expressed in oocytes, because
pseudo-polarization of ion channel expression owing to localized cRNA
injection appears to be so strong.

1. If the level of expression of an ion channel is low, and macroscopic patch-
clamp currents are desired, then cRNA can be injected at one of the poles of
the oocyte (i.e., a position that can subsequently be easily recognized), as close
to the surface as possible. Then, after -2 d of expression, much higher than
average density of ionic current should be measurable at designated places.

2. If agonist or blocker of a specific channel is applied to Xenopus oocytes
expressing channels (receptors) one has to be sure that the channel expressing
spot is not facing the bottom of the chamber. If so, then application or with-
drawal of the agent may be dramatically slowed down because of slow diffu-
sion from restricted areas.

3. One potential application that follows from the above is that subunit associa-
tion rates and mechanisms may be studied for multisubunit channels. Differ-
ent subunits of the channel (or receptor) could be expressed in different parts
of the oocyte and then allowed to diffuse along the membrane until meeting
each other and forming functional aggregates.
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Imaging of Localized Neuronal Calcium Influx

Fritjof Helmchen

1. INTRODUCTION

Intracellular Ca?* controls such diverse processes as growth, cell divi-
sion, contraction, secretion, and cell death. In neurons Ca2* influx triggers
neurotransmitter release, causes activation of various enzyme cascades, and
regulates gene expression (/). Increases in the intracellular calcium concen-
tration ([Ca®*]) also affect membrane excitability and are involved in synap-
tic plasticity (2). How does Ca?* accomplish this multitude of tasks, often
within the same cell? A clue to the answer is the spatial segregation of Ca>*
signaling pathways in different cellular compartments (3). This compart-
mentalization is based on the nonuniform cellular distribution of Ca**-per-
meable ion channels, intracellular Ca**-binding proteins, and Ca?* pumps.
Localized Ca®* signaling enormously increases the cells’ ability and flex-
ibility to use Ca®* as an intracellular messenger in many parallel ways.

This chapter focuses on optical measurements of localized Ca®* influx in
neurons. Ca”* influx occurs through a variety of ion channels, including
voltage-gated calcium channels, partially Ca**-permeable ligand-gated
receptor channels, and sensory transduction channels (Table 1). In addition,
Ca?* may be released from the endoplasmic reticulum. The subcellular dis-
tribution of these various Ca>* sources can be investigated in individual neu-
rons using fluorescent Ca”* indicators (4). The localization of ion channels
is indirectly inferred from the localized fluorescence changes caused by the
underlying Ca”* currents (Fig. 1). The spatial confinement of Ca?* signals
can range from the submicron scale to the coarse segregation of Ca>* entry
pathways in different cell compartments (3,5,6). Although Ca?* indicators
do not probe channel localization directly (complications to be considered
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Table 1
Ca2* Entry Routes in Neurons
Class Type Blockers
Voltage-gated channels T Ni%
N w-Conotoxin GVIA
L 1,4-Dihydropyridines
P/Q w-Agatoxin VIA
R Ni%*
Ligand-gated channels GluR (NMDA)* D-APV
GluR (AMPA) CNQX
GIuR (kainate)
nACh receptor a-Bungarotoxin
ATP receptor
5-HT; receptor
Release channels IP; receptor Heparin
Ryanodine receptor Ruthenium Red
Transduction channels cGMP-gated
cAMP-gated Pseudechetoxin
Mechanoelectrical Aminoglycoside antibiotics

“Glutamate receptor channels (GluRs) are classified in NMDA-, AMPA-, and kainate-
type according to their specific agonists.

Abbreviations: NMDA, N-methyl-p-aspartate; AMPA, a-amino-2-hydroxy-5-methyl-
isoxazolepropionate; nACh, nicotinic acetylcholine; 5-HT, 5-hydroxytryptamine (seroto-
nin); cGMP, cyclic GMP; cAMP, cyclic AMP; IP5, inositol 1,4,5-triphosphate; D-APV,
p-2-amino-5-phosphonovalerate; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione.

are the unspecificity of Ca?* indicators for the Ca>* source as well as their
mobility), they are extremely useful because they probe the functionally rel-
evant Ca”* current component. The spatiotemporal activation pattern of dif-
ferent Ca®* sources can be studied under relatively physiological conditions
and may be linked to specific cellular functions.

2. METHODS

2.1. Fluorescent Calcium Indicators

A broad palette of fluorescent Ca>* indicators is available (4). Most indi-
cators are small organic molecules with a Ca?*-binding site and a
fluorophore that changes its fluorescence properties upon Ca?* binding.
Most commonly changes in fluorescence emission are measured. Cells are
loaded with these dyes either via micropipets or using acetoxymethyl ester
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Fig. 1. Ca®* indicators as functional probes of ion channel localization. Sche-
matic illustration of localized fluorescence signals caused by local Ca** influx and
their subsequent diffusional spread on three spatial scales. (A) Molecular scale.
Calcium ions enter the cytosol through open channels, bind to indicator molecules
(solid circles), and cause a change in their fluorescence. Both Ca?* and the indica-
tor diffuse in the cytosol. The domains of high Ca** concentration collapse within
10-100 us after channel closure. (B) Subcellular scale. Ca?* influx in a small cellu-
lar compartment, e.g., a dendritic spine, leads to a localized [Ca?*] increase, which
spreads several micrometers within 10—100 ms. (C) Cellular scale. Nonuniform
Ca” entry across the plasma membrane induces Ca>* concentration gradients,
which dissipate on the 100 ms to seconds time scale.

forms that permeate through membranes but get trapped inside cells after
cleavage by endogenous esterases. A second group of indicators are Ca”*-
sensitive proteins, including the luminescent photoprotein aequorin (7) and
fluorescently labeled Ca?*-binding proteins (4). These indicators are geneti-
cally encoded and therefore can be targeted to specific cell types or subcel-
lular locations.
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2.1.1. High vs Low Affinity

Ca?* indicators differ in their affinity for Ca®* binding. Typically they
are divided in high- and low-affinity dyes with dissociation constants of
0.1-1 uM and = 1 uM, respectively. High-affinity indicators are more
sensitive to small cytosolic [Ca?*] changes; however, they blunt steep
[Ca®*] gradients and may saturate at high [Ca”*] levels near entry sites.
Low-affinity dyes are advantageous for visualizing Ca’* entry sites
because their fluorescence may change substantially only near the
source. In addition, low-affinity dyes generally have a relatively fast Ca>*
association rate, which minimizes temporal filtering caused by dye
kinetics and enables more accurate measurements of the time course and
spread of rapid [Ca?*] signals (8). Commonly used low-affinity dyes are
Calcium Green-5N, Oregon Green 488 BAPTA-5N, Mag-Fura-2, and
Magnesium Green (all available from Molecular Probes, Oregon).

2.1.2. Mobility

Calcium ions and most Ca?* indicators diffuse throughout the cytosol.
The diffusional spread of Ca?* signals not only depends on cell morphol-
ogy but also on the presence of Ca>* buffers and Ca?* extrusion mecha-
nisms (6). It is important to note that indicators themselves possibly affect
the spread of Ca”* signals. For example, a highly diffusible indicator may
alter Ca>* compartmentalization severely by acting as an artificial Ca>*
shuttle between cellular compartments (6). This problem can be some-
what reduced by application of less mobile dextran-linked indicators (4).
Another problem of diffusible dyes is the large background signal asso-
ciated with bulk cytoplasmic staining, which makes the detection of
highly localized fluorescence changes difficult. Several approaches try
to overcome this problem by targeting indicators to specific locations in
a cell, i.e., by anchoring them next to the channels of interest. For
example, aliphatic or lipophilic Ca?* indicators that are favorably incor-
porated into membranes have been designed by attachment of lipophilic
tails to indicator molecules. Except in a few instances (9,/0), however,
these near-membrane indicators have not been used much so far, prob-
ably because of problems with dye loading, unspecific staining, and the
relatively low dissociation constants compared to the expected
submembranous Ca”* concentrations of >10-100 uM. Alternatively,
genetically encoded Ca”*-sensitive proteins, such as aequorin (7) and
cameleons (/17), can be targeted to specific intracellular organelles.
Cameleons consist of two mutant variants of green fluorescent protein
(GFP) attached to calmodulin (/7). Variant forms of cameleon bearing
appropriate localization signals have been used to visualize Ca** dynam-
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ics in the nucleus and endoplasmic reticulum of HeLa cells (/1); a similar
approach should make Ca?* measurements from well-defined subcellular
locations in neurons possible.

2.2. Microscopy Techniques

Various imaging techniques have been applied to measure neuronal [Ca®*]
in dissociated or cultured cells, in brain slices, whole-brain preparations,
and even in intact animals (/2). Typically, cells or tissue slices are continu-
ously perfused with extracellular saline in a microscope chamber and
microelectrodes or patch pipets are used for dye loading and for simulta-
neous electrical recordings. Pharmacological substances are either bath-
applied or applied locally using additional pipets. Intracellular channel
blockers may be included in the electrode solution.

Microscope techniques differ in their lateral and axial spatial resolution,
their temporal resolution, and their ability to penetrate into strongly scatter-
ing tissue. High spatiotemporal resolution often is desirable for the study of
localized Ca®* influx. The spatial and temporal resolution are fundamentally
limited by the diffraction limit of the objective and the dye kinetics, respec-
tively. To date, hardly any imaging system achieves maximal resolution in
both the spatial and the temporal domain (~1 um and ~1 ms, respectively)
simultaneously (but see, for example, high-speed cameras from PixelVision,
Oregon). In most cases, a compromise is necessary, trading resolution in
one domain for high resolution in the other (Fig. 2).

2.2.1. Spot Measurements

The average fluorescence from a large area can be measured with a photo-
multiplier or a photodiode (Fig. 2). This simple method provides
submillisecond time resolution. It has been applied, for instance, to study
presynaptic Ca?* dynamics in large pools of labeled CNS nerve terminals
(see below). Because of the massive spatial averaging this method provides
a high signal-to-noise ratio. Rapid measurements from more localized
regions are possible by restricting the field of illumination (Fig. 2). In the
extreme case, the excitation light is focused to a diffraction-limited spot (13).

2.2.2. Imaging Techniques

Two-dimensional images are obtained either by projecting the fluores-
cence image onto a two-dimensional detector or by scanning of an illumi-
nating spot (Fig. 2). Array detectors include video cameras and
charge-coupled device (CCD) cameras. Cooled CCD cameras are particu-
larly well suited for fluorescence imaging because of their high sensitivity,
low noise, and large dynamic range. Their image acquisition rate, however,
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Fig. 2. Different modes of Ca?* imaging. The average fluorescence signal from
a large area can be detected with high time resolution. Although this method lacks
true spatial resolution, a comparison of Ca>* signaling in large cellular compart-
ments, e.g., dendrites vs soma, is possible by moving the field of view. Fast mea-
surements from small areas (down to the submicron-size) are possible with spot
illumination and confocal detection. Two-dimensional images are aquired using
either a camera system or a laser-scanning microscope. In the line-scan mode a
single line is repetitively scanned, which enables millisceond time-resolution while
maintaining spatial resolution in one dimension.

is limited by the relatively slow read-out rate. Many cameras offer “binning”
of pixels, which increases the acquisition rate but reduces the spatial resolu-
tion. In laser-scanning microscopy a laser beam is focused and scanned over
the field of view using galvanometric mirrors or other devices (/4). Fluores-
cence emission is detected with a photomultiplier tube and assigned to the
corresponding position. Two major types of laser-scanning microscopes exist.
In confocal microscopy a pinhole in front of the detector blocks out-of-focus
fluorescence light, which results in a micrometer axial resolution (12,14).
Confocal microscopes, however, suffer from relatively low signal-to-noise
and problems with photobleaching and photodamage. These problems are
reduced in two-photon laser scanning microscopy (/5). Two-photon excita-
tion of fluorophores requires simultaneous absorption of two photons that each
provide half of the excitation energy. For excitation of common Ca”* indica-
tors wavelengths in the range of 800-900 nm are used. Major advantages of
two-photon microscopy are reduced light scattering caused by the longer
excitation wavelength and the confinement of the excitation to the focal spot
resulting from the nonlinear dependence of two-photon absorption on light
intensity. Two-photon microscopy therefore is well suited for measuring Ca?*
signals in small structures deep in brain slices or the intact brain (16,17).

2.2.3. Line-Scan Mode

Most camera systems and laser-scanning microscopes cannot reach a mil-
lisecond time resolution in full-frame mode. Laser-scanning microscopes in
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the best cases attain full-frame acquisition at video rate (30 Hz). Higher
acquisition rates of up to 1 kHz can be achieved by repetitively scanning
only a single line in the so-called “line-scan” mode (Fig. 2). Line-scans are
particularly useful to compare rapid Ca>* signals in two (or more) nearby
structures, for example in a dendritic spine and its parent dendritic shaft.

2.2.4. Sequential Measurements

Maps of [Ca”*] changes with both high spatial and temporal resolution
can be built from a series of sequential measurements in cases in which a
reliable cellular response can be stimulated repeatedly. Examples are the
Ca” influx evoked by action potentials or Ca?* currents induced by well-
defined voltage steps in whole-cell recordings. Two different approaches
are possible. First, spot measurements with high time resolution can be
repeated at different locations. For example, spatial profiles of dendritic Ca*
signals have been constructed from sequential measurements at various den-
dritic positions (/8). On a smaller scale [Ca’*] domains near active zones in
presynaptic terminals have been mapped using this approach (/3). Alterna-
tively, single high-resolution images are acquired in each trial using brief
light exposures; an artificial time series of such “snapshots” then is built by
varying the delay of the light exposure after the stimulation. Light flashes of
1 ms or less duration can be provided by a pulsed laser or a flash lamp.
Pulsed laser imaging, for example, has been used to detect short-lived Ca**
gradients in chromaffin cells and in skeletal muscle (/9).

2.3. Optical Measurement of Calcium Influx

Fluorescence signals from Ca?* indicators are expressed as changes from
prestimulus level (AF) or as relative fluorescence changes AF/F to normal-
ize for spatial inhomogeneities in dye concentration or illumination. How
do these fluorescence signals relate to the underlying Ca>* currents and to
the spatial distribution of Ca>*-permeable channels? Because intracellular
Ca”* is buffered only a small percentage (1% or less) of Ca®* entering the
cytosol remains unbound. Ca?* indicators act as buffers themselves and con-
tribute to the cytoplasmic buffering capacity. Depending on the relative con-
centrations of indicator and endogenous buffers rather different qualities are
measured (20): At relatively low concentrations the indicator affects [Ca*]
changes little and essentially reports unaltered [Ca>*] dynamics. At very high
concentrations the indicator becomes the dominant buffer and catches virtu-
ally all incoming calcium ions. In the latter case [Ca”*] signals are severely
distorted but the absolute fluorescence change AF is directly proportional to
the total Ca?* flux. Excess dye loading therefore can be used to quantify the
total Ca?* charge entering a cell compartment after calibration of AF in terms
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of Ca?* charge, e.g., by measuring AF evoked by electrically recorded pure
Ca”* currents (21). Dye overload for example has been used to determine
fractional Ca?* currents through ligand-gated receptor channels in somata
(20-22) or dendrites (23), and to quantify the presynaptic Ca?* influx during
an action potential (24).

The identification and localization of Ca** sources using Ca?* indicators
may be complicated by the following problems. First, multiple Ca’* path-
ways can be activated nearly simultaneously, resulting in a mixture of Ca>*
currents. For example, synaptic activation at excitatory synapses may lead
to strong postsynaptic depolarization followed by activation of voltage-gated
Ca’* currents. This secondary effect then masks the direct Ca** influx
through glutamate receptors. To study the distribution of a particular source
in isolation or to dissect the relative contribution of different pathways, spe-
cific blockers of Ca?* sources therefore have to be applied (Table 1). Acti-
vation of voltage-gated currents in some cases can be prevented using
voltage-clamp of the membrane potential. Second, Ca”* signals spread by
diffusion, which often makes it difficult to determine whether [Ca®*] changes
at a particular location were caused by local entry or diffusion from a remote
site. Analysis of the amplitude of fluorescence signals at various locations
alone may not be sufficient to determine the entry site because amplitudes
also depend on buffering and surface-to-volume ratio. Often it is useful to
compare the risetime of fluorescence signals at nearby locations in order to
find the origin of the Ca®* signal. Such an analysis is particularly challeng-
ing on the micrometer scale because it requires millisecond time resolution.
Line-scans have been particularly useful to determine the location of Ca>*
entry on this spatial scale (see below). A third point is that the functional
activation pattern of Ca’* sources might differ from their anatomical distri-
bution. In other words, Ca?* imaging can only provide positive evidence for
the presence of a particular source. The lack of a signal in a cellular com-
partment does not necessarily mean that the source is not present; it may be
there, however, it may not be activated by the experimental stimulation pro-
tocol. This aspect of optical imaging clearly distinguishes it from purely
anatomical methods and can be considered advantageous because channel
activation can be spatially mapped under various conditions. The questions
remain, however, which stimulus patterns are physiological and how they
can be mimicked during an experiment.

3. LOCALIZED CALCIUM ENTRY IN NEURONS

Neurons are highly polarized cells, typically with one cellular pole that
receives and handles input signals and another pole that transfers informa-
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tion to other cells. This cellular polarization is reflected in the compartmen-
talization of Ca”* signaling (3). Segregation of Ca”* signals is important
because Ca’* may serve different functions in different compartments and
crosstalk between signaling pathways must be minimized. The following
sections give examples of how Ca’* imaging has been used to characterize
Ca?* entry pathways in sensory neurons, nerve terminals, and dendrites.

3.1. Sensory Neurons

Ca”" influx in sensory neurons is important for sensory transduction,
adaptation, and synaptic transmission (Fig. 3). Fluorescence imaging
revealed localized Ca?* signals in sensory neurons of the visual, auditory,
vestibular, and olfactory system.

3.1.1. Retinal Cells

Ca?* influx occurs at several stages of signal processing in the retina (Fig.
3A). Photoreceptors respond to light with a transient decrease of a steady
cation current through cGMP-gated ion channels in their outer segments. In
the dark, Ca?* steadily flows into the outer segments through these channels
and is extruded from the cytosol so that [Ca**] reaches a steady-state level.
Upon light exposure [Ca®*] in the outer segments transiently decreases, a
phenomenon that has been measured using Ca>* indicators (25). Although
c¢GMP and not Ca* is the messenger for excitation in photoreceptors, Ca>*
modulates the gain of phototransduction and thus is important for light
adaptation (26). At the opposite cellular pole, in the synaptic terminals
attached to the inner segments, Ca>* entry through L-type Ca”* channels
regulates neurotransmitter release onto bipolar and horizontal cells (27).
Interestingly, Ca>* extrusion mechanisms in photoreceptors are differentially
distributed as well (28). Localized Ca** influx, furthermore, occurs in bipo-
lar cell terminals where it is mediated by L-type Ca’* currents (29). Ca>*
imaging of the intact retina has been difficult because of the interference of
the excitation light with retinal light sensitivity. Two-photon microscopy
can overcome this problem because photoreceptor activation is minimized
at longer excitation wavelengths. A recent study using two-photon excita-
tion reported light-induced dendritic Ca* responses in ganglion cells and
spatially inhomogeneous Ca”* signals in amacrine cell dendrites (30).

3.1.2. Hair Cells

Ca”" influx in hair cells of the vestibular and the auditory system is
involved in mechanosensory transduction as well as synaptic transmission
(31,32). Mechanical displacements of the hair bundle open mechano-
sensitive transduction channels in the stereocilia, causing electrical excita-
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Fig. 3. Localized Ca”* influx in sensory neurons. (A) Ca”* enters locally in several
retinal cell types. In the rod (R) and cone (C) photoreceptors Ca?* enters the outer
segment (OS) through cGMP-gated channels. At the other pole, Ca* influx into synap-
tic terminals of the inner segment (IS) promotes graded transmitter release onto retinal
bipolar cells (B) and horizontal cells (H). Bipolar cells further transmit the signal to
ganglion cells (G) via graded transmitter release controlled by Ca?* influx in their syn-
aptic terminals. Localized dendritic Ca* influx possibly occurs in amacrine (A) and
ganglion cells. (B) Several Ca’* entry pathways exist in hair cells of the auditory and
vestibular system. Ca’* imaging studies found that Ca®* influx through
mechanosensitive transduction channels is located at the tip of the hair bundle stereo-
cilia. At the basolateral membrane, Ca* influx through clusters of Ca’* channels con-
trols graded release onto afferent fibers. Efferent inhibition involves Ca’* entry through
nicotinic ACh receptors and possibly via local release. (C) In olfactory sensory neu-
rons, the signal transduction mechanism is located in the cilia at the apex of the cells. It
involves the activation of a Ca’*-activated chloride channel after Ca>* entry through
cAMP-gated channels. In all these sensory neurons Ca”* is involved in sensory adapta-
tion, in addition to its role in sensory transduction and synaptic transmission.

tion and Ca’* entry (Fig. 3B). The attempts to determine whether
transduction channels are located at the base or the tip of stereocilia illustrate the
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problem of using a diffusible indicator to study localization. Early measure-
ments revealed large fluorescence changes at the base of stereocilia and were
interpreted as evidence for a location near the base (33). However, these
measurements could not resolve the rapid diffusional spread of Ca* within
stereocilia. Line-scans with almost millisecond time resolution using confo-
cal (34) or two-photon microscopy (35) later demonstrated that fluorescence
initially increases near the tip of stereocilia and subsequently spread towards
the base, consistent with a transduction channel location near the tip. Ca**
entry through transduction channels is important in sensory adaptation
(31,32) and in the amplification of bundle motion (36).

At their basolateral membrane, hair cells form chemical synapses onto
afferent dendrites and receive inhibitory efferent synaptic inputs from
brainstem neurons (Fig. 3B). Afferent synapses are formed at about 20 spe-
cialized “active zones,” each of which consists of a dense body with sur-
rounding transmitter-containing vesicles. Ca?* influx through
dihydropyridine-sensitive Ca>* channels (Table 1) at these sites causes trans-
mitter release and activation of Ca>*-activated potassium channels, which
are involved in resonant tuning of the response to a particular frequency
(31). Consistent with the morphology, localized high [Ca**] domains could
be visualized at the basolateral membrane as fluorescence “hot spots” dur-
ing depolarizing voltage steps in isolated hair cells using confocal micro-
scopy (37,38). At the third major Ca?* signaling site, the efferent cholinergic
synapse, Ca’* enters through nACh receptor channels and may be released
from submembraneous cisternae (32). Inhibition is caused by the activation
of a Ca®*-activated potassium channel. It should be possible to detect “hot
spots” of Ca”* entry near efferent synapses.

3.2.3. Olfactory Sensory Neurons

Localized Ca”* signaling is also found in the olfactory receptor neurons
in the olfactory epithelium (Fig. 3C). A recent study succeeded in imaging
odor-induced Ca?* increases in individual cilia of dissociated salamander
olfactory receptor neurons (39). These experiments confirmed that the trans-
duction machinery is located in the cilia. Transduction most likely includes
cAMP production after odor-binding to receptors, gating of a cAMP-gated
ion channel, and activation of a choride current by Ca>* entering through the
cAMP-gated ion channels. Alternatively or in addition, Ca**-release from
IP3-sensitive stores might be involved. Besides being part of the excitation
cascade, Ca’* also mediates odorant adaptation by desensitizing cAMP-
gated channels (40).
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Fig. 4. Pre- and postsynaptic Ca’* entry routes at excitatory synapses in the CNS.
(A) A nonuniform distribution of different subtypes of voltage-gated Ca>* channels
probably exists in dendrites of pyramidal neurons although the total Ca?* channel
density may be fairly uniform (see text). (B) Various Ca?* sources contribute to
[Ca?*] elevations on the level of individual synapses. Presynaptic Ca®* influx is
mediated by voltage-gated Ca’* channels (VGCC) of the N-, P/Q-, and R-type, and
triggers glutamate release. Postsynaptically, several Ca* entry pathways may be
activated, including calcium-permeable glutamate receptors (GluRs), activation of
voltage-gated Ca>* channels, and release from the endoplasmic reticulum (ER)
through IPs-receptor channels after activation of metabotropic glutamate receptors
(mGluRs).

3.2. Presynaptic Nerve Terminals
3.2.1. Measurements from Individual Nerve Terminals

Several Ca?* pathways are activated during synaptic transmission at cen-
tral synapses (Fig. 4). On the presynaptic side, action potentials briefly open
voltage-gated Ca®* channels and evoke neurotransmitter release (24).
Release is thought to depend on high [Ca?*] domains beneath Ca** channel
clusters at release sites (41,42). Freeze-fracture studies and labeling of Ca”*
channels with fluorescently tagged blockers provided evidence for such clus-
tering (43). The spatial arrangement of Ca®* channels with respect to exocy-
totic proteins is crucial for the amount and speed of release because of its
steep, nonlinear [Ca®*]-dependence. Unfortunately, the relevant spatial scale
(ten to hundreds of nanometers) is below the optical resolution limit.
Intraterminal [Ca”*] gradients therefore have been resolved in only few
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preparations. In squid giant presynaptic terminals, Smith et al. (44) observed
that [Ca®*] increases were largest adjacent to the postsynaptic fiber, consis-
tent with a Ca>* channel localization at active zones. Furthermore, punctu-
ate light emissions were measured in squid terminals with a low-affinity
mutant of the luminescent protein aequorin, suggesting discrete Ca>*
microdomains (45). [Ca’*] gradients at release sites also have been resolved
in hair cells (see above) and in adrenal chromaffin cells using pulsed
laser imaging (19). More recently, localized [Ca>*] domains were char-
acterized in single nerve terminals of a cultured Xenopus neuromuscular
junction preparation using a low-affinity indicator and confocal spot detec-
tion (13). These measurements corroborated the idea of rapid, high [Ca*]
elevations at release sites; however, experiments in CNS nerve terminals
await to be done. As another twist of the multifunctional use of Ca’* the
residual [Ca”*] remaining after the collapse of intraterminal Ca®* gradients
contributes to short-term synaptic plasticity (2).

3.2.2. Measurements from Pools of Terminals

Large pools of nerve terminals can be labeled by remote uptake of Ca”*
indicators in afferent axons (46). In several studies presynaptic Ca>* signals
averaged over such pools were measured, e.g., at the CA3-CA1 Schaffer
collatorals in hippocampus (47), and at the granule cell Purkinje cell syn-
apse in cerebellum (48). Although lacking subterminal resolution these mea-
surements provide valuable information about presynaptic [Ca?*] dynamics
and the pharmacology and modulation of presynaptic Ca** currents. For
example, presynaptic Ca>* influx was found to depend mainly on N- and P/
Q-type channels in several CNS preparations (47,49). An additional contri-
bution of R-type channels is likely and has been observed in the “calyx of
Held,” a giant nerve terminal in the medial nucleus of the trapezoid body
(MNTB) in the brainstem (50). In general, presynaptic Ca?* influx at central
fast synapses appears to be mediated by N-, P/Q-, and R-type channels,
whereas L-type channels predominate in peripheral nerve terminals and in
sensory neurons (51).

Average presynaptic fluorescence recordings also have been combined
with simultaneous monitoring of release to indirectly probe the distance of
different Ca®* channel subtypes from release sites (57). Release was mea-
sured using postsynaptic field potential slopes or postsynaptic current
amplitudes. The potencies of Ca** channel subtypes to evoke release were
determined from the exponent in the power law relationship between release
and average presynaptic [Ca’*]. Consistently, N-type channels were found
to be less effective in triggering release than P/Q-type channels at hippoc-
ampal synapses (47), at cerebellar parallel fiber synapses (49), and in the
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calyx of Held (52). Wu et al. (52) furthermore found that R-type channels
coupled to release with an efficiency similar to N-type channels. Testing
different scenarios for the spatial organization of the channels, they con-
cluded that all three subtypes can contribute to release at individual release
sites, but that a larger fraction of N- and R-type channels is localized distant
from release sites, affecting exocytosis only little. These results were con-
sistent with antibody double labelings of Ca?* channel subtypes and the syn-
aptic vesicle protein synaptotagmin, which demonstrated a higher degree of
co-localization with release sites for P/Q-type channels than for N- or R-
type channels (52).

3.3. Postsynaptic Calcium Entry
3.3.1. Dendprites and Dendritic Spines

On the postsynaptic side multiple Ca>* routes are present, including Ca”*-
permeable receptor channels, voltage-gated channels, and release channels
(Fig. 4). Voltage-gated Ca>* channels in dendrites can be activated by
backpropagating action potentials, by synaptic potentials, or by regenera-
tive dendritic potentials (53,54). The spatial profile of action potential-
evoked Ca®* transients indicates how far action potentials backpropagate in
the dendritic tree. Dendritic Ca®* action potentials, for example, have been
observed in neocortical layer 5 neurons (55,56). It is difficult to convert
dendritic Ca?* transient amplitudes to Ca”* channel densities because they
depend on the local membrane potential and surface-to-volume ratio. At
least, most of the data are consistent with a fairly uniform total density of
Ca”* channels in pyramidal cell dendrites (57). The relative contribution of
the different subtypes, however, seems to be inhomogeneous in dendrites.
Christie et al. (58) compared [Ca?*] transient profiles in hippocampal pyra-
midal dendrites before and after blocking several types of Ca’* channels.
They found a preferential location of high-voltage activated Ca®* channels
(L-, N-, and P/Q-type) near the soma and in proximal dendrites, whereas the
remaining component (T- and R-type channels) showed a more uniform or
distally increased contribution. These results are consistent with direct elec-
trical recordings (57) and with immunocytochemical data showing the pres-
ence of L-, N-, and P/Q-type channels in pyramidal dendrites (59-61).

Optical detection of dendritic Ca?* influx through receptor channels has
been difficult because of the masking effect of voltage-gated Ca®* currents
during strong dendritic depolarizations and neuronal firing. In several cases,
localized dendritic [Ca>*] transients during subthreshold synaptic potentials
were found to be mediated mainly by low-threshold Ca®* channels (62). An
NMDA receptor-dependent component of dendritic Ca* accumulations
could be identified in hippocampal neurons by application of D-APV (63).
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A different strategy to visualize Ca”* entry through NMDA receptors was to
continuously depolarize a postsynaptic neuron to inactivate Ca>* channels
and to reverse synaptic currents. Using this approach and focal stimulation,
Malinow et al. (64) observed hot spots of dendritic Ca>* elevations that were
blocked by D-APV. Application of confocal and in particular two-photon
microscopy for imaging in brain slices eventually made the investigation of
Ca”* entry pathways in individual dendritic spines possible (/6). In hippoc-
ampal and neocortical neurons a clear NMDA-mediated component of
spineous Ca>* influx was resolved (65—67). In some spines a component
through nonNMDA receptors may exist as well (68). An important question
has been whether voltage-dependent Ca®* channels are located in dendritic
spines. Line-scans demonstrated that action potential-evoked Ca®* transients
rise as fast in spines as in the parent dendrite (65,66); this is inconsistent
with diffusion from the shaft into the spine and suggests that Ca>* channels
are present in the spineous membrane, consistent with a report on N-type
channels in dendritic spines using fluorescently labeled w-conotoxin (60).
In addition, several recent studies found evidence for synaptically induced
Ca?* release in dendritic spines (69). In summary, multiple pathways coex-
istin spines and it will be necessary to further dissect their relative contribu-
tion to Ca®* influx under various conditions. At present it is not clear whether
and how the subspinous spatial organization of these sources relates to spe-
cific functions, e.g., the induction of long-term plasticity. Unfortunately,
rapid Ca* gradients in spines are almost impossible to resolve with diffus-
ible indicators. Perhaps, specific labeling of various spineous proteins with
genetically encoded indicators will allow us to see how Ca?* signals differ at
subspinous locations.

3.3.2. MNTB Principal Neurons

On a larger spatial scale, a differential pattern of postsynaptic Ca?* influx
through NMDA receptors and voltage-gated Ca>* channels was observed in
principal neurons of the MNTB in rat brainstem (Fig. 5). These neurons are
covered by large calyx-type nerve terminals (Fig. 5A). A presynaptic action
potential evokes glutamate release and the postsynaptic current typically
elicits a single action potential in the principal neuron. Postsynaptic Ca**
influx during synaptic transmission mainly occurs through NMDA recep-
tors and voltage-gated Ca?* channels (22). Using a CCD camera system,
Bollmann et al. (22) found a difference in the spatial pattern of postsynaptic
Ca”* influx through these two entry pathways (Fig. 5C,D). It is likely that
different sets of proteins are activated by the two Ca®* pathways; the subter-
minal NMDA receptor-mediated [Ca?*] elevations may be specifically
important for synapse stabilization early in development.
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Principal neuron

B pre
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Fig. 5. Differential localization of Ca** influx through NMDA receptors and volt-
age-gated Ca®* channels (VGCC) at the giant synapse in the MNTB. (A) Schematic
of the recording configuration. A simultaneous pre and postsynaptic whole-cell-
recording was made from a presynaptic terminal (calyx of Held) and a MNTB prin-
cipal neuron in a rat brainstem slice. The pre and postsynaptic pipet contained 0.4 mM
MagFura-2 and 0.4 mM Oregon Green 488 BAPTA-5N, respectively. The
presynaptic membrane potential was recorded in current-clamp mode. Single
presynaptic action potentials were evoked by afferent stimulation with a remote bi-
polar electrode. (B) Morphological images of the presynaptic terminal (fop) and the
principal neuron (bottom). Pre- and postsynaptic fluorescence were separated by
using excitation wavelengths of 380 and 480 nm, respectively. (C) In Mg**-free
extracellular solution, a presynaptic action potential evoked a large NMDAR-medi-
ated Ca?* signal that was initially located beneath the presynaptic terminal. Images
were aquired at 30 Hz. Difference images (AF) are shown at three different times
after stimulation. The postsynaptic voltage was clamped to —80 mV and AMPA
receptors were blocked. (D) Later in the same experiment Na* and K* currents were
blocked with TTX and TEA. A large Ca>* current evoked by a 40 ms voltage step to
—10 mV caused a different pattern of postsynaptic Ca’* influx, comprising the side
opposite to the terminal and the postsynaptic axon. Note that in both cases (C) and
(D) fluorescence changes almost equilibrated in the cell after 500 ms.

4. CONCLUSIONS

Neurons perform multitasking using the same messenger ion Ca>* by seg-
regating Ca”* signals in different cellular compartments. Optical imaging of
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fluorescent Ca”* indicators has provided at least qualitative spatial maps of
the distribution of various Ca* sources in many neurons. Notably, this
method probes the physiologically relevant activation pattern of Ca**-per-
meable ion channels. Application of new indicators as well as improvements
in imaging techniques may lead to a refinement of these maps. Fluorescence
imaging on the micrometer scale ultimately is limited by the optical resolu-
tion; nevertheless, it is useful to determine local values of biophysical
parameters, such as diffusion coefficients or Ca?*-buffering capacities.
Together with ultrastructural information and a more detailed knowledge
about the identity and distribution of Ca**-binding proteins and Ca”* clear-
ance mechanisms, such values may enable realistic simulations of [Ca?*]
dynamics on the molecular scale. Perhaps the greatest challenge, however,
will be to further link the observed local Ca”* signals to their downstream
biochemical effects in order to understand their functional relevance.
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Using Caged Compounds to Map Functional
Neurotransmitter Receptors

Diana L. Pettit and George J. Augustine

1. INTRODUCTION

As amply demonstrated by each of the chapters of this volume, location is
an integral part of the physiological function of ion channels. Neurotrans-
mitter receptors may represent an extreme example of this important con-
cept, because these receptors must be targeted—within an accuracy of
nanometers—in order to detect the release of neurotransmitters from presyn-
aptic terminals. However, it has been challenging to visualize the location
of receptors that are within the plasma membrane, as opposed to being within
transport vesicles or other intracellular sites. It has been even more chal-
lenging to examine the functional properties of selected populations of
receptors on the plasma membrane. Here we describe experiments that allow
the use of “caged” neurotransmitters for these purposes.

Flash photolysis of caged compounds by UV light is a powerful tool because
it offers high spatial and temporal resolution. The UV light beam used to photo-
lyze caged compounds can be focused to less than a um in diameter, allowing
production of caged compound to a very small portion of a cell (/-6). Photolysis
also offers very high time resolution; in favorable cases, photolysis occurs within
tens of us, which has made caged compounds the method of choice for deter-
mining the kinetics of many biological processes (7—9). Flash photolysis also
allows for the focal release of neurotransmitters in a wide spectrum of experi-
mental systems, ranging from dissociated cells to whole animals.

In this chapter, we describe some of the considerations involved in using
caged neurotransmitters to map the distribution and function of neurotrans-
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mitter receptors and also summarize some of our recent experiments that
use this approach to define the distribution of neurotransmitter receptors in
neurons within hippocampal slices.

2. HARDWARE FOR UNCAGING
NEUROTRANSMITTERS

Focal uncaging of neurotransmitters requires a microscope with a suit-
able recording chamber, a UV light source for uncaging, an imaging system
to visualize the neurons, and hardware for focusing and positioning the UV
light beam (Fig. 1). Although imaging systems and recording chambers have
received substantial attention in the literature, little has been written about
the hardware required for local uncaging experiments. For this reason, we
will consider these topics in some detail.

Most caged transmitters are photolyzed to their biologically active form
by near-UV light (300-400 nM). The most commonly used sources of UV
light are arc lamps or lasers. Each light source has advantages and the choice
of light source is often dictated by the specifics of each application, as well
as the amount of funds available. Arc lamps used for uncaging are either
continuous-discharge arc lamps or an arc lamp connected to a bank of
capacitors (so-called flash lamps; /0). These lamps are inexpensive; indeed
nearly every fluorescence microscope has an arc lamp that requires minimal
adaptation (addition of a shutter and perhaps a quartz collector lens) to be
suited for photolysis. Arc lamps typically are used when a large uncaging
area is desired. With these lamps, an entire specimen can be illuminated or
the light can be focused down to spots tens of micrometers in diameter. The
main limitation of these lamps is that their light energy is limited. Continu-
ous discharge lamps typically emit a relatively small amount of UV light,
with mercury lamps being more powerful that xenon lamps. Flash lamps use
the power stored in the capacitor bank to produce a very intense but
short-lived flash of UV light. For some applications, it may not be possible
to produce enough UV light within a biologically relevant time frame.
Despite this problem, arc lamps are economical and reliable UV light
sources.

When an uncaging area of a few micrometers or less is required, a laser is
the light source of choice. A laser light beam is a highly collimated light
source and therefore can be focused down to a very small spot, a few
micrometers or less in diameter. Only a few lasers produce a suitable amount
of UV light; among these, we and most others have used continuous-dis-
charge argon ion lasers. The laser that we use (Coherent Innova 305) emits
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Fig. 1. Diagram of an uncaging setup. Adapted with permission from ref. 5.

up to 200 mW of UV light at 351-364 nm. As described earlier for the case
of continuous-discharge flash lamps, an electronic shutter is needed to con-
trol the duration of illumination from such continuous-discharge lasers. Mea-
surements of UV light intensity on our setup indicate that an energy density
0f 0.01-0.1 wJ/wm? per flash is sufficient to uncage the neurotransmitter com-
pounds described in this chapter. Other compounds will be photolyzed in
proportion to the product of their extinction coefficients and quantum yields.
This power level is easily achieved by the use of an argon ion laser; for the
laser and coupling system that we have employed, flashes of 1-10 ms are
sufficient to achieve these energy levels. The biggest drawbacks of UV lasers
are higher purchase costs and increased maintenance hours (relative to a flash
lamp). Some of this expense can be offset by the purchase of a refurbished
laser, which costs little more than a new flash lamp.

Light can be routed from the UV light source to the specimen by either an
optical fiber or a set of mirrors and lenses. The latter is the approach of
choice if the UV light must be focused to a diffraction-limited spot. This
will produce the smallest possible uncaging area, but limits the possible
paths for routing light to the microscope. In addition, mirrors usually require
more alignment to keep the light focused. However, mirrors tend to lose less
light than other optical elements. For uncaging applications where power is
limited, this is a very substantial advantage.
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Optical fibers provide great flexibility in routing UV light to a micro-
scope. Typically, a lens is used to focus the output of a laser onto an optical
fiber and the output from the fiber is then focused either through the micro-
scope objective or directly onto the specimen. Because of their size, optical
fibers usually prevent focusing the light spot to diffraction-limited dimen-
sions (sub-micrometer). The most significant problem associated with the
use of optical fibers is that they can attenuate UV signals themselves and
coupling of laser output to fibers is rather inefficient. As a result, a signifi-
cant fraction (50% or more) of the UV light can be lost between the laser
and the specimen. Having a laser with an excess of power can remedy this
problem.

3. CAGED COMPOUNDS

The choice of caged compound is a critical factor in the success of a flash
photolysis experiment. An ideal caged compound should: (1) be stable in
the caged form; (2) uncage rapidly and with high efficiency when irradi-
ated by UV light; and (3) neither the free cage nor the caged compound
should have any biological actions (/7). The design and synthesis of opti-
mal caged compounds remains an ongoing effort, though great strides have
been made in recent years.

Restricting the spatial extent of photolysis of caged neurotransmitters is
one of the central challenges. In three-dimensional recording chambers,
caged neurotransmitter can be found throughout the light beam, meaning
that light on its way to and from the targeted portion of the specimen will
photolyze caged compound (Fig. 2A). This can greatly reduce the spatial
resolution of neurotransmitter application. To improve this situation, we
have developed a simple and economical way to eliminate out-of-focus
uncaging. Our approach relies on attaching two caging groups to a single
molecule. If each cage inactivates the compound, then two photons of light
will be required to produce a free molecule of neurotransmitter (Fig. 2B).
We call this phenomenon “chemical two-photon uncaging” (/2) to distin-
guish it from “optical” two-photon excitation (/3), in which two
long-wavelength photons are needed to provide sufficient energy to photo-
lyze a single caging group (14,15).

A double-caged compound can be synthesized from any molecule that
has two sites where inactivating cages can be attached. Each cage must inac-
tivate the molecule, so that the singly-caged intermediate, produced by par-
tial photolysis of the double-caged compound, will have no biological
activity. As a test of the chemical two-photon uncaging concept, we have
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Fig. 2. Theoretical improvement in axial resolution with double-caged
glutamate. (A) The double cone of a light beam converging to a focus. Values are
taken for our experimental setup as described in ref. 5. The concentration of
glutamate produced by uncaging as a function of distance from the focal plane, for
single-caged glutamate. (B) The structure of double-caged glutamate. The double
cone of a light beam converging to a focus. Values are taken for our experimental
setup as described in (5). (C) The concentration of glutamate produced by uncaging
as a function of distance from the focal plane, for double-caged glutamate. Adapted
with permission from ref. /2.

used a double-caged glutamate compound (/2). Earlier work established that
both the o and y carboxyl groups of glutamate are inactivated by cages (16),
so that suitable double-caged glutamate could be synthesized by adding
carboxynitrobenzyl caging groups to each of these two carboxyl groups (Fig.
2B). This compound is now commercially available from the Molecular
Probes company. We assume that each caged carboxylate group is photo-
lyzed identically to the analogous mono-carboxynitrobenzyl (single) caged
glutamates, which have quantum yields of 0.16-0.21 and half-lives of pho-
tolysis that range from 21-80 us (16).

The main contaminant of commercial preparations of single-caged
glutamate is free glutamate. Because glutamate can cause unwanted activa-
tion or desensitization of glutamate receptors, this can be a serious problem.
By these criteria we have observed spontaneous loss of the caging groups,
over time scales of tens of minutes, when using single-caged glutamate. As
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expected, this is much less of a problem for double-caged glutamate. How-
ever, even with double-caged glutamate it is important to minimize loss of
the cages during storage and handling.

The requirement for two photons to produce the free, uncaged molecule
should improve axial resolution in proportion to the square of the light
intensity (Fig. 2C). To predict the efficacy of double-caged compounds, we
used the geometry of the light beam on our apparatus (Fig. 1; 5) to calculate
the axial distribution of glutamate produced by photolysis of single-caged
or double-caged glutamate (/2). Our calculations predict that photolysis of
single-caged glutamate will produce free glutamate in a large volume while
photolysis of double-caged glutamate should produced free glutamate pri-
marily at the focal plane (Fig. 2C). Assuming that electrical current, I, is
produced in proportion to glutamate concentration (/7) the response of a
neuron to photolysis of double-caged glutamate (I,,.(2)) is then:

IOCr20p2 [1_2 -2 rzcell/rzspo((z)]
rzspol(z)

where C is caged glutamate concentration; p is the probability of photolyz-
ing a single caging group at the center of the focused spot and is propor-
tional to light flash energy, coefficient, and quantum yield; ry,(z) is the
radius of the UV light beam at axial position z; ro is the radius of the light
spot in the focal plane; r . is the radius of the neuron; and I is a parameter
proportional to the responsiveness of receptors to glutamate. With
non-saturating light intensities (p << 1) and a minimal spot radius r, = 2.8
um, this equation predicts that the expected half-maximal depth for the
response to photolysis of double-caged glutamate should be 17 um in our
system, a 60% improvement in axial resolution over single-caged glutamate
(12). For more intense flashes, the axial resolution of responses should
degrade because the nonlinearity of glutamate production is lost as satura-
tion causes the region of maximal glutamate production to become more
distributed.Numerical calculations indicate that for p = 0.9, the half-maxi-
mal depth for double-caged glutamate will expand to 32 um (72).

Iduuble(z) =

4. 2-PHOTON PHOTOLYSIS OF GLUTAMATE
IN BRAIN SLICES

We have tested the utility of chemical two-photon uncaging by applying
glutamate onto neurons within brain slices. Our goal was to compare the
axial resolution of the double-caged glutamate to that of a conventional,
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Fig. 3. Double-caged glutamate improves axial resolution. (A) Current traces
obtained from z-series with single- and double-caged glutamate. (B) The peak
amplitudes of currents from the z-series in (c), plotted against axial position. The
half-width of the gaussian fit for single-caged glutamate is 40 um and 15 um for
double-caged glutamate. The current amplitudes represent responses taken at +70
to —80 um from the focal plane, taken at 10 wm steps. All uncaging light flashes
were 5 ms in duration. Adapted with permission from ref. /8.

single-caged glutamate by measurements of glutamate-induced electrical
responses in hippocampal CA1 pyramidal neurons (/2). Hippocampal slices
were prepared from rats 13-18 d old and whole-cell patch clamp recordings
were made from the cell bodies of pyramidal neurons. Figure 3A shows
recordings of membrane currents evoked by uncaging either single- or
double-caged glutamate at various axial positions above or below the neu-
ronal cell body. In both cases, maximal responses occured at the focal plane
(z =0 wm) and dropped off with distance. Strikingly, 20 um below the focal
plane, single-caged glutamate evoked a response, but no response to double
caged glutamate was observed. This shows that adding a second cage to
glutamate improves axial resolution.

This improvement in axial resolution was quantified by plotting the rela-
tionship between the amplitude of glutamate-induced currents and the dis-
tance from the focal plane. These relationships could be fit with gaussian
functions (Fig. 3B) and the half-width of these functions were used as a
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volume-rendered image of a CA1 pyramidal neuron filled with fluorescent dye via
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between the location of the UV light spot with respect to the some and the ampli-

(continued)
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measure of axial resolution. For the case of hippocampal pyramidal neu-
rons, the mean half-width of the gaussian was 43.5 um = 5.9 um for the
single-caged compound and 18.7 + 4.8 um for the double-caged compound.
This is a 57% improvement in axial resolution over single-caged glutamate,
in excellent agreement with the theoretical prediction described earlier. Very
similar improvements in axial resolution of uncaging were also observed for
the case of Purkinje neurons in cerebellar slices (/8). In addition, the pres-
ence of two caging groups also appears to improve lateral resolution signifi-
cantly (/9). Taken together, these data clearly indicate the utility of chemical
two-photon uncaging. Further, such analyses provide a simple empirical test
that can be applied to future applications of chemical two-photon uncaging.

One possible complication of the chemical two-photon method is that
photolysis of caged glutamate could cause depletion of caged glutamate or
accumulation of free glutamate, single-caged glutamate, or carboxy-
nitrobenzyl groups. To test for such phenomena, we have given repeated
light flashes while monitoring the stability of the glutamate-induced electri-
cal currents. No changes in the amplitude or time course of responses were
observed when the light flashes were repeated at 10-s intervals. This dem-
onstrates that changes in the chemical environment are minimal on a time
scale of 10 s and that photoproducts are not accumulating to an appreciable
extent. This observation also indicates that free glutamate is cleared out very
quickly from brain slices. In fact, we have seen no evidence for buildup of
glutamate even when uncaging repeatedly at 500 ms intervals in cerebellar
slices. Purkinje cell responses to uncaged glutamate decay over tens of mil-
liseconds (18), suggesting that glutamate is removed over such time scales
(see also ref. 20). Other transmitters may not be handled as efficiently as
glutamate. For example, light flashes must be separated by tens of seconds
to evoke stable responses to photolysis of single-caged GABA in hippocam-
pal slices (19). In the case of caged carbachol, light flashes must be sepa-
rated by minutes (D. Pettit and J. Yakel, unpublished data), presumably
owing to the inability of endogenous cholinesterases to degrade the carba-
chol. However, with appropriate time intervals it is possible to produce

tude of the current induced by glutamate at each location. The peak amplitude of
the glutamate-induced currents have been normalized to the amplitude of currents
evoked over the cell body of each of the 8 neurons examined. (C) The same
glutamate responses shown in A, considered as a function of dendritic branch. (D)
Relationship between the location of the UV light spot and the mean density of the
current induced by glutamate at each location, calculated by dividing current
amplitude by the area over which glutamate was photoreleased. Adapted with per-
mission from ref. /8.
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stable responses with little variation over hundreds of light flashes. Achiev-
ing this condition for a given application requires a careful balance of caged
compound concentration and light flash power and frequency.

5. GLUTAMATE RECEPTOR DISTRIBUTION
IN PYRAMIDAL CELLS AND INTERNEURONS

We have used local photolysis to determine the spatial distribution of
neurotransmitter receptors along hippocampal neurons. In these experi-
ments, neurotransmitter receptors were activated by scanning a spot of UV
light (4.6 um in diameter) along the neuron to generate active neurotrans-
mitter over a restricted region. A fluorescent dye was included in the solu-
tion used to fill the recording pipet; when this dye solution diffused from the
pipet to the neuronal cytoplasm, it was possible to visualize the processes of
these cells during the photolysis experiments (see Fig. 1). This approach
allowed us to position the light spot as far as 250 um along apical dendrites
and up to 100 wm along basal dendrites of hippocampal pyramidal neurons.
By using whole-cell patch-clamp methods to measure electrical currents
resulting from uncaging the transmitter at various positions, it is possible to
map regional variations in the transmitter responsiveness of individual neu-
rons. To examine currents flowing through transmitter receptors, without
contamination by voltage-gated currents, all experiments were done in the
presence of (1) tetrodotoxin, to block voltage-gated sodium channels; (2)
cesium in the recording pipet to block voltage-gated potassium channels;
and (3) cadmium to block calcium channels.

When examining glutamate receptors, the double-caged glutamate com-
pound described above was used to obtain optimal spatial resolution.
Responses could be observed when glutamate was generated over any region
of CAl pyramidal neurons (Fig. 4A) (19). In basal dendrites, glutamate
response amplitude decreased rapidly as the light spot was moved further
from the cell body (Fig. 4A, trace 2). However, the response profile for
apical dendrite had a very different pattern. When the uncaging spot was
moved to the primary apical dendrite (Fig. 1C, trace 6), the amplitude of
glutamate responses decreased in manner similar to that seen in the basal
dendrites. But when the uncaging spot was moved even further away, the
glutamate responses amplitude increased relative to the response at the pri-
mary apical dendrites (e.g., Fig. 4A, trace 7). When plotted as a function of
distance or the order of the dendritic branch, it could be observed that the
increase in glutamate current amplitude along the apical dendrite was
restricted to the secondary and tertiary dendrites (Fig. 4B). This spatial pro-
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file did not depend on activation of N-methyl-D-aspartate (NMDA) recep-
tors because it was unaffected by application of APV (100 uM), a blocker of
NMDA receptors. These data suggest that glutamate receptors, specifically
the alpha-amino-3-hydroxy-5-methyl-4-isxazolepropionic acid (AMPA)-
type glutamate receptor, distribute heterogeneously over the surface of
pyramidal neurons.

Although the UV light spot has a constant diameter, dendritic diameter
varies. This results in variations in the area of plasma membrane that is
exposed to uncaged glutamate as the spot is scanned along the dendrite. To
account for such variations in surface area, we used volume-rendered confo-
cal images of the pyramidal neurons to estimate the diameter of each region
of dendrite exposed to the UV light beam. The surface area under each
uncaging spot was then calculated by modeling the dendrite as a cylinder
with a length identical to the diameter of the UV uncaging light beam (5,72).
The density of glutamate-induced electrical current at each site was then
determined by dividing the peak amplitude of each current by the area
exposed to glutamate.

The density of glutamate-induced currents increased with distance from
the cell body (Fig. 4C). Because of the larger surface area of the cell body,
current density was higher in the dendrites than in the cell body, and highest
in the smallest, most distal dendrites (Fig. 4C) (19). Although current ampli-
tude declined along basal dendrites (Fig. 4A,B), the area of these dendrites
declined more steeply so that there was a higher density of
glutamate-induced current in their distal regions (Fig. 4C). These data indi-
cate that glutamate receptors are are not uniformly distributed but are tar-
geted to specific regions. In fact, the receptors appear to form a gradient,
with the highest point of the gradient in the most distal dendtrites. Perhaps
this is a mechanism for amplification of distal dendritic signals.

To test whether this potential amplification mechanism is restricted to
pyramidal neurons, we also mapped the distribution of glutamate receptors
on interneurons in the CA1 stratum radiatum region. Photolysis of
double-caged glutamate produced inward currents similar to those seen in
the pyramidal neurons. Decay time constants for these glutamate responses
were similar to those calculated for pyramidal cells. The distribution of the
interneuronal glutamate responses also was nonuniform, though a spatial
pattern differing from that seen in pyramidal cells. Electrical responses could
be detected when glutamate was photoreleased over the cell bodies of inter-
neurons, but when the uncaging spot was moved away from the interneuron
some, glutamate responses increased in amplitude (Fig. SA). This increase
was observed on all dendrites within a given interneuron; for example, the
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Fig. 5. Nonuniform density of glutamate responses on interneurons. (A) A vol-
ume-rendered image of a dye-filled interneuron. Circles indicate the position and
diameter of the UV light spot used to uncage glutamate and traces indicate averages
of five evoked responses at each location. (B) Relationship between the location of
the UV light spot with respect to the cell body and the amplitude of the current
induced by glutamate at each location. The peak amplitudes of the glutamate cur-
rents have been normalized to the amplitude of currents evoked over the cell body
of each of the 4 neurons examined. (C) Relationship between the location of the
UV light spot and the density of the current induced by glutamate at each location.
Adapted with permission from ref. /8.



Neurotransmitter Receptor Mapping 361

two processes of the interneuron shown in Fig. SA produced very similar
responses.

Although hippocampal interneurons are heterogeneous in their physi-
ological properties (2/-23), the pattern of glutamate responsiveness was
consistent for all interneurons examined. The absolute amplitudes of
glutamate responses of interneuronal dendrites were larger than those of the
somata, with dendritic glutamate-induced currents maximally about 150%
of those evoked in the cell body (Fig. 5A). Averaged data shown in Fig. 5B
is plotted as a function of distance from the cell body (as in Fig. 2A) because
the dendrites of these interneurons do not branch extensively. This differ-
ence was even more striking when the density of glutamate currents was
calculated as described earlier (n = 4), with current density increasing as the
glutamate was applied to regions farther from the cell body (Fig. 5C).
Applying the arguments presented for the glutamate responses of pyramidal
cells, we conclude that interneurons also have a pronounced distally-directed
gradient of glutamate receptors along the their dendrites.

6. GABA RECEPTOR MAPPING ON PYRAMIDAL
CELLS AND LNTERNEURONS

Using a very similar technical approach, we also have been able to map
the distribution of functional GABA receptors on hippocampal neurons.
Because no double-caged GABA compound has been successfully synthe-
sized, we used single-caged GABA for all mapping experiments. This results
in an approx twofold degradation of lateral and axial resolution compared to
what would be possible with a double-caged GABA compound (/9).
Uncaged GABA evoked outward current responses in all regions of pyrami-
dal neurons. The amplitude of GABA responses varied along the length of
the dendritic processes in a manner similar to that of the glutamate responses
(Fig. 6A). GABA responses decreased in amplitude with increasing distance
from the cell body along the basal dendrites (Fig. 6A, traces 3-1). However,
as the uncaging spot was moved from the cell body to the primary apical
dendrite, the amplitude of GABA responses remained approximately the
same as those of the cell body (Fig. 6A, traces 4,6).

To account for differences in the surface area over which GABA was
applied, GABA current density was calculated as described earlier for
glutamate currents. The highest densities of GABA-induced currents were
found in the distal regions of both the apical and basal dendritic trees (Fig.
5C). These data suggest that GABA receptors are distributed in a gradient,
with the highest point of the gradient in the most distal dendrites, and that
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Fig. 6. Nonuniform density of GABA responses on pyramidal neurons. (A) A
volumerendered image of a CA1 pyramidal neuron filled with fluorescent dye via a
patch pipet. Circles indicate the position and diameter of the UV light spot used to
uncage GABA. Traces at right are averages of three responses evoked by 5 ms uncaging
pulses. Traces 1 and 2 are responses from basal dendrites, whereas traces 4-9 are
responses from apical dendrites. (B) Relationship between the location of the UV light
spot with respect to the cell body and the amplitude of the current induced by GABA at
each location. The peak amplitude of the GABAinduced currents have been normalized
to the amplitude of currents evoked over the cell body of each of the 6 neurons exam-
ined. (C) The same data as in (A) plotted with respect to dendritic branch. (D) Relation-
ship between the location of the UV light spot and the density of the current induced by
GABA at each location. Adapted with permission from ref. /8.
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the gradients observed for GABA and glutamate receptors are not owing to
a general voltage clamp error. Any unclamped GABA currents would-
hyperpolarize the membrane potential, rather than depolarizing it as would
be the case for unclamped glutamate currents. Thus, any voltage escape and
resultant activation of voltage-dependent conductances, would have oppo-
site effects on the amplitude of currents evoked by the two transmitters. The
fact that similar patterns of responses are nonetheless similar on pyramidal
cells suggests that the variations in responsiveness arise from genuine
increases in receptor density rather than space clamp errors.

The spatial distribution of functional GABA receptors on hippocampal
interneurons was markedly different from that of pyramidal cells. Responses
to uncaged GABA were a very sensitive function of position and were often
undetectable when GABA was photoreleased on dendritic locations only
100 um away from the cell body (Fig. 7A). As a result, the spatial profile of
interneuronal GABA responses declined steeply with distance (Fig. 7B).
Calculations of the density of the GABA-induced current reinforce this con-
clusion; the density of GABAinduced currents showed a spatial distribution
that was almost the inverse of that seen for the glutamate responses of these
same neurons (Fig. 7C). Given that responses could be observed when
glutamate was applied to the distant regions of these cells, the absence of
GABA responses in these regions cannot be attributed to electrotonic decre-
ment within the dendrites. Thus, interneurons appear to concentrate their
GABA receptors in the perisomatic region.

7. MECHANISMS UNDERLYING REGIONAL
VARIATIONS IN TRANSMITTER
RESPONSIVENESS

We have used local photolysis of caged neurotransmitters to map the dis-
tribution of functional neurotransmitter receptors on pyramidal cells and
interneurons in hippocampal slices. These receptors are not uniformly dis-
tributed but rather are targeted to specific regions along the dendrites and
cell body of these neurons. The spatial profile of the receptors varies
depending on the type of neuron and neurotransmitter. We found that CA1
pyramidal neurons have parallel gradients of glutamate and GABA recep-
tors on their dendrites, with the highest density of receptors in the most
distal apical and basal dendrites. Interneurons also have an increasing den-
sity of glutamate receptors along their dendrites, but these processes have
very few functional GABA receptors on their dendrites. Our results are the
first to document a distally directed gradient of functional receptors in hip-
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Fig. 7. Nonuniform density of GABA responses on interneurons. (A) A
volume-rendered image of a dye-filled interneuron. Circles indicate the position
and diameter of the UV light spot used to uncage GABA and nearby traces indicate
averages of three responses evoked by uncaging at each location. (B) Relationship
between the dendritic location of the UV light spot and the amplitude of the current
induced by GABA at each location. The peak amplitudes of the GABA-induced
currents have been normalized to the amplitude of currents evoked over the cell
body of the 6 neurons examined. (C) Relationship between the location of the UV
light spot and the density of the current induced by GABA at each location. Adapted
with permission from ref. /8.

pocampal pyramidal neurons and are consistent with previous anatomical
data suggesting that glutamate and GABA receptors/synapses are located
along the entire length of the dendrites of these neurons (23-26). Our results
complement recent data suggesting a similar arrangement of functional
glutamate receptors in cortical pyramidal cells (27).
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The spatial variations in GABA and glutamate responses that we observed
could arise from a number of different mechanisms. It is possible that our
measurements of current amplitude are distorted by poor spatial control of
membrane potential during voltage clamping. If this were to occur, distal
currents would be preferentially attenuated and slowed because of increased
filtering of currents. In addition, loss of voltage control with distance could
cause an increase in local depolarization and a decrease in the driving force
for ions. Finally, loss of voltage control with distance could result in the
activation of voltage-dependent channels on the distal dendrites (28,29).
With the possible exception of I, channels activation during GABA
responses (30), all of these effects will yield an underestimate in the magni-
tude of the observed receptor gradient. Thus, loss of space clamp cannot
account for the changes in transmitter responsiveness that we have observed.

It is possible that differences in the unitary conductance and/or affinity of
the receptors, rather than the absolute number of these receptors, are respon-
sible for the gradients that we have observed. However, available evidence
argues against this possibility. Spruston et al. (3/) found that the unitary
properties of glutamate receptors in the cell body and dendrites of CAl
pyramidal neurons were identical. Although further studies of the unitary
properties of dendritic receptors are warranted, it is unlikely that such dif-
ferences can account for our results.

Although we have attempted to account for variations in surface area, our
measurements of dendritic surface area could not take into account dendritic
spines because these structures were not well-resolved in our images. If spine
density were higher in distal dendrites than in proximal dendrites, the area
of distal dendrite membrane exposed to uncaged neurotransmitter would be
systematically underestimated and could give rise to the observed gradient
of responses. Of course, this mechanism is unlikely to account for the
glutamate receptor gradient observed in interneurons because these neurons
typically do not have spines. Further, two considerations argue against the
possibility that inequities in spine density account for the receptor gradients
observed in pyramidal cells. First, the density of spines is apparently uni-
form along CA1 pyramidal cell dendrites, except for a lower spine density
in the most proximal 20-100 wm region of the primary apical dendrite
(32,33). Second, any non-uniformities in spine density are quantitatively
inadequate to account for most of our results. Estimates suggest 1-3 spines/
um on dendrites of CA1 pyramidal cells (32,34,35); using the upper esti-
mate of 3 spines per micrometer and a surface area of 1.15 um? for a spine
(34), the area of spines exposed to uncaged glutamate would be about 16
um?. Because the measured surface area of the smallest dendrites was 9 um?,
the total area for these dendrites could be as great as 25 um? after including
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the spine membrane. This area is still significantly smaller than the surface
area of primary dendrites, which averaged 37 um?. Thus, even in the extreme
(and unlikely) case that primary dendrites have no spines, the surface area of
a primary dendrite is still larger yet the distal dendrites produce larger re-
sponses to uncaged glutamate. By process of elimination, we conclude that
the spatial variations in glutamate responsiveness arise from heterogeneity
in the distribution of glutamate receptors. We therefore conclude that the
density of glutamate receptors must increase with distance along the den-
drites of both pyramidal neurons and interneurons and the same must be true
for GABA receptors in pyramidal cells but not interneurons.

Whether these receptors are synaptic or extrasynaptic cannot yet be
resolved, though it is likely that synaptic receptors dominate, at least on
dendrites. Two extreme cases can be considered: the photoreleased trans-
mitter could selectively activate synaptic receptors or could selectively acti-
vate extrasynaptic receptors. If only synaptic receptors were activated and
the density of synapses is constant along the length of the dendrite (32), then
the relevant parameter is the length of dendrite exposed to transmitter rather
than the area of dendrite. In this case, because the width of the light spot is
the same in all regions, then the relevant parameter to measure is the abso-
lute magnitude of currents generated by uncaged transmitter. We found sub-
stantial spatial gradients of responses for glutamate and GABA in the
dendrites of pyramidal cells and interneurons. In the case where only
extrasynaptic receptors are activated, then the relevant parameter is the area
of dendrite exposed to transmitter. We calculated the areas of dendrites and
made density estimates which showed steep gradients of transmitter respon-
siveness. Thus, both types of analysis revealed similar response gradients
independent of whether the receptors for these transmitters are synaptic or
extrasynaptic.

Assuming the very likely case that some at least of the receptors activated
by uncaging are synaptic, our measurements cannot discriminate between a
higher number of receptors per synapse and a higher number of synaptic
contacts. Currently, there are no measurements of the total number of syn-
aptic contacts along the entire length of a hippocampal pyramidal neuron.
As mentioned earlier, spine density appears uniform along the length of py-
ramidal cell dendrites (32); if spines are proportional to the number of
synapses, then synapse density also should be uniform. If synapse density is
indeed uniform along pyramidal cell dendrites, then the higher density of
functional receptors that we observed is owing to a higher density of recep-
tors per synapse.

Regardless of whether synaptic or extrasynaptic receptors were being
activated, our results point to a gradient in the distribution of these recep-
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tors. The gradients have not been revealed previously because until now no
technique permitted mapping of functional transmitter receptors in central
neurons, except in cultured neurons where the distribution of synapses and
receptors is altered by cell dissociation. These gradients are likely to be very
important for the biology of these neurons.

8. FUNCTIONAL IMPLICATIONS
OF DIFFERENTIAL RECEPTOR TARGETING

The enhancement of glutamate responses in the distal dendrites of
both pyramidal neurons and interneurons may provide a mechanism
that allows neurons to boost excitatory synaptic transmission at distal
dendrites. We propose that the gradients of increasing receptor density
that we observed may help compensate for the electrotonic filtering
properties of dendrites, allowing neurons to accurately code synaptic
strength in a location-independent manner. Our results are reminiscent
of those obtained by Jack et al. (36), who found that electrical responses
recorded from the cell body of spinal motor neurons were constant in
amplitude even when synapses were activated at varying electrotonic
distances along the dendrites. Variations in receptor density of the sort
we have observed could account for such results and could also account
for the observation that the amplitude of excitatory field potentials is
independent of the location of the synaptic input in hippocampal pyra-
midal neurons (37).

9. CONCLUSION

Local photolysis of caged neurotransmitters is a practical means of map-
ping the distribution of neurotransmitter receptors on neurons. This method
selectively probes functional receptors on the surface of the cells and can be
applied to a wide range of preparations, ranging from dissociated single cells
to whole organisms. The limited spatial resolution in photolyzing caged neu-
rotransmitters can be substantially imporved by synthesizing neurotransmit-
ters with two independent light-sensitive cages. Such “chemical two-photon
uncaging” makes it possible to apply neurotransmitters over small volumes
that approach the size of single synapses. Local photolysis of caged
glutamate and GABA reveals pronounced gradients of receptors for these
two neurotransmitters on hippocampal pyramidal neurons and interneurons.
Further applications of this approach should reveal much more about the
targeting of neurotransmitter receptors in the brain.
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Atomic Force Microscopy of Reconstituted Ion
Channels

Hoeon Kim, Hai Lin, and Ratneshwar Lal

1. INTRODUCTION

Ion channels and receptors are specialized biomembrane structures that
serve as the interface between opposing compartments (e.g., cytoplasm and
extracellular region, cytoplasm and intravesicular region) and toward which
most of the regulatory signals are directed. Molecular three-dimensional
(3D) structure of channels and receptors are studied primarily by high-reso-
lution imaging techniques, including electron microscopy, electron and X-
ray diffractions, and infra-red spectroscopy. These techniques provide
insufficient information about the surfaces of channels and receptors, the
very sites of molecular interactions with external perturbations, and are usu-
ally unsuitable for combining biochemical, electrophysiological, and
molecular biological techniques for simultaneous structure-function analy-
ses. An atomic force Microscope (AFM) (/) can image the 3D-surface struc-
ture of a wide variety of native biological specimens, including reconstituted
channels and receptors, in an aqueous medium and with subnanometer reso-
lution (for reviews, see refs. 2—4). An AFM can also manipulate surfaces
with molecular precision, i.e., it can nanodissect, translocate, and reorga-
nize molecules on surfaces. AFM imaging in the hydrated condition pro-
vides an opportunity for observing biochemical and physiological processes
in real time at molecular level and thus can be used for direct molecular
structure-function studies. 3D surface topography has been imaged for sev-
eral ion channels, pumps, and receptors that were: 1) present in isolated
native membranes, 2) reconstituted in artificial membrane or, 3) expressed
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in an appropriate expression system. The present chapter provides a brief
summary of imaging molecular structure and function of reconstituted chan-
nels and receptors using AFM.

2. PRINCIPLE OF OPERATION

For a detailed treatise on the principle of operation, resolution, and limi-
tations of AFM, see ref. 2.

Briefly, AFM images consist of a series of parallel line contours
obtained by scanning the surface of a specimen across a molecularly
sharp tip with a small (~a nanoNewton [Nn]) tracking force. The tip is
mounted on a microcantilever with a small spring constant. As the tip (or
the specimen) is scanned, the net interaction force between the molecules
on the probe tip and the sample surface deflects the tip and hence the
cantilevered spring. The cantilever deflection is sensed by multi-
segmented photodetectors as the relative angular deflection of a laser
beam reflected off the back of the mirrored cantilever. The relative de-
flection is converted to electrical signals by photodetectors. An elec-
tronic feedback loop keeps the cantilever deflection and hence the
tracking force constant by moving the sample up and down as the tip
traces over the contours of the surface (Fig. 1). An image is obtained by
plotting the vertical motion (z) of the xyz translator and hence the sample
height (z) as a function of specimen lateral position (Xxy).

Two major factors for the AFM to be applicable to biological imaging are
described below.

2.1. Resolution

With AFM, the images are formed by reconstructing the contour of
the interaction forces between the probe and the specimen. By selecting
a small imaging area and appropriate operating conditions, one can dis-
tinguish adjacent structures less than a nanometer apart as the signal-to-
noise (S/N) ratio in an AFM image is sufficiently large compared to EM
and other techniques. For hard inorganic crystals, atomic resolution is
obtained (5). For soft biological specimens such as a living cell, resolu-
tion is reduced (for review, see ref. 2). In biological specimens with a
high density of protein and limited mobility, such as membranes with
channels and receptors, the resolution could be comparable to that for a
hard crystal. On many channels and receptors including gap junctions,
bacteriorhodopsin, HPI-layer, AChR, Na*-K* ATPase, and porin chan-
nels, a subnanometer resolution has been obtained.
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2.2. Identity of the Imaged Structures: Correlative Studies

Though AFM could provide, with molecular resolution, surface informa-
tion of crystalline as well as amorphous materials, it is often difficult to iden-
tify the chemical nature of individual components, especially if the surface
contains a heterologous population of structures. This is often the case with
most of the biological membranes, except in favorable systems like purified
membranes and reconstituted channels and receptors (for review, see ref. 3).

For mixed macromolecules, it is essential to obtain comparative informa-
tion from AFM and alternative techniques, such as EM and X-ray diffrac-
tion, biochemical and immunological binding assays, pharmacological
labeling, and electrophysiological measurements (6—9). The simple design
of AFM allows integration of other techniques, such as fluorescence and
laser confocal microscopies (Fig. 1) (10-12), which permit molecular iden-
tification using specific markers (Fig. 2).

3. SAMPLE PREPARATION

AFM can operate in aqueous as well as in dry conditions, at ambient tem-
perature and pressure. Physicochemical properties of the sample and sample-
support interactions determine or suggest ways under which it can be
imaged. on the other hand, imaging conditions influence the choice of sub-
strate, the stability of the specimen with respect to its interaction with the
probe, and the preservation of the specimen with respect to its physiological
or biochemical functions. For example, it can simply involve getting the
sample attached to the support by drying down of samples or adsorption
against specially prepared surfaces. A low sample-support interaction would
require a low imaging force, otherwise, the tip would sweep the sample away
from the support. Originally, graphite (HOPG hydrophobic uncharged),
mica (hydrophilic negatively charged) and glass were the supports most rou-
tinely used. These supports can also be modified chemically to adjust their
hydropathicity, charge density, and their polarity. Today the repertoire has
expanded greatly.

The sample support can be modified or coated such that it acts as a ligand
for the sample and thus orient the specimen in a defined way. In addition,
artificial systems can be used to generate constraints to hold samples. For
example, Yang et al. (/3) incorporated cholera toxins into synthetic phos-
pholipid bilayers followed by covalent crosslinking to image the pentameric
structure of the B-subunit.

The most commonly used sample preparation for isolated macromol-
ecules and 2D membrane-bound macromolecules (such as channels and
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Fig. 1. Top left: Schematics of operation of an AFM. As the tip (integrated to a
cantilever) scans the surface of a specimen, the forces from the specimen deflects
the tip and hence the cantilever. The deflection is measured by an optical-deflection
detection system, using multiple photodetectors. A deflection of the cantilever
causes the reflected laser light to fall asymmetrically at photodetectors. A differ-
ence signal from them is used in a feedback loop to keep the deflection and (hence
the tracking force) constant while the tip scans the specimen. Although imaging
hydrated specimens, both the cantilevered tip and the specimen are immersed in a
fluid. The surface of the fluid cell is transparent. Bottom left: Schematic of opera-

(continued)
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receptors) is a simple adsorption in the presence of appropriate counterions
or crosslinking of macromolecules to a chemically modified substratum
(such as covalent linking) is (/4,15). However, such method may not be
suitable to observe structural changes in situ. For multilayer systems such as
reconstituted vesicles and planer bilayers, they nevertheless can leave the
upper portions of the proteins free for conformational changes to occur in
response to on-line perturbations.

AFM imaging of 3D reconstituted specimens has been limited. In one
such study, a small volume of solution containing reconstituted OmpC
microcrystals was mixed with equal volume of the mother liquor (76).
Microcrystals were then carefully harvested and transferred on to the sub-
strate, a nitrocellulose paper glued to a 12-mm diameter stainless steel disc.
Crystal’s flat shape favored its adsorption such that its prominent (100) sur-
face was parallel to the substrate’s surface. To remove the debris from the
crystal surface, crystals were then washed gently a few times with the fresh
mother liquor, the excess fluid was removed using filter papers and the
sample was air-dried at room temperature for 1-2 h.

For imaging hydrated crystals, the bottom surface of the crystals were
glued to the nitrocellulose filter paper quickly and sufficient amount of
mother fluid was added. However, in such condition, crystals were often
loosely attached to or became completely detached from the nitrocellulose
substrate once the mother liquor was introduced and thus, these crystals were

tion of a combined light and AFM. The first focal point is located inside the upper
portion of the piezoelectric scanner. After the positions of the lenses are adjusted,
the scanning focused spot accurately tracks the cantilever and the zero-deflection
signal from the 4-segment photodiode is independent of position within the scan
area. One of the key advantages of the new AFM is that there is optical access to the
sample from above and below. Thus the new AFM can be combined with an optical
microscope of high numerical aperture. The other key advantage is that because the
sample is stationary during scanning and can be large, techniques for on-line per-
turbations and recordings can easily be incorporate. For details, see refs. 12,31. Top
right: Schematic of the combined SICM/AFM. A laser beam reflecting off a mirror
glued to the back of a pipet with nanometers-sized hole provides the deflection
signal for the topographic image. Intra-pipet and bath electrodes measures electri-
cal currents. For details, see ref. 30. Bottom right: Schematics of a combined atomic
force microscope and confocal laser-scanning microscope. The sample is scanned
by a boom attached to an xy-piezo tube scanner. Sample topography deflects a
microfabricated AFM cantilever. A two-segment photodiode measures the deflec-
tion. Below the sample, a confocal microscope system focuses laser light to excite
fluorescence in the sample, then collects the emitted light. A scanning probe micro-
scope controller (not shown) displays both the topography and the fluorescence
signal. For details, see ref. 10.
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pushed aside by tips during AFM imaging. For those crystals that remained
attached to the substrate, no repeatable and high-resolution images were
obtained in the presence of mother liquor, possibly because of the high vis-
cosity of the OmpC porin crystal growth medium, which altered the AFM
tip movement significantly. Also, alteration of the mother liquor composi-
tion was not an option as this led to disordered crystals as revealed by X-ray
diffraction analysis. Attempts to adhere 3D crystals to the substrate with
organic “glues” (e.g., agarose) damaged the crystal surface and no discern-
ible images were obtained.

4. REPRESENTATIVE EXAMPLES

AFM imaging can provide high-resolution information on noncrystalline
aggregates of macromolecules. By using integrated multiimaging systems,
the physicochemical identity of these macromolecules can also be ascer-
tained. Another advantages of AFM imaging includes an unambiguous
determination of the surface polarity (sidedness) of the sample (for example,
a double-bilayered gap junction will always have the cytoplasmic surface

Fig. 2. Top panels: Simultaneous immunofluorescence and atomic force micro-
scopy of APP reconstituted into liposomes. The liposomes were first treated with
ABP antibody, and subsequently identified with fluorescein-conjugated secondary
antibody. The APP-carrying liposomes showed strong fluorescence signals (top
left). All liposomes with ABP were imaged with AFM simultaneously (top right).
For details, see ref. 19. Middle panels: Simultaneous combined AFM and fluores-
cence-confocal microscopic images. The sample consists of a suspension of
fluorescently labeled latex beads that were dried into a gel on a plastic diffraction
grating. The lines of the grating are visible in the topographic image (middle left
panel) but not in the fluorescence image (middle right panel). The fluorescence
image allows a nonfluorescent particle (right arrow) to be distinguished from a
fluorescent particle (left arrow), although both appear as raised bumps in the AFM
image. For details, see ref. 0. Bottom panels: Simultaneous combined AFM and
electrophysiology. Bottom left image shows a contact mode AFM image of a
nucleopore synthetic membrane. The bottom right panel shows the associated ionic
conductivity image. The line traces below the images show the SICM and AFM
signals taken from the solid dark line in the images. The trace from the AFM image
shows two pores that appear to be of comparable depth. The associated ionic con-
ductivity show a large difference, implying the pore on the right has a much larger
connectivity than the pore on the left. This illustrates how the SICM/AFM allows
the functionality as well as the morphology of membrane structures to be studied.
For details, see ref. 30.
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facing upward) and a more precise measurement of the sample thickness. A
few pertinent examples are provided below.

4.1. Purified Channels and Receptors

AFM imaging is not confined to purified native membranes with chan-
nels and receptors only. Recent studies show a remarkable advantage of
using AFM to image ultrastructure of isolated as well as reconstituted chan-
nels and receptors that are present in noncrystalline specimens. A few
examples of AFM imaging of isolated as well as reconstituted channels and
receptors are discussed below.

4.1.1. Cholera-Toxin B-Oligomers

Yang et al. (13) were able to incorporate purified cholera toxin into syn-
thetic phospholipid bilayers by covalent crosslinking. Imaging under an
appropriate buffer, they were able to show a pentameric molecular structure
of individual cholera toxins. The lateral dimensions of individual subunits
as well as the whole complex were comparable to that obtained by other
methods. The height of the individual subunits, however, was lower than
predicted and could result from the partial embedding of protein in the lipid
substrate and/or imaging force-induced compression of the proteins.

Mou et al. (15) have imaged isolated cholera-toxin B-oligomers that were
anchored to supported bilayers made of DPPC and POPG (Fig. 3). Indi-
vidual oligomers, their subunit organization, and few missing subunits were
clearly resolved at a lateral resolution of ~1 nm. Significantly, the image
quality and resolution were comparable in both the fluid phase and the gel
phase of the bilayer suggesting that the bilayer fluidity did not introduce any
significant perturbation during high resolution imaging. Also, they were able
to grow 2D arrays of B-oligomers directly on these model membranes with-
out any special treatment. Thus, isolated channels and receptors can be
imaged with AFM without any significant chemical modifications such as
crosslinking with the substrate.

4.1.2. Cytotoxin VacA

Czajkowsky et al. (/7) have imaged cytotoxin VacA, which causes
osmotic swelling of endosomes and lysosomes. VacA adsorbed directly to
freshly prepared cleaved mica and imaged under buffered solution revealed
both dodecamers and tetradecamers. The structural features imaged with
AFM were identical to those previously reported. Significantly, these chan-
nel-forming oligomers were aggregated in noncrystalline random order. For
comparison, when these VacA were adsorbed on supported lipid bilayers,
they formed crystalline arrays (see below), suggesting a role of protein—
lipid interaction in long-range packing of channels and receptors.
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Fig. 3. AFM images of individual cholera toxin B-oligomers that were bound to
the gangliosides in a bilayer made of egg-PC by the vesicle fusion method. The full
coverage of the bilayer is achieved with 10 mol% GM 1. Left panel: medium resolu-
tion image of the reconstituted bilayer in the gel phase. Scale bar = 30 nm. Right
panel: high-resolution image. The image quality is comparable to that for the gel-
phase image (left side), suggesting that the fluidity of the bilayer did not seriously
reduce the resolution in AFM images. B-oligomers with both sixfold and fivefold
symmetries are visible. Missing subunits are also visible in some B-oligomers. Scale
bar = 10 nm. For details, see ref. 15.

VacA cytotoxin was reconstituted with anionic lipid bilayers at acidic pH.
The supported bilayer membrane was formed by sequential depositions of two
separately prepared monolayers to mica using Langmuir trough (/7). The bilayer
was then incubated with VacA for 1-2 h at room temperature. The reconstituted
membrane was then partially fixed with glutaraldehyde to improve the mechani-
cal stability. AFM imaging show that these reconstituted VacA forms two-
dimensional crystals of membrane-associated VacA oligomers. These oligomers
are arranged in a hexagonal array with lattice parameters a =b =22 nm (Y =
60°). The VacA oligomers show sixfold rotational symmetry and has an overall
diameter of ~28 nm. Electrophysiological measurements suggest the formation
of ion-conducting pore that is pH sensitive.

4.2. Reconstituted Channels and Receptors in 2D Systems
4.2.1. ABP Channels

Amyloid beta protein (AfP) forms plaques in the brain of Alzheimer’s
disease (AD) patients. However, very little is known about the role of ABPs
in such pathology. Rhee et al. (/8) and Lin et al. (/9) have examined the
activity of ABP,_4, and ABP,_4, reconstituted in phospholipid vesicles. Using
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multimodal AFM, which was a combined light fluorescence-atomic force
microscope, they were able to localize ABPs reconstituted in the vesicular
membrane. Vesicles reconstituted with ABPs showed strong immunofluo-
rescence labeling with an antibody raised against an extracellular domain of
APP. Vesicles reconstituted without AfPs showed no such labeling.

The combined AFM was used to image the structure of these vesicles.
Vesicles were 0.5—-1 um in diameter and were mostly unilammelar. There
was no significant difference in the thickness of the vesicles with/without
APPs, suggesting that the extramembranous protrusion of ABPs is very
small. Vesicles reconstituted with ABP showed a significant level of +*Ca%*-
uptake, which was inhibited by the monoclonal anti-ABP-antibody and Zn>*
but not by the reducing agents Trolox and DTT, indicating that the oxidation
of ABP or its surrounding lipid molecules is not directly involved in the
ABP-mediated Ca>*-uptake (19). Preliminary AFM images suggest that
these APPs form oligomeric complex with a pore-like features (20).

4.2.2. Staphylococcal o-Hemolysin (aHL)

Staphylococcal a-hemolysin (¢HL), a bacterial toxin and a prototype of
many toxins, is secreted as a water-soluble monomer which, upon binding
to lipid membranes, can self-assemble into oligomeric transmembrane pores.
Based on earlier biochemical and structural analyses, these membrane-
bound oligomers were believed to be a hexameric conformation. Recent data
from biochemical assays and X-ray crystallography, however, show that the
aoHL oligomers are most likely heptamers. Such anomaly suggests that the
techniques used in earlier studies presumably did not have sufficient resolution
to properly determine the subunit stoichiometry of this membrane protein. It is
most likely that aHL has both heptameric and hexameric conformations.
AFM imaging shows that membrane-bound aHLs are hexamers (Fig. 4)
(21). It is most likely that oHL forms both hexamers and heptamers in lipid
membranes, although the heptamers may form more readily in detergent.

4.2.3. OmpF Porin

Bacterial porins are one of the best studied channel forming membrane
proteins. Recently, a number of these porins reconstituted as 2D crystals
into DMPC lipid vesicles were imaged, with an AFM, in a fluid environ-
ment. DMPC vesicles reconstituted with OmpF porins assume flattened,
double bilayer configurations (22). Often, multilammelar vesicles with
incremental step membrane thicknesses were apparent in AFM images.
Molecular resolution images show the predicted porin trimers as also shown
by X-ray crystallography and EM reconstruction. The long-range packing
of these trimeric complexes was dependent on the lipid-to-protein ratio.
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Fig. 4. An unprocessed AFM image of reconstituted Staphylococcal a-hemol-
ysin (aHL) channels obtained in solution. Hexameric channels with a central pore-
like depression are clearly visible. Some oHL channels with missing subunits are
also present. For details, see ref. 21.

OmpF porins showed a mixed hexagonal and rectangular packing, the cen-
ter to center spacing was consistent with the X-ray diffraction study, and the
mixed patterns correlate well with the given protein-to-lipid ratio (0.7).

Significantly, the regularity of protein packing depends on the protein-to-
lipid interaction (3). When the protein-to-lipid ratio was changed from 0.5
to 5.0 (by reducing the concentration of lipid at a given protein concentra-
tion), the shape and size of the vesicles changed from very large and irregu-
lar to small and spherical. In addition, the packing of proteins changed from
hexagonal to rectangular (Fig. 5).

Schabert et al. (23) were able to resolve fine-details of OmpF porins
reconstituted in DMPC vesicles at a protein-to-lipid ratio of 2.0. They were
able to resolve rectangular unit cells (a = 13.5 nm and b = 8.2 nm) that
comprise two trimers with central pore-like protrusions. Interestingly, two
conformations of these channels were observed while imaging at a low force
(0.1 nN), suggesting that AFM can be used to monitor conformational states
of membrane proteins.
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Fig. 5. Images of DMPC vesicle morphology and reconstituted OmpF porins for
different protein-to-lipid ratios. The protein concentration was kept constant and
the lipid concentration was changed (ug/ug) such that the lipid-to-protein (L/P ratio)
varied from 2.0 to 0.2. Top left: Vesicles with L/P ratio of 2.0. The vesicles are
large and irregular. Top right: A vesicle with L/P ratio of 0.2. The vesicle is small
and oval. Bottom left: Inverse 2-D FFT filtered image of porin channels on the
upper surface of a vesicle with a L/P ratio of 2.0. Porins appear to be arranged in a
long-range hexagonal order. Bottom right: Inverse 2-D FFT filtered image of porin
channels on the upper surface of a vesicle with a L/P ratio of 0.2. Porins appear to
be arranged in a long-range rectangular order. For details, see ref. 3.

4.2.4. Bordetella pertussis Porin

Lal et al. (22) were able to achieve molecular resolution on Bordetella
pertussis porins that were packed in a quasi-rectangular order. These images
also showed a lack of strong long range order, commonly observed for natu-
rally occurring membranes and viewed by EM, indicating that the molecular
motion in a native environment and perhaps tip induced perturbations. In
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Fig. 6. Reconstituted porin channels imaged with an AFM. (A) Reconsti-
tuted DMPC lipid vesicles imaged in phosphate-buffered saline (PBS). Note
the overlapping multilammelar vesicles. (B) Inverse 2D FFT filtered image of
Bordetella pertussis porin channels reconstituted in DMPC vesicles and imaged
under PBS with an AFM. The raw image showed identical pattern but was noisy.
Note that the long-range packing is rectangular. Unit cell (~7.9 x 13.8 nm)
shows two trimers. The lattice parameters are similar to that reported by EM
study. (C) Subnanometer resolution unfiltered image (in 3D) showing the fine
structures in the individual monomers. Note several bead-like structures and
asymmetrically located pores (marked a,b,c). (D) Subnanometer resolution
images of reconstituted DMPC vesicles without any protein added. Only the
filtered image is shown although a similar pattern was visible in the raw data.
Individual phospholipid headgroups (~0.5 nm in size; arrowhead) appear to be
arranged in a crystalline fashion. For details, see ref. 22.

addition, molecular resolution surface topology of B. pertussis porins was
obtained for the first time (Fig. 6). The individual trimeric porins were vis-
ible. In a few cases, one can see monomeric components that had pore like
central depressions and several surrounding bead like protrusions, perhaps
the B-sheet folding of polypeptide.
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4.2.5. Aquaporins

Aquaporins are ubiquitous membrane channels that allow passage of
water and appear to be exclusively water-selective. These channels are
involved in osmoregulation and volume control. High-resolution structural
analyses and biochemical assays suggest that the membrane-spanning
domains of the monomers are highly conserved. Like other transmembrane
proteins, the nonmembranous, surface-exposed loops are the least-conserved
and provide tissue and species specificity. Scheuring et al. (24) have imaged
reconstituted aquaporin Z water channels from Escherichia coli. They were
able to obtain small crystals with or without the N-termini. Using these crys-
tals, they were able to obtain nanometer resolution images of the surfaces
and were able to distinguish extracellular vs cytoplasmic faces, as previously
recorded for purified gap junctions and hemi gap junctions (/7,24-26).

4.3. Reconstituted 3D Crystals of Ion Channels
4.3.1. OmpC Osmoporin 3D Crystals

Imaging molecular structure of 3D crystals of membrane proteins (e.g.,
channels and receptors) with AFM has been limited. Kim et al. (/6) have
imaged 3D microcrystals of OmpC osmoporin. OmpC osmoporin 3D crys-
tals used in their study was unsuitable for high resolution X-ray diffraction.
However, they have large and flat surfaces and thus are ideally suited for
AFM imaging. Moreover, the crystals are highly stable and have a large unit
cell, so that the crystal parameters are easily recognized.

AFM images of these microcrystals show multilayered crystalline sur-
faces and the corresponding crystallographic axes. The overall features
including the step height and the perpendicular lattices at each surfaces cor-
relate well with the X-ray diffraction data of OmpC crystals: monoclinic
P2, with the unit cell constants a=117.6 A,b=110 A, c =298.4 A, p=97°
(Fig. 7). Such a good correspondence between X-ray diffraction and AFM
data suggests that the slow and mild air drying of these crystals did not
induce significant alterations in the crystal lattices as expected upon crystal
dehydration. At the (100) crystal face, individual trimeric protein-detergent
complexes were resolved. These results show the potential for studying the
molecular structure of microcrystals of integral membrane proteins. This
study also suggests that the crystal grew in a fashion of rapid 2D expansion
along the bc plane followed by a slow deposition along the a axis, perhaps as
a rate-limiting nucleation process.

Thus, imaging 3D crystals in air may be better suited to achieve molecu-
lar resolution than in an aqueous medium because, in such preparation, the
crystal surface is no longer active in the crystallization process and both the



‘9] "JoI 225 ‘S[1eIop 104 ‘sixe-d orydeISo[es£1o oy Jo s1ojowered [[90 03 spuodsalIod yorym ‘uIu
0€ Jo Suroeds Ie9[0 B SMOYS UOIIOAIIP-X UI SISA[RUER UOIS Y ], "WU () Inoqe Jo Suroeds uroned oy) smoys uonodaIIp A ur 93ewt ay) Jo
SISATeUR UOI)OIS A ], *9[qISIA A[oJeIpaWIUI JOU SI (SIXE-K) UONIAIIP [eUIpMISUO] oY) ul uId)jed oY) Sealoym ‘(SIXe-X) UONOAIIP [eI1d)e] oY)
ur popjoj sreadde ooeyins oy, ‘sermonnsqns jo urayed qg Jo aSewr NV Ma1a do) (wu )G X Wu (G| ZIS UBdS) UONN[OSAI WNIpaw
V (D) "9[qIsIA osTe a1k (J[3ue G~ e sour] [o[fered) astou Surewr Kouanbaiy-y3y oy, ‘vaIe ULdS ) Jnoy3no1y) pajdnirojurun 9q 0}
SW9S WIAISAS Q013IR] 9] ‘pa33nI AI0A ST Q0BLINS [BISAIO AU} YSNOYI[Y 9[qISIA dIe [BISAIO oY) JO 98] (0()1) oY) Ie seomie] xe[norpuadiod
0M] 9} 2IOUM 9JBLINS [BISAID QUBIQUIOW YY) JO oFewl ALY UonNn[osal-mo] v (g) Juoredde ore sooejins oueIqUAW JUI[[BISAID
Jo s1ofer ordnnw pue soome] renorpuadiad aa1yy oy, -oSewr ueds a3re] v (V) [eIsA10 g¢ DdwQ ue jo saSewr NJV L "SI

385




386 Kim et al.

intra- and interlayer protein mobility are restricted. Moreover, AFM imag-
ing of air-dried crystals would also be of considerable use in the early stages
of a project to grow 3D crystals of membrane proteins suitable for high-
resolution X-ray diffraction studies.

4.3.2. Ca-ATPase

Lacapere et al. (27) have imaged 3D crystals of Ca-ATPase that were
reconstituted from 2D crystalline membranes isolated from sarcoplasmic
reticulum vesicles. In their study, the lateral resolution was limited and they
were not able to image crystal periodicity on the surface. However, the steps
of membrane planes were measured that corresponded to the unit cell spac-
ings. Although imaging under aqueous medium, they observed a signifi-
cantly greater mobility on the surface, perhaps reflecting the intrinsic
flexibility of layers of membrane sheets.

As the spectrum of AFM imaging is expanding, it is becoming clear that
molecular resolution can be obtained on noncrystalline specimens in fluid
medium. This opens a new avenue for the study of molecular structure of
biological macromolecules such as ion channels and receptors that can be
isolated and anchored properly on a suitable substrate and or reconstituted
in an appropriate bilayer.

5. FUNCTIONAL ASSAY IN RECONSTITUTED
SYSTEMS

Significant advantages of AFM over conventional high resolution
microscopy is that AFM allows imaging under an aqueous environment and
AFM can be combined with other techniques for simultaneous or successive
structure-function studies. Such potentials of AFM have just began to be
used for biological studies.

Butt et al. (28) have simultaneously imaged the structure of purple mem-
brane, measured ion transport through the membrane, and examined the elec-
trical properties of the membrane. Dietz et al. (29) have measured electric
charge transfer through synthetic ultrafiltration membranes. And, Proksch
et al. (30) have simultaneously imaged the surface structure of nuleopore
filters and measured electrical current passing across the filter through pores
of different diameters. For these studies, they developed a combined scan-
ning ion-conductance microscope, which can record electrical activity while
imaging the 3D structure of various membranes.

AFM has also been used to image dynamic physical properties in response
to specific agonists/antagonists. For example, the change in viscoelasticity
of ABP-reconstituted vesicles were recently measured (/8). The stiffness of
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the ABP-containing vesicles was significantly higher in the presence of cal-
cium and the stiffness change was prevented in the presence of zinc, Tris,
and anti-ABP antibody but not in the presence of Trolox and DTT. Thus the
stiffness change is consistent with the vesicular uptake of Ca”*. These find-
ings provide additional biophysical evidence that ABP,_4, forms calcium-
permeable channels.

6. CONCLUSION

The simple design and invariance to the operating environment allows
AFM to be integrated with other techniques for simultaneous structure-func-
tion correlational studies. The integration of the AFM and fluorescence
microscope is one such exciting development (37). Other combinations, spe-
cifically a combined near-field differential scanning optical microscope with
AFM (32) and the AFM-based NMR imaging (33) provide promising
avenues for 3D structural analysis of individual channels and receptors with-
out the need of crystallization and related complications. New cryo-atomic
force microscope, developed by Shao and his collaborators (9) will provide a
significant impetus for high resolution and even atomic resolution imaging
of channels and receptors, both isolated and those present in cell membranes.

The studies of ion channels and receptors in their native hydrated states
has potential for direct structure-function studies, including short-, and long-
term molecular interactions with various ligands (e.g., antibodies, toxins,
drugs).
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Imaging the Spatial Organization of Calcium
Channels in Nerve Terminals Using Atomic
Force Microscopy

Hajime Takano, Marc Porter, and Philip G. Haydon

1. INTRODUCTION

For many years there has been much interest in identifying the spatial
relationship between the organization of calcium channels and the sites for
the release of chemical neurotransmitter (for a recent review, see ref. ).
During this time, the debate has been fostered by biophysical studies con-
cerning the relation between calcium and transmitter release. Many studies,
for example, have asked whether multiple calcium ions are required for the
release of neurotransmitter. With the frequent observation of an apparent
cooperative relation between calcium influx and stimulated release, and the
demonstration of very short latencies between calcium influx and the onset
of the evoked synaptic potential/current, there has been much debate about
the organization of calcium channels with respect to the secretory appara-
tus. Questions that frequently surface are how many channels surround a
vesicle, is calcium influx through multiple calcium channels necessary for
the release of neurotransmitter, and how closely do calcium channels cluster
at a release site? Although these questions frequently surface, there have
been few successful attempts to define the spatial organization of calcium
channels in nerve terminals. This paucity of information is not owing to a
lack of effort, but rather because of technical challenges that are associated
with working within the limited space of a nerve terminal.

The goal of this chapter is to discuss one approach that has yielded some
answers to these questions. We discuss the use of atomic force micrscopy
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(AFM) to investigate the organization of the calcium channels in nerve ter-
minals, and additionally, provide a discussion of other scanning-probe
microscopy methods that hold promise for the future.

As has so frequently been the case, the squid giant synapse yielded the
first clear insights into questions regarding the relation between sites of cal-
cium influx and synaptic transmission (2,3). In this preparation the presyn-
aptic terminals are highly accessible for experimentation. The large
presynaptic axon branches into a series of fingers that innervate postsynap-
tic dendrites. Because of the experimental accessibility of the system, fluo-
rescent ion indicators can be readily microinjected into the presynaptic axon,
and following diffusion, the dye fills the presynaptic terminals where rela-
tive changes in calcium can be monitored following the stimulation of
presynaptic axons. Stimulation of the presynaptic axon evoked elevations of
calcium in the presynaptic axon terminal in a heterogeneous manner consis-
tent with the maximum influx sites being located in the presynaptic axon
membrane (2). Studies using a low-affinity form of the luminescent calcium
indicator, n-aequorin-J, revealed highly localized puncta of luminescent
emission at presynaptic sites adjacent to the postsynaptic membrane (3).
Despite the importance and elegance of these functional studies, they fail to
provide high-resolution details about the organization of channels in the
nerve terminal. Additionally, because the optical assays are limited in reso-
lution by the Abbe diffraction limit, it was not possible to achieve structural
resolution at a finer level than about 250 nm. Because a synaptic vesicle is
of the order of 40-50 nm in diameter, and calcium channels are about 8—16
nm in diameter (4), methods are required that have at least one order of
magnitude greater resolution than the diffraction limit in order to reveal nec-
essary organizational principles.

To achieve subdiffraction resolution, techniques are required that using
different principles than objective-based optics. Freeze-fracture data sug-
gest that calcium channels cluster in parallel rows adjacent to the sites of
vesicle exocytosis (5). These freeze fracture images demonstrated rows of
intramembranous particles that have been interpreted as rows of calcium
channels. Although this might be the case, interpretation of the data is com-
plex because these particles could not be labeled to confirm identity.

In order to identify the organization of calcium channels, it is necessary
to be able to tag, or label the channel, and to be able to interrogate the sys-
tem with methods that are not limited by a resolution of 250 nm. To tag the
channel, we used a modification of the general approach that was first dem-
onstrated to disclose the location of presynaptic calcium channels at frog
neuromuscular junction (6). Fluorescently labeled w-conotoxin (w-CgTx),
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an N-type calcium channel binding peptide that was originally isolated from
the venom of the marine snail Conus geographus (7—11), labels the calcium
channels of the presynaptic terminal at the neuromuscular junction. When
double-label experiments were performed, it was demonstrated that the cal-
cium-channel labeling matched the positioning of postsynaptic acetylcho-
line receptors (6), indicating that calcium channels cluster in the nerve
terminal in a manner consistent with a localization in the release face of
the membrane. These results provided the starting point to begin to
address the nature of the calcium channel organization because the tag had
the possibility of identifying the location of the channel.

Instead of using a fluorescently conjugated w-CgTx to label calcium chan-
nels, we used biotinylated w-CgTx, which selectively labels the calcium
channel, and then labeled the toxin by reacting the preparation with avidin-
coated gold particles (12). To study the location of the gold particles, and
thus of the calcium channels, we then applied the technique of AFM which
can, with appropriate samples, image with atomic scale resolution. In the
following paragraphs, we discuss the fundamental basis of AFM and its
application to the study of calcium-channel location, as well as highlight
some of the strengths and weaknesses of this approach.

2. ATOMIC FORCE MICROSCOPY

The atomic force microscope is a direct descendent of the scanning tun-
neling microscope (STM) that was invented in 1981 (13) (for review, see
ref. 14). In effect, the atomic force microscope is a profilometer as shown in
Fig. 1. A pyramidal tip that is attached to the end of a flexible cantilever
(Fig. 1A,B) locally interacts with the sample that is moved under the tip in a
raster scan fashion by piezo-control. As the tip encounters changes in under-
lying topography, the cantilever bends, and an optical beam, that is reflected
off the backside of the cantilever (Fig. 1A), detects this motion. The move-
ment of the optical lever is detected by a position-sensitive split photodiode.
The instrument can be operated in two modes, either in a feedback mode
where small optically detected movements of the cantilever are used to con-
trol compensating z-piezo movements (constant force), or where the system
is used open loop and the deflections of the cantilever are converted into
forces. For imaging calcium-channel locations, we used the constant force
mode, because it is preferable to exert the minimum force at the tip-sample
microcontact.

AFM can provide very high-resolution structural information. For
example, Fig. 2 shows an image of gold atoms with nanometer resolution.
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Fig. 1. (A) The principal components for an optical lever type AFM. The laser
beam is reflected off the back of the cantilever onto a position sensitive photodiode.
(B) Scanning electron micrograph of a pyramidal tip at the end of a microfabricated
silicone nitride cantilever. (C) Schematics of a silicon nitride cantilever.

The possibility that this technique could provide such resolution on biologi-
cal samples attracted the interests of many researchers. However, early stud-
ies with either fixed or living cells demonstrated that although exciting
images could be achieved (/5-20), it was difficult to approach the resolu-
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Fig. 2. AFM (lateral force) image (4 nm x 4 nm) of gold on mica. Gold was
vapor deposited onto freshly cleaved mica and was annealed at 300°C for 5 h; this
process yields a surface composed of large (100-200 nm) atomically smooth gold
crystallites.

tion of samples such as that shown in Fig. 2. This disconnect in resolution is
likely owing to two reasons. First, cells are highly compliant materials in
comparison to monolayers of atoms molecules or crystals. Second, the high
resolution seen in Fig. 2 probably requires the repetitive nature of the crys-
talline array of molecules

Before leaving this brief discussion of AFM, it is worth noting that this
technique also provides some very exciting possibilities for studying
biomolecules. One of the great powers of AFM that was not initially
exploited by biologists was the ability to precisely measure forces (/4). In
addition to imaging, as discussed earlier, one can also operate the AFM in a
mode in which the pyramidal tip is moved in the z dimension over any given
X, y position. With appropriate biomolecules attached to the pyramidal tip
and the substrate, forces of molecular interaction can be measured. This was
first shown to have utility in studies where the force to rupture a single biotin
and avidin bond was measured (2/). Subsequently, the method has been
used very successfully to measure changes in compliance of mast cell gran-
ules (22), and to identify properties of the muscle protein titan (23).
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3. THE CHICK CILIARY GANGLION CALYX
NERVE TERMINAL AND CALCIUM CHANNEL
LABELING

In order to apply AFM to the study of calcium channels, it is essential that
we have direct access to the release face of the nerve terminal so that pyra-
midal tip of the microscope can directly access the channels. This is a chal-
lenging problem because the release face is normally directly opposite to the
postsynaptic cell. However, Elis Stanley has demonstrated that it is possible
to dissociate the nerve terminal from the postsynaptic cell (24—317). In chick
embryos at d 15, the presynaptic innervation of the ciliary ganglion is in the
form of a large calyx that ensheaths a large portion of the postsynaptic cell.
After enzymatic treatment, it is possible to dissociate presynaptic calycees
from the postsynaptic cell. The challenge, however, is to distinguish func-
tional terminals from detritus in the resulting mixture. Of critical impor-
tance for this approach was the ability to use a vital stain of living nerve
terminals. 4-Di-2-Asp selectively labels presynaptic terminals and maintains
labeling if the dissociated terminal is still functional. This method has been
critically evaluated in studies where acetylcholine release and single cal-
cium-channel opening was simultaneously monitored (24).

In studying the location of calcium channels, we first identified isolated
nerve terminals and recorded their position on the microscope coverslip by
using labeled grids that had been affixed to the underside of the coverslip
(12). Subsequently, the sample was processed by addition of biotinylated w-
CgTx, and after washing and incubation with avidin gold, the preparation
was fixed in 4% paraformaldehyde. After washing in phosphate-buffered
saline (PBS), the sample was transferred to the stage of an atomic force
microscope. In our original work, we used a Digital Instruments Nanoscope
III for these studies. However, newer generation instruments that are inte-
grated with inverted microscopes would be preferable for this type of study
because they would permit the user to locate the previously identified nerve
terminal with relative ease.

Throughout the processing of biological samples for use in AFM, it is
critical that they retain hydration. We found that when samples are dehy-
drated, the plasma membrane collapses onto the internal contents of the cell,
leading to complex topography. This makes the interpretation of images dif-
ficult when one is searching for gold particles against a background of the
cell surface topography. However, when samples retain hydration, the sur-
face topography is much less tortuous, making the identification of gold
particles possible.
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Fig. 3. Binding of gold particles to calcium channels. (A,B) 1 um? area of b-o-
CgTx/gold (A) and w-CTx preblocked (B) calyx scans. Examples of particles are
indicated by arrowheads. All images were scanned in PBS. Adapted with permis-
sion from ref. /2.

4. IMAGING GOLD PARTICLES ON THE CELL
SURFACE

Having performed the labeling of samples with biotin-w-CgTx followed
by avidin gold, examination with AFM reveals cluster of particles. Although
much of the sample contains few particles, we identified regions where clus-
ters of up to about 150 particles per um? were identified (12). We presume
that these clusters of particles correspond to the locations of release sites
and thus N-type calcium channels. We were particularly excited by the quan-
titative agreement between these labeling studies and physiological records
of calcium-channel activity, which also suggested that channels cluster and
that clusters can contain similar channel densities (27).

In channel-tagging studies, controls were particularly important in order
to determine whether apparent particles result from the presence of gold or
from the biological sample itself (Fig. 3). Thus we scanned unlabeled
samples, and samples that had been incubated with w-CgTx prior to apply-
ing biotin-w-CgTx. Finally, we also scanned samples that had been labeled
with biotin-w-CgTx, but prior to addition of avidin gold. After collecting an
image, the gold particle was then reacted with the sample and was demon-
strated to label regions of the nerve terminal that did not previously contain
particles. These types of controls are extremely important so that one can be
certain that the labeling is specific and not owing, for example, to existing
topographic features of the nerve terminal per se.
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tip

Fig. 4. Real and apparent shapes in AFM images. (A) Owing to the finite tip
radius (R), the apparent shapes are wider in width compared to the original particle
that has a radius of r. (B) Apparent shapes of spherical particles; for example, the
tip radius R = 20 nm and the particle radius r = 1 nm give the apparent particle
width (2w) of ~18 nm. Note that height should reflect the real particle height of 2r.
(C) When two particles exist at a separation distance of D, and tip radius is not
small enough to distinguish the individual particles, the apparent shapes have a
width (D2) with two peaks. Importantly the separation distance of those two peaks
D, is the same as the separation distance of the particles.

5. IMAGES OBTAINED WITH AFM RESULT
FROM A CONVOLUTION OF THE TIP
AND SUBSTRATE

In order to interpret the pattern of gold labeling on the surface of a nerve
terminal, it is important to be able to understand the mechanism that gener-
ates image contrast. With AFM, although one can detect inter-atomic spac-
ing (Fig. 2), this does not mean that all samples will provide the same
information. In fact, because the image that is generated is owing to a con-
volution of the pyramidal tip and the sample, it is very difficult to measure
the diameters of structures. Figure 4 demonstrates some of the concerns re-
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lated to this issue. If one is imaging a sphere with the AFM tip, interactions
between the tip and sample occur prior to the tip becoming centered over the
sphere. This leads to inaccurate measurements of the diameter of the sphere
(32). The height measure is, however, very accurate. Because of this prob-
lem with measuring widths, it is difficult to confirm that a particle detected
on the surface of a nerve terminal has the correct dimensions of the applied
gold particles and reaffirms the importance of the labeling controls discussed
earlier. Although the diameter of a particle cannot be measured well, it is
possible to measure the center-to-center spacing of particles to indicate the
relative organization of the channel (Fig. 4C).

6. THE SPACING OF CALCIUM CHANNELS
IN THE NERVE TERMINAL

Given that it is possible to measure distances between individual par-
ticles, we asked whether we could gain insights into the organization of the
calcium channels in nerve terminals with this approach. The center of each
particle in each image was identified and we determined the distance to the
nearest neighboring particle. Figure 5 demonstrates the results of this analy-
sis and shows that the predominate mode is located at 40 nm, with harmon-
ics at 20 nm increments. Because we were restricted to using 30 nm gold
particles in this study (it is difficult to readily identify smaller particles on
the surface of a cell), we feel that it is likely that calcium channels are actu-
ally separated by about 20 nm (/2), a value that corresponds well with the
approximate diameter of calcium channels (4).

The application of AFM to the study of ion-channel organization has clearly
demonstrated that the channels are clustered and are likely to be at extremely
high density in the nerve terminal. Thus, even though the opening of one
channel can stimulate neurotransmitter release, channels are present at a suf-
ficient density to permit calcium entry through more than one channel (if they
are simultaneously gated) to contribute to the stimulation of exocytosis.

7. FUTURE PROSPECTS FOR THE USE
OF NANOTECHNOLOGY IN STUDIES
OF CALCIUM CHANNEL ORGANIZATION

Some of the frustrating aspects of the use of AFM for studying calcium
channel organization are that it is difficult to achieve high-resolution mea-
surements of particle widths and it is not possible to determine the co-local-
ization of the secretory apparatus and the calcium channels. To overcome
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Fig. 5. Analysis of gold-particle distribution. (A) Frequency histograms of par-
ticle density per 1 um? field. Note there are two modes to this distribution, a very
low and high density of particles. The high-density mode probably corresponds to
calcium channels at synaptic sites. (B) Frequency histograms of particle nearest-
neighbor analyses from all preparations (2273 particles). Note that although a mode
is identified at 40 nm particle spacing, additional modes at 60 and 80 nm suggest
that channels are in fact spaced at 20 nm intervals. Because the gold particles used
in the study were 30 nm in diameter, it was not possible to resolve this closer spac-
ing. Adapted with permission from ref. /2.

these limitations, there are two emerging developments that may fa-
cilitate this type of study. First, the use of carbon nanotubes attached
to the tip of the cantilever in order to enhance the lateral resolution of
AFM (33,34). Second, the development of a subdiffraction resolution opti-
cal method opens the possibility for double-labeling studies in the near
future. In near-field scanning optical microscopy (NSOM) samples are
excited using illumination that passes along an optical fiber that has an
extremely small exit aperture (35—41). The resolution of optical information
achieved with this method is regulated by the diameter of this exit aperture
(about 50 nm). In the physical sciences this method has proven effective for
studying single molecules. Potentially, NSOM could be applied to biologi-
cal samples also. However, the transfer of the technique into this area has
been slow, in large part because of difficulties associated with working with
hydrated, soft, thick samples (i.e., cells). Over the past several years, sig-
nificant progress has been made with this method in biology (42—53) and we
have recently demonstrated that we can reliably image with sub-diffraction
resolution from hydrated cells (Haydon et al., unpublished data). Because
we have also demonstrated that we can illuminate calcium indicator con-
tained within living cells (55), we anticipate that it will not be long until this
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high-resolution optical approach can be used to monitor local calcium accu-
mulation immediately beneath ion channels. Thus, with this method and fur-
ther developments in nanotechnology, we expect that it will become possible
to double-label vesicles and monitor single-vesicle exocytosis while record-
ing the local calcium accumulation that stimulates membrane fusion.
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Nanoarchitecture of Plasma Membrane
Visualized with Atomic Force Microscopy
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1. ATOMIC FORCE MICROSCOPY

The atomic force microscope (AFM) was developed in 1986 (/). Like the
scanning-tunnelling microscope (STM) that preceded it, the AFM is a scan-
ning-probe microscope. These instruments differ from “conventional” opti-
cal and electron microscopes because they work by moving a probe back
and forth across a surface and recording features as the probe encounters
them. Scanning-probe microscopes thus produce images that are not com-
promised by the limitations of the wavelengths of the various types of elec-
tromagnetic radiation. This means that very high resolution can be obtained.
In some cases, studying physically hard samples down to atomic resolution,
but with softer samples, the maximum resolution is at present in the order of
1 and 0.1 nm in the lateral and vertical directions, respectively. The probe of
the STM is made from a conductive material and the instrument works by
measuring a current — the “tunnelling current” between the probe and the
sample. Thus, the STM is suitable for use only to study electrically conduc-
tive materials. The AFM, on the other hand, can be used on nonconducting
specimens. As a result of the high resolution and the fact that it can be used
on samples under fluid, the AFM (which was originally designed with
applications in physical sciences in mind) soon attracted interest among bio-
logical scientists (2) as a tool for imaging cellular and subcellular structures
under physiological or near-physiological conditions and to study dynamic
features of molecular behavior at high resolution in “real time” under these
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conditions. Biological work using the AFM has shown considerable growth
throughout the 1990s (3). As a result, partly owing to technical innovations,
the realization that useful images could be obtained under fluid, together
with the ready availability of microscopes from a number of manufacturers,
the field has moved on and expanded far beyond that envisaged when the
instrument was developed.

The AFM probe is typically made from a pyramidal crystal of silicon
nitride (Si3;N,4) deposited onto a gold-coated, flexible cantilever. A
sample is prepared on a flat substrate and moved so that it makes contact
with the probe. The sample is then moved back and forth in a raster pat-
tern and the probe is deflected vertically as features in the sample move
under it. The movement is controlled by a series of piezoelectric drivers
and the control is such that the probe can be positioned in either horizon-
tal “x” or “y” dimensions or in the vertical “z” dimension very accu-
rately (in the subnanometer scale). In some microscopes, especially those
designed for use with biological specimens, the probe is mounted on the
bottom of the piezo assembly, and is itself moved across the sample, which
remains static. This means that the sample can be simultaneously observed
using an inverted optical microscope and the AFM. With both configura-
tions of the AFM, a low-powered laser is focused onto the cantilever and is
reflected onto a series of photomultiplier detector elements. As a result,
when the probe scans across a surface and meets some sort of obstacle, the
cantilever is deflected, changing the reflected angle of the laser beam, and
therefore affecting the signal detected by the photomultipliers. The
photomultiplier’s signals are fed into a computer, which then constructs a
three-dimensional image from the information received. The principle of
the AFM is therefore quite simple, and its implementation is dependent on
the availability of suitable sensitive photomultipliers and piezo control
mechanisms.

In constructing an image with the AFM, the probe normally has to make
contact with the specimen. This means that as it moves across it can distort
the sample (and thus produce misleading images) because it normally applies
both vertical and lateral force. This is particularly important when using
AFM on biological specimens (which are relatively soft compared with
many specimens studied in the physical sciences), and it is therefore impor-
tant that the force applied to the sample by the probe can be minimized. This
is partly achieved by the cantilevers upon which the probes are mounted
having very low spring constants. This means that as the probe moves across
a sample, it can be deflected vertically by features it might encounter with-
out the danger of the cantilever being so stiff that it sweeps away all obstacles
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in its path. In addition, the force can be reduced by fine adjustment of the
microscope at the start of an experiment. This is achieved by means of a
“force curve.” To construct the force curve, the probe is held stationary (in
the horizontal directions) on the substrate with the tip oscillating vertically.
As the probe and substrate make contact (during the downward moving
“approaching” phase of the probe), the cantilever bearing the probe is de-
flected, and this deflection is registered by the photomultipliers. As the probe
and substrate are drawn apart (during the “withdrawal” phase) the cantilever
is again deflected, returning to its original position, but often being further
deflected as a consequence of the probe “sticking” to the substrate—a result
of the adhesion forces (which may be chemical, electrostatic, or even mag-
netic) between probe and substrate. These adhesion forces are a consequence
of the way in which the AFM works. By examination and by adjustment of
the force curve, they can be minimized in such a way that excessive vertical
forces are not applied to the sample. In addition, adhesive forces between
probe and substrate are reduced considerably if imaging is conducted under
fluid — a medium that is often to be preferred in biological imaging. Besides
adjustment of the microscope to optimize image generation, the force curve
also provides a useful measure of the degree of attraction between probe and
substrate and may thus be used to distinguish different areas of the same
sample if they have different physical characteristics. The AFM may be used
to obtain data using various different “modes” of recording. The “conven-
tional” use of the AFM described earlier is known as “contact mode.” The
probe applies constant force while it scans and the tip and piezoelectric driv-
ers are connected via a feedback loop circuit to move the probe and sub-
strate towards and away from each other to maintain the constant force. This
leads to a representation of the height of topographical features in the image
obtained (“height mode” recording). Because the feedback loop is driven by
changes in cantilever deflection, it is also possible to monitor these deflec-
tion signals and use them to construct an image. This type of data collection
is called “deflection mode” recording and it typically produces images in
which edges of features are emphasized (which can be useful under some
conditions) but gives no quantitative data on height. Contact mode record-
ing, with either or both height and deflection images, is very effective under
many circumstances, but even when vertical forces are minimized using the
force curve, the application of lateral force as the probe is drawn across the
surface of the sample is unavoidable and this can also distort the image pro-
duced. If the force applied is excessively high, the sample can even be dam-
aged or perhaps pushed around the substrate by the probe, which behaves
like a small snowplow. If the applied force is too low, then the probe can



408 Oberleithner et al.

bounce off the sample as it moves over topographical features. These limita-
tions can be overcome by setting the tip oscillating vertically at a high fre-
quency while scanning normally in the x-y direction, a mode of recording
known as “tapping mode.” The reflected signal from the cantilever detected
by the photomultipliers then describes a sine wave, the amplitude of which
is altered as the probe moves over any physical feature on the surface. The
tapping mode technique results in much lower lateral (and also vertical)
forces being applied to the sample compared with those seen in contact mode
recording and produces concomitantly clearer images with less scope for
distortion of samples. Tapping mode was originally only possible on dry
samples imaged in air or a vacuum, but even under these conditions the
adhesive forces between a dry sample and the probe can be such that dis-
torted images can result. To circumvent this problem, the technology has
been developed that makes it possible to make tapping mode recordings
under fluid (4,5).

Although there are a number of different ways in which images can be
obtained in AFM, they are all dependent on the types of probes used. A
consideration therefore arises in choosing the type of tips on probes used in
imaging experiments. Although for most purposes a tip with a conventional
pyramidal profile produces good images and force information, various
types of other probes with tips of different aspect ratios can be produced.
Under certain circumstances, it is important to use probes that have a sharper
profile, effectively tapering at a sufficiently acute angle at the tip so that
they are able to penetrate small crevices in the sample. If unable to do so,
fine details of the structure may be lost in the image. Various techniques
have been adopted to optimize tip profiles. Probes are commercially avail-
able that have been sharpened or that have sharply tapering columns of Si;N,
deposited at their ends to improve resolution, but the sharper the tip, the
more difficult it is to make, and this is reflected in the price. A recent devel-
opment of potential importance has been the production of SisN, probes that
have had carbon “nanotubes” attached to their tips (6). These nanotubes are
long (up to 1 wm) and thin (1-5 nm in diameter at the tip), optimizing image
production by their ability to gain access to small recesses in surfaces with-
out exerting large forces.

The possibility of scanning native biological samples under physiologi-
cal conditions (7) opened a new field for biological and medical research
and a wide range of biological samples has been studied successfully under
native conditions (8—/0). Nevertheless, scanning of biological preparations
is still challenging owing to the large height fluctuations of the sample and
the high scanning forces (about 1.0 nN) applied by the AFM tip onto the
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sample surface. As a result, the resolution that may be achieved of soft
materials, such as living cells, is rather limited.

To gain information about the arrangement of proteins in the native
plasma membrane, we established some methods for scanning the plasma
membrane surface with high resolution. In the first approach, we excised
small plasma membrane patches (of the type used in the patch-clamp tech-
nique) and then transferred them on freshly cleaved mica coated with poly-
L-lysine (/7). By scanning these plasma membrane patches firmly attached
to mica, we avoided the problems of cell elasticity, height fluctuations, and
cell motility.

2. IMAGING EXTRACELLULAR PLASMA
MEMBRANE OF CULTURED KIDNEY CELLS

In this approach we attached the intracellular side of the plasma mem-
brane to mica (/7). Experiments were performed on Madin Darby Canine
kidney (MDCK) cells (American Type Culture Collection, No. CLL 34
ATTC, Bethesda, MD). Cells were grown on coverslips and then transferred
to the stage of an inverted microscope for patch-clamp experiments. Modi-
fied Ringer solution: 140 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM CaCl,,
5 mM glucose, 10 mM HEPES, pH 7.4) was used for both patch-clamp and
AFM experiments. Patch pipets were filled with KCI solution containing
140 mM KCI, 1 mM MgCl,, 1 mM CaCl,, 10 mM HEPES, pH 7.4.

Patch clamp experiments were performed as described by Hamill et al.
(12). We applied this technique for gaining a “gigaseal.” Pipets, pulled from
glass capillaries (ringcaps® 50 uL, Hirschmann Laborgeriite, Eberstadt, Ger-
many; pipet puller: BB-CH, Mecanex, Genf, Switzerland), had resistances
of 3-5 MQ when filled with 140 mmol/L KCI solution. Their external tip
diameter was 2-3 um. For monitoring seal resistance, we used an arrange-
ment consisting of a patch-clamp amplifier (EPC 7, List-Electronic,
Darmstadt, Germany), an 8-pole Bessel filter (902 LPF, Frequency Devices
Inc. Haverhill, MA), a pulse generator (Grass S 44 Stimulator, Grass Instru-
ments) and an oscilloscope (HM 208, Hameg GmbH, Frankfurt, Germany).
After obtaining a seal (in the range of 1-5 G2), the plasma membrane patch
was excised in the inside-out configuration and transferred on mica. Because
freshly cleaved mica offers a clean and atomically flat surface, it is a suit-
able substrate for AFM experiments. Sheets of freshly cleaved mica (G 250-
1, Plano, Marburg, Germany) attached to double-sided tape were coated with
poly-L-lysine (0.1 g/L, Serva, Heidelberg, Germany) to increase adhesion of
plasma-membrane patches.
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The transfer of the inside-out patches was described recently in detail
(11).In short, after obtaining a gigaseal, the excised plasma membrane patch
located in the pipet’s tip was moved out of the bath solution and lowered
gently onto the coated surface of the mica, thus transferring the patch. The
successful transfer was evaluated electrically by submerging the (now
empty) pipet tip into the bath solution and measuring the pipet’s electrical
resistance. After the transfer the patches were allowed to dry but they were
re-hydrated for AFM experiments.

A BioScope (Digital Instruments, Santa Barbara, CA) was used for the
AFM. The BioScope was mounted onto an inverted optical microscope
(Axiovert 100, Zeiss, Oberkochen, Germany), which allowed optical con-
trol of the scanning process. Scanning was performed in either contact or
tapping mode. In the latter, the tip was tuned to a frequency of about 30 kHz.
Both scanning modes were performed in air and in fluid. All experiments
were performed using V-shaped Si;N,-cantilevers with integrated pyrami-
dal tips and spring constants of 0.06 N/m (Digital Instruments). Scanning
forces were in the range of several nN in contact mode, and less than 1 nN in
tapping mode. By applying high scan forces (up to 100 nN) on purpose, we
were able to penetrate the plasma membrane completely. These artificial
defects were used to measure the exact height of the membrane patch.

For an approximate calculation of the possible molecular weight of the
observed membrane proteins, we used the simplified model of a sphere
embedded in the lipid bilayer assuming integral proteins penetrating the
entire bilayer. This model has been described in detail elsewhere (/7). In
short, the diameter of this sphere (&) was calculated by adding the height of
the protein protruding from the bilayer (%) and the measured thickness of the
bilayer itself: & = h + 4.7 nm.

Owing to the geometry of the scanning tip, the lateral dimensions of any
scanned object are usually overestimated (/3). We assumed that the scan-
ning tip and the membrane-embedded protein are both noncompressible
spheres. Thus, the overestimation of the protein’s lateral dimension and the
expected width can be calculated (/7). Using the equation for the volume of
a sphere (V = %r°m) with the protein radius r, we can calculate the volume of
a single protein V,,,,,,. The molecular weight M, can then be calculated (74):

My=No/ Vi+d-Vy) Ve

In this equation N, is the Avogadro constant (6.022-10?% mol™!), V, is the
partial specific volume of the protein (0.74 cm?/g), V, is the specific volume
of water (1 cm?®/g), and d is a factor describing the extent of hydration for
air-dried proteins (0.4 mol H,O/mol protein).
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Fig. 1. Apical plasma membrane patch (extracellular side) of a MDCK cell
spread on mica and imaged using AFM in air. An overview of the patch is given in
the image on the left. High magnification of the plasma membrane (on the right)
shows multiple proteins protruding from the lipid bilayer.

About one-third of the successfully transferred patches was found usable
for further experiments. Scratches on the mica surface, caused by the patch
pipet, and salt crystals in the region of contact between pipet and mica gave
helpful hints when searching for the transferred patch by AFM.

A typical patch is shown in Fig. 1. The surface areas of these patches
varied from 40-200 um?. By increasing the scanning force (up to 100 nN) in
a small area near the center of the patch, an artificial defect could be pro-
duced in the membrane. Using cross-section analysis, the height of the mem-
brane patch could be exactly determined at such spots. The thickness of the
membrane averages 4.7 = 0.06 nm (n = 100) matching the predicted value
for a lipid bilayer. This indicates that the membrane is spread out flat on
mica in this central area of the patch.

In such flat areas, a lateral and vertical resolution of 5 and 0.1 nm, respec-
tively, can be achieved, which is an improvement compared to the resolu-
tion achievable on whole cells. At this resolution the patch surface which
represents the extracellular side of the cell membrane shows multiple pro-
trusions (= proteins). They appear with a density of about 90/um?, with
heights (above bilayer) between 1 and 9 nm and with apparent lateral
dimensions between 20 and 60 nm. Frequency distribution (500 protrusions
analyzed) shows a peak for the protrusion height at about 3 nm. Patches and
protrusions on the surface could be scanned for hours without any detect-
able damage at scanning forces in the range of 1-10 nN.

After re-hydration, the patch morphology did not change dramatically.
The arrangement of the membrane proteins showed no visible changes. The
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heights of the bilayer and the protrusions increased slightly. The measured
value for the bilayer thickness was 5.5 £ 0.08 nm (n = 75). A comparison of
the protrusions in air and fluid showed that their heights had increased by
about 0.3-0.5 nm (which represents about 5% of the total protein height).
The main reason for this slight increase in height when scanned in fluid
could be the reduction of the applied scanning force to less than 1 nN.

To estimate the molecular weight of these proteins we used the model of
a sphere described earlier. The calculated values ranged from 50-710 kDa.
The peak value of about 3 nm matches an estimated molecular weight of
about 125 kDa.

Although this method allowed a reasonable resolution of the native
plasma-membrane surface structure, there are still problems to be solved.
As biological membranes undergo changes during drying (/5), we have to
expect artificial changes in the membrane patch. For example, the distribu-
tion and arrangement of the different components could be altered during
the drying process or the interaction between proteins and lipids could be
changed and function disturbed. Although we did not detect any changes
after the re-hydration of the patches, modifications of the proteins and the
lipid bilayer cannot be excluded, and may occur at the molecular scale. How-
ever, drying of the patches before re-hydration was necessary for the suffi-
cient attachment of the plasma membrane to mica.

3. IMAGING INTRACELLULAR PLASMA
MEMBRANE OF CULTURED KIDNEY CELLS

In another approach, we attached the extracellular side of the plasma
membrane to freshly cleaved mica. As a “membrane glue” we used
iberiotoxin (IBTX), a potent blocker of calcium-activated potassium chan-
nels (16). This toxin molecule carries positive net-charges and thus binds to
both the negatively charged mica surface and the negatively charged extra-
cellular domain of calcium-activated potassium channels present in the
plasma membrane of MDCK cells (/7).

After attachment to IBTX coated mica the cell was “ripped off,” leaving
the inner side of the plasma membrane exposed to the bath solution. Integral
or membrane-associated proteins facing the cell interior became therefore
accessible for imaging with AFM. Using this “inside-out” membrane prepa-
ration, it was also possible to study native proteins undergoing structural
changes when exposed to ATP. This trinucleotide is known to bind to a
variety of membrane proteins and to change the structural conformation of
ROMK channels (/8), a member of a potassium-channel family identified
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in kidney (/9). Using this approach, we identified clusters of proteins in
their native environment and elicited ATP-induced changes in cluster con-
formation.

The crucial steps for membrane isolation have been described previously
(20). In short, small pieces of mica were glued on round glass coverslips
with a two-component adhesive. Prior to the experiment the most upper sheet
of mica was cleaved off, thereby providing an atomically flat (and abso-
lutely clean) mica surface. Then, the freshly exposed mica surface was
coated with 20 nM IBTX (Alomone Labs, Jerusalem, Israel) dissolved
in cytosolic solution. The coating procedure was as follows: 20 uL of
IBTX containing solution was pipetted on mica. A few minutes later the
droplet was removed and the mica surface carefully washed with distilled
water. The positively charged IBTX firmly bound to the negatively charged
mica surface. Coating with IBTX was necessary for two reasons: first, to
neutralize the negative net charges of the mica surface and second, to “glue”
the plasma membrane of MDCK cells to mica via the strong interaction of
the toxin with the K*-channel. In a next step, MDCK cells grown on glass
coverslips were washed with modified Ringer solution and pressed (“‘sand-
wiched”) upside-down onto the IBTX-coated mica surface. Two minutes
later, the glass coverslip was ripped off the mica surface. The plasma mem-
brane usually remained attached to the IBTX-coated mica with its cytosolic
side facing upwards. The membrane preparation was kept in cytosolic solu-
tion until experimentation.

First, noncoated and IBTX-coated mica surface (without attached plasma
membranes) were scanned in cytosolic solution in order to show adhesion of
IBTX to mica. Noncoated mica is atomically flat and a mean roughness
(i.e., the mean height of all surface structures analyzed in a single AFM
image) of 40 £ 0.4 pm was measured. This value reflects the natural rough-
ness of the mica surface and “background noise.” In contrast, IBTX coated
mica showed multiple small protrusions assumed to be clustered IBTX mol-
ecules. Mean roughness was 99 + 2 pm. This indicated that IBTX bound to
mica. From the known molecular mass of iberiotoxin (4213 D) the volume
of an individual toxin molecule could be calculated according to the equa-
tions used previously (/4). The calculated molecular volume of one single
IBTX molecule is 5.3 nm?. Considering the measured heights and radii of
visible IBTX-clusters, we estimated the number of IBTX molecules per area
and thus assessed the density of IBTX-coating. We calculated a minimum of
15,000 IBTX molecules per um?. This number indicated that IBTX coating
was sufficient to offer enough binding sites for the potassium channels of
the plasma membrane of the MDCK cells.
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Fig. 2. Dissociation of plasma-membrane protein clusters in response to 1 mM
ATP studied with AFM in membrane patches of MDCK cells in physiological
buffer. The change in absolute height (in nm) induced by ATP is plotted as a func-
tion of absolute height (in nm) measured before ATP application.

Successfully stripped membranes were scanned and height analysis was
done using the mica surface as the reference level. The extracellular side
was attached to IBTX-coated mica while the cytosolic side was accessible
to the AFM tip. The membrane was bathed in cytosolic solution. Proteins
protruded from the inner side of the plasma membrane into the cytosolic
fluid. They had mean heights of 9.6 nm + 0.02 (n = 880). As expected for
protein clusters, they were highly heterogeneous in height.

Protein clusters were sensitive to ATP. Although in the absence of ATP
protein clusters exhibited rather smooth surfaces, multiple peaks appeared
within minutes of ATP exposure. A first distinct decrease in height was
exerted already with an ATP concentration of 300 wumol/L. This effect was
most pronounced after rising ATP concentration to 1 mmol/L. The decrease
in height clearly depended upon the absolute height of the protein cluster
before ATP exposure. As documented in Fig. 2, there was a strong correla-
tion between height change and absolute height: the larger (and thus higher)
the protein cluster, the more pronounced the ATP-induced decrease in
height. Time-course experiments revealed that the first onset of the height
change occurred after 30 s of ATP addition. The process was finished after
about 4 min.

The experiments show that plasma-membrane proteins (and/or mem-
brane-associated) proteins form clusters in their natural environment. These
clusters may represent specific families with a different and varying number
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of family members. It is rather unlikely that the clusters were artefacts
caused by the membrane preparation. Membranes were kept in electrolyte
solution mimicking the composition of the cytosol in order to reduce drying
artefacts. Observed protein clusters most likely represent functional units
(i.e., families of proteins) within the plasma membrane whose members
interact with each other. However, it is at present not possible to distinguish
between integral plasma-membrane proteins, membrane-associated proteins,
and cytoskeletal structures associated with the membrane. Thus, the protein
cluster, as detected by AFM, could be composed of several as yet unidenti-
fied molecular structures. The fact that physiological concentrations of
hydrolyzable ATP led to pronounced rearrangements in cluster conforma-
tion reveals that energy is required to “organize” a protein cluster. Obvi-
ously, ATP is necessary to maintain a specific “nanoarchitecture” of a cluster
to allow its adequate function. It was, at first sight, rather surprising that
proteins were able to rearrange in a membrane firmly attached to mica by
iberiotoxin. However, the “ATP-induced rearrangement hypothesis of mem-
brane proteins” receives support by the view that most likely the iberiotoxin-
sensitive potassium channels represent only a small portion of one individual
protein cluster and thus lateral movements of the individual proteins within
a cluster could occur in the nanometer range.

4. IMAGING INTRACELLULAR PLASMA
MEMBRANE OF XENOPUS LAEVIS OOCYTE

In a third approach, we imaged the cytoplasmic side of oocyte plasma mem-
branes. We developed a method to spread patches of oocyte plasma membrane
“inside-out* on glass, rendering them suitable for AFM scanning (27).

The experiments were performed on Xenopus laevis oocytes (stage V),
which were obtained as described (22) and stored in Barth medium (87 mM
NaCl, 1 mM KCI, 1.5 mM CaCl,, 0.8 mM MgSO,, 2.4 mM NaHCO;, 5 mM
HEPES, pH 7.4, containing 100 IU/mL penicillin and 100 pg/mL strepto-
mycin). The oocytes were mechanically defolliculated 1 h after collagenase
treatment (1 mg/mL, type D collagenase, Boehringer, Mannheim) and then
incubated for 2 h in Barth medium. Removal of the vitelline membrane was
performed by hypertonic shrinkage in potassium aspartate buffer (10 min;
200 mM K-aspartate, 20 mM KCIl, 1 mM MgCl,, 10 mM EGTA, 10 mM
HEPES, pH 7.4) followed by mechanical stripping similar as previously
reported (23). The oocyte plasma membrane was stained with FM1-43 (0.1 uM
in Barth medium; Molecular Probes, Eugene, OR) for 1 min and then rinsed
with Barth medium twice.
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The glass coverslips used had grids (CELLocate® ; Eppendorf, Hamburg),
which helped to locate an individual plasma membrane patch. The coverslips
were cleaned by treatment for 1 h with concentrated H,SO,/30% H,0, (9:1),
rinsed three times with double-distilled H,O and twice with acetone. 40 pL of
an aqueous solution of poly-L-lysine (0.01% [w/v], Sigma, Deisenhofen, Ger-
many) was applied to the clean side of each glass coverslip and removed
10 min later. Coated coverslips were then baked for 1 h at 60°C.

After removal of the vitelline membrane and staining with FM1-43, the
oocyte was transiently attached to the coated glass for a minute and then
removed. The plasma-membrane patch remaining on the glass surface was
rinsed with H,0, air-dried, and located by fluorescence microscopy.

AFM experiments were performed in contact mode using a Nanoscope
III Multimode-AFM (Digital Instruments, Santa Barbara, CA) with an E-
type scanner (maximal scan area:15 X 15 pm). Glass coverslips were
attached to stainless steel discs with double-sided adhesive tape and mounted
in the commercially available fluid cell (Digital Instruments) without using
the o-ring. V-shaped oxide sharpened cantilevers with spring constants of
0.06 N/m were used for scanning in air. Images (512 x 512 pixels) were
captured with scan areas between 1 and 25 um? at a scan rate of 12 Hz (12
scan lines/s). Images were processed using the Nanoscope III software (Digi-
tal Instruments). Particle counting and 3D presentation were performed with
SPIP software (Scanning probe image processor, Image Metrology, Lyngby,
Denmark).

Examination of coverslips by fluorescence microscopy revealed large
patches of inside-out oriented plasma membrane, areas without membrane
and small regions with relatively high structures. For AFM experiments
areas showing the outline of a membrane were chosen so that height of
plasma membrane and proteins could be determined. Figure 3 shows the top
view of a 7.5 um? scan area, containing plasma-membrane fragments
attached to poly-L-lysine-coated glass. White spots covering the membrane
are proteins protruding into the intracellular space. The broken line in the
upper part of Fig. 3 corresponds to the profile line in the lower part. Basi-
cally three different height levels could be determined: the first level is a
height value of about 1.5 nm caused by poly-L-lysine coating. The second
level corresponds to the 5 nm-height of the plasma membrane. The third
level indicates the height of the proteins (5—15 nm) protruding from the inner
surface of the plasma membrane. The same oocyte plasma membrane patch
is shown in Fig. 4 as a 3D color-coded view of the three different levels.
Poly-L-lysine coated glass is shown in blue, the lipid bilayer membrane is
shown in turquoise, and the membrane proteins are shown in brown.



Nanoarchitecture of Plasma Membrane 417

Fig. 3. Plasma membrane of Xenopus laevis oocyte spread on glass and studied
by AFM in air. View of a membrane patch (cytosolic side) attached to poly-L-
lysine coated glass. White spots covering the membrane are proteins, protruding
into the intracellular space. The broken line in the upper part corresponds to the
profile line in the lower part. In the lower part of the figure the first height level is
about 1.5 nm caused by poly-L-lysine coating. The second level corresponds to the
5 nm-height of the lipid bilayer. The third level (bracket) indicates the height of the
proteins (up to 15 nm) protruding from the inner surface of the plasma membrane.

Figure 5 shows a complex scenario indicating high plasticity of plasma
membranes. The image shows lipid membrane (arrow 4) attached to the glass
support (arrow 1) but lacking proteins. It further shows membrane proteins
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Fig. 4. Plasma membrane of Xenopus laevis oocyte spread on glass and studied
by AFM in air. 3D color-coded view of Fig. 3. Poly-L-lysine coated glass is shown
in blue, the lipid bilayer membrane is shown in turquoise, and the membrane pro-
teins are shown in brown.

(arrow 3) firmly attached to poly-L-lysine coating (arrow 2) but lacking lipid
bilayer. Such a scenario is obviously caused by incomplete poly-L-lysine
coating. Membrane proteins do need coating for attachment to glass whereas
lipid membrane components do not. In Fig. 5, on the left, multiple planes of
bilayers in a lamellar arrangement are visible. The first plateau is a mem-
brane of 5 nm in height (arrow 4), while the second plateau (arrow 5) repre-
sents two lipid bilayers (10 nm in height) on top of the first (total height
measured from the glass support = 15 nm). A fourth phospholipid bilayer (5
nm in height; total height in ref. to glass surface = 20 nm) is visible in the
image on the far left (arrow 6).

Figure 6 shows the color-coded three-dimensional image of the mem-
brane pattern explained in Fig. 5. Black corresponds to the glass surface and
blue to poly-L-lysine coating. Brown spikes are plasma-membrane proteins,
turquoise indicates the first lipid bilayer, orange the next two lipid bilayers,
and finally yellow corresponds to the fourth lipid bilayer on the top.

Figure 7 shows a histogram of plasma-membrane protein distribution in
relation to measured protein heights and calculated molecular weights. Mea-
surements were exclusively taken from the intracellular aspect of the plasma
membrane. Molecular volumes were estimated from protein heights mea-
sured by AFM. Molecular weights were then calculated from the respective
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Fig. 5. Complex scenario indicating high plasticity of plasma membrane of Xeno-
pus laevis oocyte spread on glass and studied by AFM in air. Lipid membrane is
visible (arrow 4), attached to the glass support (arrow 1) but lacking proteins. Fur-
thermore, the image shows membrane proteins (arrow 3) firmly attached to the poly-
L-lysine coating (arrow 2) but lacking lipid bilayer. In the left part of this figure multiple
planes of bilayers in a lamellar arrangement are visible. The first plateau is a mem-
brane of 5 nm in height (arrow 4), while the second plateau (arrow 5) represents two
lipid bilayers (10 nm in height) on top of the first (the total height measured from the
glass support = 15 nm). A fourth phospholipid bilayer (5 nm in height; total height in
ref. to glass surface = 20 nm) is visible in the image on far left (arrow 6).

volume. We found a wide range of different molecular weights. Surpris-
ingly, we did not find cytoskeletal structures attached to the intracellular
surface of the plasma membrane. We assume that binding between
cytoskeletal structures and membrane proteins was disrupted during the pro-
cess of membrane excision, leaving behind the membrane proteins embed-
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Fig. 6. Complex scenario indicating high plasticity of plasma membrane of Xeno-
pus laevis oocyte spread on glass and studied by AFM in air. Color-coded three-
dimensional image of the membrane pattern is explained in Fig. 5. Black corresponds
to glass surface and blue to poly-L-lysine coating. Brown spikes are plasma-mem-
brane proteins, turquoise indicates the first lipid bilayer, orange the next two lipid
bilayers, and finally yellow corresponds to the fourth lipid bilayer on top.

ded in the lipid bilayer firmly attached to the coated glass surface. However,
we cannot exclude the possibility that membrane proteins were pulled off
the lipid bilayer mediated by firmly bound cytoskeletal structures leaving
behind membrane lacking cytoskeletal bound proteins.

Most frequently we found plasma-membrane protein structures with
about 10 nm for protein height (cytoplasmic domains: 5 nm in height). The
proteins differed from each other in height and shape. Some were hardly
detectable, others were up to 20 nm in height. Because plasma membrane
height is 5 nm, we could not detect proteins smaller than 5 nm, i.e., mem-
brane-embedded proteins. The apparent shape of the proteins was conical.
This was most likely owing to the fact that lateral dimensions of the base of
individual proteins were overestimated as a result of AFM-tip geometry (/7).
Usually membrane fragmentation occurred in our experiments, which in turn
was likely to be owing to an imbalance of the forces between poly-L-lysine
coating, proteins, and lipid components. There are some “rules” that in gen-
eral can be drawn from the images. First, membrane proteins need poly-L-
lysine coating for firm attachment on glass. Second, the lipid bilayer is stable
only when the protein density of the membrane is high. The pure lipid com-
ponent of plasma membrane is not normally robust enough to survive scan-
ning. Third, poly-L-lysine coating facilitates protein attachment but, at the
same time, decreases the affinity for lipid membrane to stick to glass. This
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Fig. 7. Histogram of the plasma-membrane protein distribution (intracellular
side) in relation to measured protein heights and calculated molecular weights.
Mean values and SEM (n = 10) are given.

phenomenon could explain the inhomogeneous distribution of lipid mem-
brane and membrane proteins. Another reason why membrane proteins seem
necessary for stabilizing the lipid bilayer could be the hydrophobic interac-
tion between phospholipids and the transmembrane domains of the proteins.
Finally, high-protein density shields the lipid bilayer from the strong lateral
scanning forces applied by the AFM-tip. We assume that the affinity of the
phospholipids for uncoated glass is higher then the lipids” affinity for poly-
L-lysine. This apparently results in a flow of the lipid bilayer away from
proteins (attached to poly-L-lysine) towards naked glass. The hydrophobic
interactions between phospholipids and proteins are usually strong enough
to hold the lipids back. However, when membrane proteins occur at low
density in the lipid membrane, hydrophobic interactions are rare, and thus
lipids flow off.

Modelling plasma-membrane proteins as spherical structures protruding
from the lipid bilayer allowed an estimation of their possible molecular
weights (/7). Proteins ranged from 35-2000 kDa with a peak value of 280
kDa. The most frequently found protein structure (40 proteins per um?) had
a total height of 10 nm (including the intramembrane domain). This indi-
cates an apparent lateral dimension of the cytoplasmic domain of about 40 nm
(NB: lateral dimensions are usually overestimates owing to the geometry of
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Fig. 8. Plasma membrane patch of Xenopus laevis oocyte imaged by AFM in air
(size: 0.09 um?). Monomeric and multimeric membrane proteins are visible (brown)
in native plasma membrane (turquoise). Blue spots indicate defects in the lipid
bilayer.

the AFM tip, and thus are not used for volume calculations) and an esti-
mated molecular weight of 280 kDa.

5. CONCLUSIONS

Atomic force microscopy is a potentially valuable tool for imaging plasma
membrane at the nanometre scale. Membrane proteins can be detected in their
physiological environment (i.e., a lipid bilayer) at the single molecule level. The
current resolution in terms of molecular mass is about 60 kDa. Using antibodies,
it should in the near future be feasible to identify individual proteins. This should
open the possibility of understanding the formation of protein clusters in the
membrane. Currently, we can only describe proteins in the membrane in terms
of molecular mass and gross substructure (Fig. 8). So far we cannot identify
them and thus cannot elucidate the meaning of clusters. The major goal is there-
fore the identification of individual molecules using AFM.
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Dynamic AFM of Patch Clamped Membranes

Kenneth Snyder, Ping C. Zhang, Frederick Sachs

1. INTRODUCTION

The investigative power of a single technique can be significantly
enhanced by the simultaneous addition of a second, independent technique.
This is especially true for the combination of atomic force microscopy
(AFM) and patch-clamp recording for the study of biological systems
because each technique has the ability to observe dynamic molecular events
under physiological conditions. Merging these approaches will have direct
application in examining structures in which mechanical and electrical
parameters are paramount; for example, the study of mechanosensitive ion
channels (MSCs), flexoelectricity (mechanical/electrical coupling), and
outer-hair-cell electromotility. In addition, subtle advantages of this arrange-
ment can be beneficial in studying related problems of membrane mechan-
ics and voltage- and ligand-sensitive ion-channel physiology. Correlating
mechanical and electrical interactions on a molecular level has only been
attempted in a few instances. This chapter introduces our attempt to create a
setup of standard components that allows concurrent use of both methods
without limiting the practical use of either technique individually. We dis-
cuss experimental results exploiting this setup and consider the possibilities
for further applications. We will begin with a review of some history of use
of AFM and patch-clamp (summarized in Table 1).

2. BACKGROUND

2.1. Patch-Clamp and MSCs

Patch-clamp recording has been described as the “best biophysical tech-
nique for the study of ion channels for over 40 years” (/). In its current
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Table 1

Snyder et al.

Summary of Patch-Clamp Scanning Force Microscope Applications

Patch-Clamp
Applications

Limitations

AFM
Applications

Limitations

Identification and classification of all types of ion channels
based on biophysical properties

Whole cell measurements allow clarification of the relative
importance and physiological role of a specific type of ion
channel in a given cell type.

Capacitance measurements yield current density and assessment
of endocytotic and exocytotic activity

Instantaneous manipulation of membrane voltage or current.

The number of channels in a patch or whole cell is not known.

Response time of pressure pulses is limited.

Local variation of membrane tension during pressure steps is
unknown.

Natural membrane structure is altered during patch formation.

Lack of consistent sealing protocols might cause variability in
biophysical parameters.

Mechanical properties estimated using micropipet aspiration are
confounded by the mechanics of patch adhesion.

High-resolution topographic images of biological samples
(membranes and proteins). Images of ion channels yield
important substructure (subunits, pore diameter, binding sites).

Dynamic observation (directly image conformational changes).

Ability to apply small forces and make elasticity measurements.

Ability to chemically modify the tip and make images or force
spectroscopy.

Use as a nanotool to cut, push, or pull in a controlled way.

Low lateral resolution when imaging unsupported biological
samples.

Difficulty locating object of interest within bilayers or on cell
surface.

Undefined contact area between tip and sample (pressure) when
doing elasticity measurements. Can be overcome by using
linker molecules of known stiffness to pull on supported
membranes.

Limited understanding of tip sample interactions.

context, the term “patch-clamp” refers to using micropipets to record elec-
trophysiological properties in either voltage-clamp or current-clamp mode
with a tight seal between the pipette and the membrane. In voltage-clamp
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Table 1 (cont.)
Summary of Patch-Clamp Scanning Force Microscope Applications

AFM/Patch-Clamp
Applications  Use of micropipet as support for imaging of biological
membranes.

Comparison of independent measures of channel density and
surface area (electrical and topographic estimates).

Correlation of dynamic topological detail of ion channels with
ionic currents (i.e., correlate conductance with number of
subunits, pore size, conformational changes, and binding
events).

Use of patch-clamp to identify channels of interest for AFM
imaging.

Clarification of patch morphology by imaging substructure on
inner or outer membranes of patch.

Tool of choice for the study of mechanoelectric transduction
(i.e., application of force directly to MSC while monitoring
channel conductance).

Tool of choice for studying electromechanical transduction (i.e.,
flexoelectricity, OHC electromotility)

Estimates of membrane mechanics using well-defined probe
sample adhesion points (especially if using linkers to specific
proteins in the membrane).

mode, the experimenter sets the voltage across the membrane while record-
ing the ionic current necessary to maintain that voltage. Alternatively, trans-
membrane current can be manipulated while monitoring the membrane
potential (current-clamp mode). This latter mode mimics the physiological
response of a cell. The size of the membrane “patch” can range from an
isolated patch (single-channel recording) to an entire cell membrane (whole-
cell recording). The whole-cell configuration provides the average response
of all channels in a cell, whereas single-channel recordings can report the
individual behavior of a few channels. Clearly, the relative importance and
physiological role of a given ion channel in a specific cell type can subse-
quently be assessed by identifying its contribution to whole-cell currents.
Although the actual number of ion channels in a given recording (whole-cell
or single-channel) is not known, estimates can be made using stochastic
analysis (2). Patch-clamp recording offers flexibility in experimental design
with the ability to concurrently perfuse cells (extracellularly or intracellu-
larly) with pharmacological probes or solutions of varying composition as
well as applying pressure (tension) pulses via the micropipet holder. Using
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these methods, it has been possible to measure the biophysical properties of
ion channels (conductance, voltage/concentration/tension-dependence, ion
selectivity, kinetics, and pharmacological profile). Dynamic parameters are
obtained by measuring properties over time (i.e., latency of channel open-
ing/closure, adaptation, inactivation, and desensitization). Free software
exists to invert the Markov series of data points to the best fitting state model
with the appropriate molecular rate constants (www.qub.buffalo.edu). Ad-
ditionally, by normalizing with respect to cell membrane capacitance (which
is indicative of plasma membrane surface area), we can calculate current
density as well as exocytotic and endocytotic activity (3,4). Furthermore, by
using molecular biological techniques, we can estimate the importance of
specific residues or regions of the protein. Hence, patch-clamp recording
has been directly responsible for clarifying gating mechanisms and charac-
terization of all types of ion channels (voltage-, ligand-, mechano-gated).

The investigation of time-dependent ion channel properties relies, in gen-
eral, on the ability to deliver an instantaneous stimulation pulse in order to
resolve fast events. Many of the fine details of the dynamics of voltage gated
channels have been clarified because that the patch-clamp is capable of
applying voltage pulses with submicrosecond rise times. Similar progress
has been achieved with ligand-gated channels using high-speed solution
exchange systems (5—7). However, the application of fast-pressure steps dur-
ing patch-clamp recording is more problematic because the rise time for
pressure pulses is limited to ~1 ms (8) and cytoskeletal viscosity will resist
rapid changes in dimensions.

Some of the motivation for doing combined AFM and patch-clamp comes
from our interest in MSCs. These ubiquitous channels are found in all cell
types from prokaryotes to humans (reviewed in refs. 9-72). They function
as transducers, converting cortical membrane tension into an ionic signal
(12,13). Although the tension needed to open a MSC might be transmitted
by the bilayer alone (/4), other components such as the cortical cytoskel-
eton or extracellular matrix may also be functionally linked to the channels.
There are a variety of MSCs with different gating properties (some are
stretch-activated while others are stretch-inactivated) and selectivity (non-
selective, cation selective, K*-selective, and CI~ selective) (/2). Although
MSCs have been activated by osmotic swelling of the cell, the most direct
method is to apply pressure to the suction port of the pipet holder (15-17).
The analysis of MSCs in natural membranes is confounded by the fact that
tension in the various heterogeneous elements of the cortex is not directly
measurable. Currently, mean tension is calculated by estimating membrane
curvature from high-resolution images of a membrane patch (/8). Although,
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this method provides an approximation of the mean tension in the mem-
brane, it fails to clarify the local tension sensed by the channel.

Each patch-clamp recording begins with the use of suction to produce a
high resistance seal between a biological membrane and the micropipet. It is
worth noting that (/) little information is available about the mechanism of
seal formation and (2) sealing protocols alter membrane substructure (i.e.,
cytoskeletal attachments) which in turn may modify channel properties.
Comparison of whole-cell, outside-out, inside-out, cell-attached, and whole-
cell patch-clamp configurations have shown inconsistencies (especially for
MSCs) (19-22).

Pressure pulses used to assess membrane mechanics (micropipet aspira-
tion) alter the amount of membrane in the pipet (/8,23). These measure-
ments generally serve as qualitative measures of the material properties
because membranes are not homogeneous. In tight seals, the boundary con-
dition of adhesion of membrane to the pipet wall adds to apparent stiffness
of the membrane (24).

2.2. Atomic Force Microscopy

In 1989, Drake et al. (25) used the AFM to resolve surface features of
nonbiological samples under a variety of conditions, including buffer solu-
tions. This demonstrated that the AFM might be used to image biological
samples under physiological conditions. Since then a great deal of effort has
gone into optimizing the AFM for use in the biological sciences, focusing
mainly on increasing image resolution while decreasing sample damage
(26,27). High-resolution images have been obtained from a variety of bio-
logical samples including: artificial lipid bilayers (28), isolated secretory
vesicles (29) and intact cell membranes (30-35). Images have also been
obtained from DNA (36,37), isolated proteins (33,38) and ion channels
(reviewed in refs. 39,40) including gap junctions (4/—44), acetylcholine
receptors (39) and nuclear pores (45—49).

AFM is basically a tool for measuring surface profiles. A sharp tip at the
end of a microfabricated cantilever is drawn over the sample while the height
of the tip is recorded with Angstrom precision. By scanning the tip over the
sample in a raster, a three-dimensional image can be generated. There are
two recording modes: constant force, in which the deflection of the cantile-
ver is held constant; and constant height, in which interaction forces modu-
late the height of the cantilever. Another imaging modality is tapping mode
(27,50) in which the tip is oscillated and may only touch the sample briefly
at the bottom of each swing. In this mode, lateral traction forces are avoided
at the expense of reduced the lateral resolution.
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It is important to note that AFM images contain mixed topographic and elas-
ticity information about the sample. This information must be independently
separated by either comparing AFM images with those obtained by another
imaging techniques (i.e., SEM), by fixing the sample or by doing force/distance
experiments at each imaging point in order to measure local elasticity. Fine
positioning of the cantilever relative to the sample is usually accomplished with
a piezoelectric device, and cantilever deflection is most commonly detected
using a reflected laser beam and photodetector (optical lever).

Because cantilever deflections are produced by local interaction forces
between the tip and sample (i.e., van der Waals forces, hydrophobic interac-
tions, hydration forces), experimental conditions play a major role in image
resolution. A problem of interpreting AFM images is the limited understand-
ing of what factors affect the interaction between the tip and the sample
(51). Even in tapping mode, the mechanism(s) of image generation and their
interpretation are only partially understood owning to the complexity of the
adhesive and viscous interaction between the oscillating AFM tip and the
specimen (52).

The lateral resolution in AFM images depends on the intrinsic rigidity of
the sample, the size and shape of the AFM tip, and the depth of compression
and lateral drag on the sample during imaging. Because, most biological
samples are soft, softer than the cantilevers (53), images of unsupported
samples usually have poor lateral resolution. Also, higher resolution images
require a smaller contact areas (sharper tips), creating higher pressures that
deform the sample under study. Various methods have been employed for
increasing sample rigidity including adsorption of the sample on mica, mak-
ing 2D crystals and covalent immobilization. Using these techniques, image
resolution has been improved to 1-2 nm laterally and 1-2 A vertically (54—
57). Shao and co-workers have imaged bacterial toxins such as cholera and
pertussis toxin B oligomers revealing a pentameric structure with a 1 nm
central opening (58). Czajkowsky and Shao (1998) (59) have packed a-hemol-
ysin onto a supported lipid bilayer and produced images at 1 nm lateral reso-
lution that revealed a hexameric structure. This level of topographic detail
can be used to clarify the number of subunits in a specific ion channel, the
size of channel pore, and location of binding sites. By optimizing electro-
lytes and recording conditions, they imaged the surfaces of
bacteriorhodopsin molecules with 0.5 nm lateral resolution. Loops that con-
nect the a helices as well as certain lipid head groups were resolved. As
with all microscopies, contrast agents are useful for obtaining high resolu-
tion data. Chemically modifying cantilevers and labeling cells with identifi-
able objects is an area of intense study (60).
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The most exciting applications of AFM in biology take advantage of its
ability to work dynamically under water (27,35,40,61,62). 1t is possible to
observe time-dependent changes in the inner surface of the hexagonally
packed intermediate (HPI) layer from the cell envelope of Deinococcus
radioduras (63) and conformational changes of the bacterial porin OmpF
induced by pH changes and electric fields (55,56).

In addition to imaging surfaces, the AFM can measure and manipulate
local mechanical properties. The AFM tip has been used as a nanotool to cut
chromosomes (64), disrupt protein complexes in a controlled fashion (65),
and induce reversible conformational changes of single loops of purple
membranes (66). It has been used to mechanically stimulate cells (62,67,68)
as well as make time-resolved one-dimensional elasticity measurements of
single molecules (53,69-71). For these latter studies, molecules are attached
to the cantilevers and substrates by adsorption or specific chemical reac-
tions. Making compliance measurements using force spectroscopy of single
molecules removes the need to estimate the contact area between the AFM
tip and the sample.

2.3. AFM/Patch-Clamp

AFM and patch-clamp have been used either sequentially or simulta-
neously. The sequential approach has the advantage that the probability of
success with separate measurements is higher and discrete off-the-shelf com-
ponents are available. No commercial system is available that readily allows
for simultaneous AFM/patch-clamp measurements. The major disadvantage
of the sequential analysis is the loss of time-correlated information.
Although there are few experiments utilizing simultaneous recording, we
feel that this approach will prove to be the most powerful.

The first combined AFM/patch-clamp was developed by Haberle et al. in
1991. Although no electrical recordings were made, they used a micropipet
to support living cells for AFM imaging and achieved the first images of
biological membranes with a lateral resolution less than 100 nm. By modi-
fying their AFM cantilever detection system from a scanning tunneling
microscope (STM) to an optical lever, the same group (3/) was able to
achieve images with a lateral resolution better than 20 nm. The authors pre-
dicted the use of the new setup for observation of immune reactions, the
formation of cell pores, and endo- and exocytosis.

In 1994, Oberleithner et al. (45) applied sequential AFM and patch-clamp
recording to quantify the number of nuclear pore complexes (NPCs) in
Madin-Darby canine kidney (MDCK) nuclei. They used the AFM images to
estimate surface area and NPC density and showed the surface area esti-
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mates were similar to results obtained using DIC microscopy. (It would have
been informative if they had also used membrane capacitance as an estima-
tor of area.) They concluded that the increase in nuclear conductance associ-
ated with application of aldosterone was owing to an increase in NPC density
while the biophysical properties of individual NPCs remained unchanged.
To resolve a discrepancy between estimates of channel diameter from con-
ductance measurements (~11 nm) and AFM images, which showed pore
sizes of 40-50 nm, it was postulated that either a major portion of the central
channel was electrically blocked, or that these channels were undergoing
dynamic conformational changes.

Bustamante et al. (72) was the next group to use patch-clamp and AFM
imaging capabilities in series to study NPCs. They hoped to clarify details
of TATA-binding protein (TBP) association with the NPC. A transient
reduction of NPC single-channel conductance with TBP was hypothesized
to be associated with the translocation of TBP. AFM images of the NPC
pore did not display a prominent plug, which agreed with this interpretation.
Patch-clamp recordings identified an increased open probability and slight
increase in conductance with administration of TBP. In analogous AFM
studies, the timing of binding events of the TBP molecule to the outer rim of
the pore on the cytoplasmic agreed with the timing from patch-clamp obser-
vations of TBP binding. Thus, it was concluded that TBP molecules bound
to the cytosolic side of NPCs, conferring an increased mean conductance
and stability to the channel. A correlation between binding events, changes
in pore size, and conductance changes was not possible, either because the
TBP binding events interfered with topographic images or the conductance
changes corresponded to diameter changes which were beyond the resolv-
ing capability of the microscope. Although these experiments illustrate the
advantage of combining AFM and patch-clamp, the conclusions would have
been more significant if the events were monitored simultaneously.

In 1995, Horber et al. (73) extended their previous work (37) by imaging
extracellular and cytoplasmic sides of excised membrane patches with the
AFM. A common feature seen on all membrane patches were fibers, believed
to be cytoskeletal structures, extending from the glass pipette toward the
center of the patch. By imaging broken patches they attempted to address
how membranes form high resistance “gigaseals” with the glass of the
pipette. The images showed fibers still fixed to the rim together with an
aggregation of globular structures of up to 100 nm in size. In addition to
these observations, they presented preliminary work on the mechanical prop-
erties of inside-out patches. When a negative pressure (25 mbar) was ap-
plied to the inside of the pipet, AFM images showed that only the central



AFM of Patch Clamped Membranes 433

part of a patch moved up the pipette. They estimated membrane stiffness
using micropipette aspiration and compared their results with AFM elastic-
ity measurements on a whole cell (74), and found aspiration estimates to be
about 30 times stiffer. They concluded that because AFM can apply forces
very locally, the deformation depth is correlated in a different way to the
applied force than with aspiration. Patches have a disrupted cytoskeleton
(75-77). Thus, with micropipette aspiration more of the membrane-glass
attachment is involved and this may lead to higher stiffness values. It should
be noted that coating the pipette with bovine serum albumin (BSA) prior to
aspiration experiments could reduce this problem. Horber et al. conclude by
discussing initial experiments with MSCs of oocyte membranes in which
the probability of opening could be influenced by pressure applied through
the pipet or force applied with the cantilever (although no data is shown for
the force application by the AFM). The nonuniform curvature produced by
suction on outside-out patches was not be expected from images of cell-
attached or inside-out patches (18,78). Horber et al. (79) predicted that it
should be possible to use this approach to activate single MSCs (while si-
multaneously verifying this with membrane current measurements) and fur-
ther suggested that this technique will ultimately allow an estimate of the
force needed to gate a single MSC. This work highlights the potential ben-
efits of the simultaneous approach.

Mosbacher et al. (80) and Horber et al. (24) repeated the aforementioned
experiments showing that suction pressure caused reversible indentations in
the center of outside out patches. They also suggested using AFM rather
than optical microscopy to image patch shapes for estimating mean tension.
(The dimensions of outside-out patches are not observable in the optical
microscope because of diffraction by the pipette tip). Both groups briefly
described experiments in which voltage pulses (= 100 mV for 1 or 2 s)
applied to a membrane vesicle held by a patch pipette produced movement
of the membrane visible by the AFM. These movements were detected only
in the center of the membrane indicating that only the most elastic part of
the vesicle could react to the voltage steps. They suggested that measure-
ment of such voltage-dependent movements might be useful for studying
voltage gated ion channels.

In 1997, Larmer et al. (87) used the patch-clamp to isolate a section of
membrane for AFM imaging. However, no channel activity was recorded.
They simply hoped to gain information about the arrangement and distribu-
tion of proteins within the plasma membrane. To minimize problems of cell
and membrane elasticity affecting the images, the patch was transferred from
the pipet to freshly cleaved mica coated with poly-L-lysine. The sample was
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allowed to dry for a period of time and then rehydrated before imaging. The
surface areas of these patches varied from 40 to 200 um?. These surprisingly
large areas were justified by referencing the large “Q”-shaped DIC images
of cell-attached patches (/8). The authors observed bumps they interpreted
as protein clusters as well as single proteins, but none of the proteins could
be identified. They suggested further experiments using specific markers
(i.e., antibodies) to aid protein identification. Inferring native structures from
such abused membranes (82) is subject to significant errors, but the group
was unsuccessful in obtaining adequate adhesion to the mica without drying.

Danker et al. (83), expanded upon Larmer et al.’s (87) approach to NPCs
by using patch-clamp recording to select membrane patches of special inter-
est for further investigation with the AFM. They extended the technique by
attempting to find out if the native structure of the nuclear membrane was
preserved in membrane patches. From electrophysiological data (45,72),
NPCs are expected to have a large conductance and a single patch should
contain 10-100 NPCs. Thus, one would not expect patches of the nuclear
membrane to form “gigaseals.” Nonetheless, they are frequently observed.
This suggests that either NPCs are not present or else they are shut. The
limiting factor in this study was the extensive time needed to find a trans-
ferred membrane patch with the AFM. The AFM images suggested that a
“complete” NE was included in the patch and that this configuration corre-
lates with the appearance of typical electrical signals from the nuclear enve-
lope (84). Although NPC structure was not preserved in a way that allowed
measuring NPC density, the finding of NPCs in the patch supports the
hypothesis that they could be the source of the patch-clamp currents (72).
The authors observed different membrane configurations in different
samples. If these were not owing to drying the membrane as part of the
transfer protocol but indeed occurred at the tip of the patch pipet, it could
help to explain conflicting results from electrophysiological recordings.
Again, this illustrates the utility of dual AFM/patch recording.

In 1998, Mosbacher et al. (85) attempted a careful analysis of the voltage-
dependent movement observed previously (73,80). Intact cells were used
in these experiments, taking advantage of the additional support provided
by the cytoskeleton. Voltage-dependent movement was identified in both
control cells (HEK293), as well as cells transfected with Shaker K* chan-
nels. Results indicated a linear dependence of the movement on the carrier
voltage amplitude, ~0.4 nm/mV, over the range of = 50 mV (as far as was
examined), and an inverse relationship between membrane conductance and
movement (arguing against electro-osmotic fluxes as the source of move-
ment). Because the movement was unexpected, the investigators did many
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control experiments looking for artifactual origins of the movement. No
voltage dependent movement was detected when: (a) the voltage was turned
off; (b) the AFM tip was moved away from contact with the membrane; (c)
the cantilever touched the glass tip of an open patch pipette; (d) the cantile-
ver was placed in front of an open pipette; or (e) the cantilever was placed in
direct contact with the silver wire electrode. Similar voltage dependence
was observed using cantilevers with different spring constants suggesting a
source compliance lower than the cantilevers. For control cells, there was no
significant correlation between the holding potential and the amplitude of
the movement. However, when the cells were transfected with a
noninactivating mutant of the Shaker K* channel, there was an inverse rela-
tionship between the holding potential and the size of the modulated move-
ment. Interestingly, after 30-s depolarizations, the voltage-induced
movement of transfected cells only reappeared when we held the cell for
several minutes at —80 mV. Mosbacher et al. suggested the converse
flexoelectric effect (86—88) as the motive source. Flexoelectricity is the cou-
pling of surface charge density (or polarization) with bending (Fig. 1)
(89,90). It is perhaps significant that Todorov et al. have observed a
flexoelectric sensitivity in bilayers similar to what was observed here,
~2 nm/mV. The flexoelectric sensitivity of transfected cells may have
increased and showed a dependence on the holding potential because of the
large saturating dipole moment of the Shaker channels. The slow inactivat-
ing response to continued depolarization could have been a result of the
substantial ionic current flow causing K* efflux and shrinkage of the cell,
pulling the cell surface away from the cantilever. It was estimated that
observed K* currents could shrink the cell diameter by ~200 nm in 20 s.
Mosbacher et al. predicted that the influence of such currents might be
removed using K* channel blockers, nonconducting mutants, or by varying
the command pulse duration to minimize flux in favor of gating movements.
Additionally, because AFM cantilever deflections can be caused by topog-
raphy changes as well as from stiffness changes, these results could just as
easily have been owing to changes in membrane stiffness caused by alter-
ations of the transmembrane field. Flexoelectric movements are a new
source of contrast for imaging membranes.

Recently, Iwamoto et al. (97) used AFM and patch-clamp in parallel to
estimate the subunit stoichiometry in the VacA toxin, believed to form a CI~
channel. Patch-clamp data suggested that the channel is most likely a
hexamer. AFM data shows a central hexagonal ring surrounded by six
peripheral domains. Although neither experiment is conclusive on its own,
but taken together they strongly suggest a hexameric structure.
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Fig. 1. Flexoelectric effect. Flexoelectricity is the coupling of membrane curva-
ture with the electric field.

Most recently, Bett and Sachs (92) used the flat surface of an AFM canti-
lever to squeeze cells while simultaneously recording whole-cell currents.
A step displacement elicited a current that activated rapidly and then inacti-
vated. Although the position of the stimulus probe was accurately known,
the compliance of the cell wasn’t measured making it difficult to determine
whether the inactivating current was owing to adaptation of membrane ten-
sion (i.e., by cytoskeletal reorientation) or perhaps decreased stimulus force
owing to a plastic change in cell height. Using cytoskeletal reagents and a
complete AFM setup to monitor application force over time will clarify this
issue. This chapter illustrates that it is possible to mechanically stimulate a
cell using an AFM and simultaneously record whole-cell currents.

A summary of potential AFM/patch applications is listed in Table 1.

3. EXPERIMENTAL SETUP

We have developed a patch-clamp AFM that requires minimal modifica-
tions to commercially available products, allows independent use of either
technique, and is readily customized. Two approaches have been used for
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simultaneous AFM/Patch recordings. The first, used by Haberle et al. (30),
Horber et al. (37,73), and Mosbacher et al. (80,85), consisted of a fixed
probe and a scanned sample. The micropipette was mounted on a piezo
positioner, and after a patch was formed, the pipette (the sample) was moved
in a raster. This arrangement requires extra shielding of the patch pipette
from the high voltages applied to the piezo, a rigid coupling between the
piezo and pipette holder, and it limits the use of the AFM to samples that can
be held by a micropipette (also limiting the area of membrane than can be
imaged). The other arrangement was developed by Langer et al. (93). In this
approach, the piezo moved the cantilever while the pipette remained fixed
on a micromanipulator. This setup was built into an upright microscope and
required design of a special sample chamber. An inverted microscope is
better suited for AFM/patch-clamp because of clearance above the sample
for placement of pipettes and a perfusion system. Both of these setups used
custom designed AFM hardware, electronics, and software.

We chose to purchase an inexpensive commercial AFM (Nomad™,
Quesant Instrument Corp., Agoura Hills, CA 91301; www.quesant.com) that
came with extensive software and source codes, schematics and outputs of
key low-level signals. The Nomad is portable so the tip is scanned relative
to the sample. Our major alteration to the scope mechanics was a redesign of
the aqueous immersion scanhead. We created clearance for the patch pipette
and replaced the corrosion-prone metal components with a glass-coated
acrylic immersion cone (94). With this arrangement, the cantilever is held in
place using a small amount of adhesive (Kwick-Cast™, World Precision
Instruments, Sarasota, FL. 34240, www.wpiinc.com). This biocompatible
silicone elastomer cures in 5 min, allowing sufficient time for adjustment of
the tip position and can be peeled off the scanhead surface using a small
amount of ethanol (note that the front of our scanhead is protected by glass
so the ethanol is never directly in contact with the acrylic). We also replaced
one of the coarse positioning micrometers with a microstepping lead screw
(New Focus, Inc., Santa Clara, CA 94041; www.newfocus.com) to allow
higher resolution Z positioning.

Quesant’s customization package allows the user to manipulate the
instrument via external inputs, record the outputs and modify the source
codes, most of which are in Visual Basic. The Nomad has a coaxial optical
path so that the AFM’s descanning optics can also serve as a condenser with
an NA = 0.1 (Fig. 2) and can utilize the normal light source of an inverted
microscope. We have added a set of relay lenses to the illumination path to
improve phase-contrast imaging, although in practice there is sufficient con-
trast without these lenses (Fig. 2). High-resolution transmitted-light imag-
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Fig. 2. Image through AFM lens system. Illustration of image quality using 20x
objective and AFM lens system as microscope condensor. Picture shows AFM can-
tilever (right), micropipet (left), and HEK293 cell. Micropipet tip is ~2 microns in
diameter.

ing is not important because the cantilever always covers the region of inter-
est. Placing a green filter between the objective and the eyepiece allows
visualization of the AFM laser spot on the cantilever without being too
bright. Once the laser is focussed on the tip, we switch to a blue filter that
blocks all the laser reflections to improve video recording. A narrow band
filter can be placed in front to the photodetector to minimize interference
from room lights and the microscope illumination, although we have not
found this to be necessary in practice.

The key to any AFM setup is mechanical stability. It is important to sup-
port the entire apparatus on a vibration isolation table to reduce low-fre-
quency vibrations (1-100 Hz). If you are not working on the basement/
ground floor, you may also consider suspending a rigid table from the ceil-
ing with bungee cords that will provide inexpensive vertical and horizontal
isolation. Acoustical vibrations are the other primary source of parasitic
noise, and it is useful to purchase or build a sound-proof enclosure. The
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1/16™ Lead sheets

Acoustic Foam

Celotex

Solid-core plywood

Fig. 3. Acoustic box design. The box surrounds the vibration isolation table.
There is a small gap between the air table and the acoustic foam, allowing the table
to float freely. The base of the box can be sealed below the air table for complete
acoustic isolation. The gas cylinders must be oriented in this manner to allow easy
opening and closure of the box. A 4" piano hinge runs along the upper back edge of
the box. Two small holes were cut in the box for the fiber-optic cables and wires.
Lead sheeting was flapped over the holes and sealed with liquid foam.

enclosure simplifies operation during normal working hours as well as
removing air currents that cause low-frequency drift. Commercial acoustic
shrouds are expensive so we built our own (Fig. 3).

We made a five-sided plywood box that surrounds our air table, but stands
on its own feet. The top and front open up away from the user. We used gas
cylinder trunk lifts (NAPA Auto Parts, www.napaonline.com) to support
the top and make opening and closing the top gentle despite the weight,
~500 Ibs. The box consists of 5 layers (outside to inside): 1" solid-core ply-
wood, 1/16" lead sheeting (McMaster-Carr, Cleveland, OH 44101-4930,
www.mcmaster.com) Celotex acoustical ceiling tiles, 1/16" lead, and acoustic
foam (McMaster-Carr, Cleveland, OH 44101-4930, www.mcmaster.com).
Grounding the lead provides a Faraday cage. To further minimize mechani-
cal noise, it is important to stabilize all mechanical components coupled to
the AFM. The wing plates that hold the patch-pipette manipulator must be
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rigidly mounted to the body of the microscope. Because the micropipette
will be connected to the sample, the holder must be short and stiff (95). We
use 2" long micropipettes. If a standard pipette holder is used, we suggest
thick rubber gaskets to stabilize the micropipettes for drift and movement
with pressure/suction pulses. We prefer the capillary-coupled KCI pipette
holder (ALA Scientific Instruments, Westbury, NY, www.alascience.com
[96]). The goal of placing the manipulator relative to the AFM is to have the
cantilever and pipette opposite one another, reducing the risk of breaking
pipette tips and allowing maximum mobility of either apparatus throughout
the field of view.

The AFM, micropipette, and sample must be capable of independent
movement and we have used two different methods. In the first method (Fig.
4, setup 1), we built a 2" thick aluminum bridge that spans the body of the
microscope. The micrometer feet of the AFM fit into holes in the bridge to
secure it in place. These holes (a cone, a plane, and a groove) are kinemati-
cally arranged to prevent rotation of the base with rotation of the lead screws
while avoiding resting strain (Fig. 4). The bridge is actually a sliding stage
coupled to the microscope via vacuum grease so that the AFM axis can be
translated relative to the optical microscope stage. The sample (cover slip)
is translated or rotated on a commercial gliding stage (Nikon, Melville, NY
11747-3064, www.nikon.com).

The second arrangement (Fig. 4, setup 2) replaces the gliding bridge with
a separate x-y manipulator that translates the base of the AFM. Both
arrangements allow simple positioning with minimal machine work. It is
important that the micropipette manipulator has low drift and allows remote
control enabling work with a closed shroud. We use an MP-285 microman-
ipulator (Sutter Instrument Co., Novato, CA 94949; www.sutter.com) that
provides the additional benefit of programmable paths that permit placing
the micropipette under the cantilever without breaking the tip.

A good method for measuring system stability is to collect AFM tip height
data from a single point for 2—-3 min while operating the patch-clamp. We do
checks when the AFM probe is in contact with the bottom of the sample
chamber (a cover slip) and freely suspended. The standard deviation from
a Gaussian curve fit to the histogram of z heights gives the rms noise (in
our setup, the mechanical noise is below 3 A). Additionally, while the AFM
is scanning the surface of a cell or patch, the patch-clamp noise should be
monitored. By using a common ground for the patch-clamp and AFM, the
patch-clamp noise is ~600 fA in a 3kHz bandwidth. This noise is higher than
a standard patch recording because the shallow angle of approach places
more of the pipette under water increasing its capacitance.
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To optically visualize the sample with the acoustic enclosure shut, we use
an inexpensive (~$50) PCI frame grabber (Hauppauge Co., Hauppauge, NY
11788; www.hauppauge.com) connected to a CCD camera on the video port.
Hauppauge software allows us to view the image on the computer monitor.
We prefer LCD monitors to eliminate electrical noise from the flyback trans-
former. With this arrangement, we can simultaneously record AFM and light
microscopy images (transmitted and/or epifluorescence) directly to the hard
disk or to sVHS videotape. The pipette can also be visually repositioned
with the acoustic enclosure shut. In order to achieve similar control of the
AFM, we designed a Visual Basic Form that allows mouse movements to
position the AFM tip in x-y (available on our web site,
www.sachslab.buffalo.edu). The form records the x-y position so that the
experimenter can keep track of the locations where force-distance or other
one-dimensional measurements were made.

With the shroud closed, the temperature inside the box tends to increase
owing to the halogen and mercury light sources. This is a problem for stable
AFM operation so we moved both lamp housings outside the box and use
fiberoptics, either 1-mm quartz or 3-mm liquid-filled light guides (Oriel,
Stratford, Ct, www.oreil.com), to supply light to the microscope. Figure 5
shows the inverted microscope adapted with a fiber-optic input for transmit-
ted light. This is a true-to-scale representation of SETUPI, illustrating the
amount of room between the collecting lens on the inverted microscope and
the top of the AFM. Setup 2 offers even more room because we eliminated
the thick AFM glide stage. Figure 5 also shows other system modifications.

It is possible to use the unmodified Quesant software and manually con-
trol the patch-clamp. Alternatively, Quesant’s customization package adds 3
additional DACs and ADCs that can control the AFM and patch-clamp. We
use a third method, accessing the AFM’s electronics with a data acquisition
board (PCI MIO 16 E, National Instruments, Inc., Austin, TX, 78759-3504;
www.ni.com) using LabVIEW™ (National Instruments, Inc.), a graphical
programming environment for data acquisition. Our VI's (Virtual Instument
software) are available on our web page, www.sachslab.buffalo.edu. The VIs
control every aspect of our setup, including the patch-clamp, AFM, pressure
clamp, and perfusion system. The interface allows the user to select voltage
protocols to send to the patch pipette while simultaneously monitoring the
AFM photodetector outputs or, alternatively, sending waveforms to drive the
AFM probe in X, y, or z while monitoring pipette current. A modulating z
input can also be used for force application, elasticity measurements, or tap-
ping-mode imaging. AFM image data is recorded using Quesant’s software
and can be exported in many different formats.
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Fig. 5. Placement of the AFM in the optical axis of the inverted microscope.
Modifications to the system are highlighted in bold (scanhead, microstepper, and
mounting for the fiber optic).

It is important to visually observe cells while scanning, especially when
the cells are not flat, because the compliance of the cell is higher than the
cantilever and the cell can be observed to move visually when there is
little output from the photodetector. We use the softest cantilevers avail-
able, the 0.01 N/m from ThermoMicroscopes (the old Park Instruments;
Sunnyvale, CA 94089; info@thermomicro.com) to allow us to minimally
perturb the sample.

To further minimize the force, we designed and built new cantilevers (Fig.
6) (97). These cantilevers consist of a short hinge region that increases the
sensitivity of optical detection methods because motion at the tip is magni-
fied by 2 L/I, where L is the path length from the tip to the photodetector,
and I is the length of the hinge region. In commercial cantilevers with low
spring constants (~0.01 N/m), 1 can be ~ 500 um. For our cantilevers, I is 20
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30

10

0.1-1

Fig. 6. New cantilever design. All dimensions are in microns.

um. This allows us to increase our spring constant to reduce its thermal noise
without decreasing the sensitivity of the detection system

dz =VkgT | k

where dz is the cantilever displacement, k is cantilever stiffness, kg is
Boltzman’s constant, and T is temperature. Alternatively, the bandwidth can
be increased at the same static compliance.

4. VOLTAGE STIMULUS EXPERIMENTS

The new patch-clamp scanning force microscope was first used to study
the voltage dependent membrane movement reported by Mosbacher et al.
(80,85). As pointed out previously, transduction of mechanical inputs into
ionic signals is quite common for MSCs, but the converse, turning voltage
into movement, is rarely observed outside auditory outer hair cells (98). It is
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known that changes in the transmembrane electric field may cause changes
in the conformation of the lipid bilayer (87). A wide range of experiments
infer conformational changes of voltage-sensitive ion channels during elec-
trical stimulation, and Mosbacher et al. (1998) may have measured this
movement superimposed on the voltage-dependent background membrane
movement using HEK?293 cells transfected with the Shaker K* channels. To
perform measurements on single channels, the background voltage-depen-
dent movement of the membrane must be understood.

4.1. Methods
4.1.1. Electrophysiology and AFM

We used standard patch-clamp recording conditions. HEK 293 cells were
grown on acid-washed #1 glass coverslips 2 d before recording. The cells
were placed in a recording chamber and superfused with normal extracellu-
lar solution containing 167 mM NaCl, 5.6 mM KCl, 11 mM HEPES, 0.6 mM
CaCl,, 0.6 mM MgCl,, pH 7.4 (NaOH). Recording and ground pipettes were
filled with a solution containing 150 mM KCI, 10 mM EGTA, 5 mM HEPES,
pH 7.4 (KOH). The pipettes had tip resistances of 3—-5 M. Electrophysi-
ological recordings were carried out using an AXOPATCH-1B (Axon
Instruments Inc., Foster City, CA 94404, www.axon.com). LabVIEW VIs
were used to generate voltage pulses for the patch pipette and to record whole
cell currents and AFM tip movements. To follow the fast cell-movement
response, we used the AFM in constant height mode rather than constant
force that requires feedback. The photodetector signal was obtained directly
from the AFM’s electronic interface unit and passed through a tunable low
pass filter with the bandwidth set between 0.1 kHz and 1 kHz and digitized
at 25 kHz.

4.1.2. Experimental Procedure

The AFM was calibrated and positioned near the surface of a cell of inter-
est. To calibrate the distance vs photodetector (PD) output, we placed the tip
in contact with the cover slip and measured the piezo movement (previously
calibrated) to compensate for a known error signal. Probe sensitivity was
examined before and after each experiment and only if the values were simi-
lar were the data retained. The probe tip was then placed near the surface of
the cell. After measuring the pipette resistance, the pipette was advanced to
the cell making a gigaseal that was broken to create the whole-cell mode.
The AFM tip was then advanced toward the cell surface using the
microstepper until within the range of the piezo (~4 wm). The piezo was then
slowly advanced until reaching a prescribed contact force (in most cases <1 nN).
Alternatively, we sometimes used the Quesant engage form with feedback
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parameters set low (~50). The approach was extremely gentle so as not to
disturb the seal. Only cells with seal resistances of >2GS2 were used for
quantitative experiments to minimize series resistance artefacts. Different
voltage protocols were then sent to the voltage clamp while monitoring the
AFM photodetector voltage.

4.1.3. Results

Depolarization and hyperpolarization produced, respectively, outward
and inward movements of the membrane. Figure 7 shows the movement of
the cantilever requires touching the membrane. The movement varied lin-
early with the change in membrane potential (Fig. 8), but was insensitive to
the holding potential. The differential sensitivity was ~ 1A/mV calculated
from experiments where the mean contact force was ~0.7 nN (Fig. 8D). This
sensitivity is similar to the 4 A/mV reported by Mosbacher et al. (85), and 2
A/mV reported by Todorov et al. (87,88). The sensitivity increased with the
mean contact force and eventually saturated (Fig. 9). It is also important to
note that membrane movement and ionic current were uncorrelated, sug-
gesting the motor mechanism is not electro-osmotic.

In some cases, the movement response showed two time constants. These
time constants were independent of potential and the fastest one exceeded
that of the free cantilever in solution. (Note that the frequency response of a
cantilever depends on the compliance of the sample. On hard substrates the
cantilever is supported at both ends and the resonant frequency is approxi-
mately that of the second harmonic of the free cantilever. In free solution,
the lowest frequency response is the first harmonic. The frequency response
of the cantilever in contact with a deformable sample lies between these two
figures.) The slow response of the cells may represent viscoelastic relax-
ation of the cytoskeleton. We sometimes observed adaptation during a volt-
age step (Fig. 9A) that continued after removal of the pulse indicative of
plastic defomation (i.e., cytoskeletal modulation or lipid flip-flop).

4.1.4. Discussion

This work shows that the AFM can resolve sub-Angstrom movements
with sub-millisecond time resolution from intact cells under voltage clamp.
As suggested in Mosbacher et al. (85), the voltage dependent membrane
movement can be explained by flexoelectricity. The equations for
flexoelectricity predict a movement on the order of ~1 A/mV. We are cur-
rently in the process of studying the origin of the two time constants and the
adaptation using cytoskeletal reagents.

The flexoelectric effect provides a unique method for determining the
contact force while scanning cells. At low forces, the fit of the data in Fig.
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9B, is F(nN) = 2.6*2‘(A/mV), where F is the mean force and Z' is the volt-
age sensitivity. A modulating voltage provides an exquisitely sensitive mea-
sure of the applied force. A phase lock amplifier tuned to the carrier signal
will reduce the random noise dramatically because it is only sensitive to a
narrow frequency band and only to a defined phase within that band. In our
setup, with the phase lock tuned to S00Hz and a bandwidth of 15Hz, the
noise level is equivalent to 10fN! The flexoelectric effect offers the possi-
bility of producing AFM images via a new contrast modality, with extremely
low contact force and still maintaining the high lateral resolution of contact
mode imaging.

A long-range goal is to link covalently the AFM tip to a movable part of
the extracellular domain of a cloned voltage-sensitive channel while apply-
ing voltage protocols in order to measure voltage-dependent movements of
the channel. If we can record both movement and channel current from a
molecule, we may be able to separate states that are aggregated in either
modality alone; i.e., all closed states do not have the same conformation.

Preliminary work shows that there are few free sulthydryl groups on the
cell surface so that cysteine mutants can in principle be detected. We have
measured the adhesion strength between a cantilever tip labeled with a
maleimide linker and a cover slip with free sulthydryl groups. We have
also measured the adhesion between chemically modified tips and active
groups on the cell surface.

4.1.5. Preparation of Cantilevers with Sulfhydryl Groups

Silicon nitride cantilevers (ThermoMicroscopes, Sunnyvale, CA 94089;
www.park.com) were cleaned in a cationic surfactant substitute for dichro-
mic acid (10% RBS-35, Pierce Chemical, Rockford, IL,
www.piercenet.com) for 15 min, concentrated HNO; for 15-30 min, and
rinsed with deionized water and ethanol. 3-mercapto-propyl-trimethoxy-
silane (United Chemical Technologies, Bristol, PA 19007,
www.unitedchem.com) films were formed by immersing the chips in 94%
acidic methanol (0.15 M acetic acid), 3.7% H,0O and 2.3% saline for 30 min
at room temperature under nitrogen, followed by three rinses with absolute
ethanol and drying with nitrogen. The cantilevers were then stored under
nitrogen until use. Sulfhydryl groups we attached to cover slips using simi-
lar procedures.

4.1.6. Preparation of Cantilevers with Active Maleimide Linkers

Cantilevers were cleaned as above. The cleaned tips were immersed into
a solution of 1% (3-aminopropyl) triethoxysilane (APTES, Aldrich, Mil-
waukee, WI 53233, www.sigma-aldrich.com) in ethanol for about 30 min at
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room temperature under nitrogen, followed by three rinses with absolute
ethanol times and drying under nitrogen. The cantilevers were then put into
a 5 mM solution of the hetero-bifunctional crosslinker (NHS-PEG-MAL,
Shearwater Polymers Inc., Huntsville, AL 35801, www.swpolymers.com)
in a 1:4 DMSO/ethanol mixture for 2 h under nitrogen. The tips were again
rinsed with ethanol three times and dried with nitrogen. The tips were then
stored under nitrogen until use.

4.1.7. Chemical Modification of HEK293 Cells

We added free maleimide groups to the extracellular surface of intact
HEK?293 cells for testing local compliance using SH-derivatized cantile-
vers. We incubated the cells in a 5 mM solution of the hetero-bifunctional
crosslinker (NHS-PEG-MAL, Shearwater Polymers, Huntsville, AL 35801,
www.swpolymers.com) in PBS, pH 7.4, for 1-2 h. The cells were then rinsed
three times with PBS.

4.1.8. AFM Procedure

The AFM tip was advanced into the sample to a contact force ~1 nN. The
tip remained in contact with the sample for a defined period of time, 30-120 s.
As the tip was withdrawn from the surface, we tracked the photodetector Z
voltage looking for deflections associated with forming and breaking bonds.
Tips with NHS-PEG3400-MAL linkers were tested on coverslips with free
sulthydryl groups. The force curve (Fig. 10A) shows a large negative peak
as the cantilever is pulled away from the surface, and several smaller nega-
tive peaks appear after further withdrawing the tips. The step-like force
change relaxing the cantilever about 0.5—1 nN, which is likely to correspond
to the breaking of a single covalent bond. It is important to point out that the
step-like force change only appears when the tip sits on the surface for more
than 30 s. If the tip is withdrawn immediately after making contact, there is
no specific adhesion and the force curve looks like Fig. 10B. This curve is
similar to that observed with plain coverslips. These results suggest that the
association rate for making covalent bonds between the functionalized tip
and coverslip is significant, in practice requiring tens of seconds to minutes.
Obviously ligand-binding densities will also play a role in association kinetics.

To pull on membrane proteins, we added MAL groups to the cell surface.
We treated HEK293 cells with NHS-PEG-MAL in PBS solution at pH 7.4.
The reaction-linked amino groups on the cell surface to the NHS group of
NHS-PEG-MAL, producing an active maleimide group. Figure 11 shows
the cantilever response when the tip, with free sulfhydryl groups, was
retracted after contacting the surface of the modified cells for >30 s. Because
the cells are much softer than the coverslip, the negative peak is broad. More
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Fig. 10. Force spectroscopy on functionalized cover slips. (A) shows the retrac-
tion force curve of a maleimide linker attached to the cantilever tip and SH groups
on a cover slip after a 60 s reaction time. (B) is the force curve after < 30 s contact.
The minimal adhesion is similar to unfunctionalized cover slips.
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Fig. 11. Force spectroscopy on functionalized HEK cells. Retraction force curve
of SH activated cantilevers bonded to HEK cells labeled with maleimide linkers.

importantly, the force curve contains several step-like changes similar to the
covalent binding of the cantilever to the sulfhydryl groups on the coverslip.
As a control experiment, we also examined the force curve when the cantile-
ver was immediately withdrawn after touching the cell surface, giving little
time for a reaction. This response was showed no step-like changes in the
force curve. It should be possible to form a covalent bond between a specific
sulthydryl group, i.e., cysteine, and a maleimide linker. Once this attach-
ment is made, we can track dimensional changes of a specific molecule.

5. CONCLUSIONS

The combination of AFM and patch-clamp can, in principal, allow us to
record two dependent variables from the same single molecule. Simulta-
neous recording by both instruments allows the necessary time correlations
for understanding the causal relationship of the kinetics as well as providing
fundamental physical parameters. We look forward to using force and volt-
age as independent sources of free energy to study channel and membrane
biophysics.
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Localizing Ion Channels with Scanning Probe
Microscopes: A Perspective

Daniel M. Czajkowsky and Zhifeng Shao

1. INTRODUCTION

It is now widely appreciated in cell biology that there are two significant
modes, beyond synthesis and degradation, by which the cell can regulate its
enzymes: covalent modification and subcellular localization. The former
mode may be studied with isolated components, and so may be investigated,
to great detail, under a variety of well-controlled conditions. However, the
localization of proteins must be studied within the context of the more com-
plicated environment of a cell, and as such, is much more technically chal-
lenging. Clear examples of the importance of the subcellular location of
proteins on the proper functioning of a cell is well-known in the membrane
channel field, with the clusters of channels in the opposing membranes of a
synapse or the aggregates of channels within the nodes of Ranvier. How-
ever, as studies of rafts (domains within the plasma-membrane-enriched in
selected lipids and proteins //]) have demonstrated, active control of the
spatial distribution of membrane proteins, lipids, and cytosolic components
at the level of the plasma membrane is likely to be a general mechanism
underlying many cellular processes.

Scanning-probe microscopes (SPMs) provide a new repertoire of tools to
investigate the surface structure and distribution of biological macromol-
ecules (2,3). These instruments generate images of a given sample by a fun-
damentally different mechanism than traditional microscopes: rather than
relying on a combination of lenses (and thus subject to the limitations pre-
scribed by wave optics), images are produced by detecting the local tip-
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sample interactions as a very sharp tip raster scans in close proximity to the
specimen. The most commonly used microscope of this family is the atomic
force microscope (AFM) (4), where the tip is usually the apex of a glass-
like Si;N, pyramid affixed to one face of a very soft cantilever. Operated
in the contact mode, the submicroscopic changes in the topography of the
sample cause the scanning cantilever, which is in direct contact with the
sample, to deflect accordingly, and by monitoring these deflections, the sur-
face contour of the specimen can be determined. Because the most common
scheme to detect these deflections (by reflecting a laser off of the opposite face
of the cantilever) can be performed as well in liquid as in air, there are few
restrictions to the possible imaging environments for this type of instrument.

The AFM would thus appear well-poised to provide information about the
distribution of channels and other components in cellular membranes under a
host of biologically relevant conditions. There are, however, two limitations
that have precluded the widespread application of the AFM to this end: the
difficulty to identify a particular set of molecules from within a heteroge-
neous field based on topography alone and the inherent softness or flexibility
of living cells. The former might be circumvented, as will be discussed later,
using specific labels that can be easily recognized by the AFM, but the latter
appears to be a more serious limitation: the sample must be sufficiently rigid
and laterally immobile to be able to deflect the tip significantly. However, as
is well known, the plasma membrane of an intact cell is easily deformed and
its membrane proteins are highly mobile. As a consequence, most of those
AFM studies that have successfully imaged membrane proteins within a cell
surface have studied cells under conditions where they are more rigid and less
responsive to the lateral forces of the tip; namely, the cells have been imaged
in air or at cryogenic temperatures. These studies, still, have provided infor-
mation at exquisite resolution that has been either suggested or verified using
less direct but more physiological assays. Yet it is because of this difficulty
that this chapter will not only describe some of the more interesting and use-
ful results that have been achieved with AFM at its current stage of techno-
logical development, but will also, in the end, describe other imaging modes
and other SPMs that will likely prove useful in those studies specifically
designed to localize ion channels within the cellular membrane.

2. DISCRIMINATION BASED ON TOPOGRAPHY
2.1. Room Temperature AFM

In most cases, there is really only one, at times difficult, step to prepare
samples for AFM: adsorption of the specimen to a very flat substrate. After
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this is achieved, the sample is then simply placed either on a piezo-stage
(beneath a stationary cantilever) or under a scanning cantilever (above an
immobile stage), depending on the brand of microscope.

The most commonly used substrate for AFM is the atomically flat and
slightly negatively charged surface of mica. Charged biological samples
often adsorb either directly to mica or to a mica substrate first coated with
polylysine or spermidine (a simple incubation with a ~1 mM solution of
either cationic molecule followed by a thorough wash with water and drying
in air). Owing to this dependence on electrostatic interactions, it may be
necessary to scan quickly a few samples under different salt concentrations
to determine if a particular ionic composition will be critical for imaging.
For those samples that do not adhere well to mica, there are a few recent
studies that have fabricated new, reasonably flat substrates (polyvinyl phe-
nyl ketone) and furan polymers with surface roughness features of 0.3 and
0.15 nm rms, respectively /5]) and others that have used the more hydro-
phobic HOPG graphite surface (6,7). In addition, there is also an earlier
report describing procedures to link covalently several biological samples
to a functionalized substrate (8).

Figure 1 is an example of the higher level of resolution that may be
achieved in solution with AFM, here of the hexameric chloride channel from
Helicobacter pylori, VacA, reconstituted into a pure lipid bilayer (9).
Although its mechanism of incorporation into membranes has yet to be fully
described, it is likely that VacA, a water-soluble oligomer at neutral pH,
binds to membranes as a monomer at low pH, and then rapidly self-
assembles into transmembrane hexamers. To prepare these samples, the lipid
bilayer was first deposited onto mica using a Langmuir trough and the pro-
tein was then added directly to the bilayer. Figure 1A shows the resulting
randomly distributed ensemble of VacA rings within the supported bilayer
that is routinely produced by this method. Higher resolution images were
difficult to achieve with these samples, likely owing to the high lateral
mobility of the membrane protein in the bilayer. Interestingly, neutralizing
the pH was sufficient to induce two-dimensional (2D) crystallization of these
hexamers, and the patches of crystal could be imaged to a much higher reso-
lution (Fig. 1B). The best resolution that has been achieved with these samples
is ~8 A (D.M.C. and Z.S., unpublished results), which is among the highest
obtained of 2D crystals of membrane proteins by AFM to date (10,11).

This level of resolution was possible not only because of the close-packed
nature of the sample (a common property among the high-resolution images
published so far /3]) but also because of the high level of rigidity of the mica
substrate immediately below the bilayer. When a similar protein-rich mem-
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Fig. 1. High-resolution AFM images of the hexameric chloride channel from H.
pylori, VacA, in pure lipid membranes (9). (A) The addition of water-soluble VacA
proteins to supported membranes at low pH produced a sample characterized by a
random distribution of VacA rings associated with the bilayer. (B) Subsequently
neutralizing the pH to ~7.0 induced the formation of 2D crystals of these VacA
hexamers, which were imaged to greater detail. The inset is a processed image,
including a line diagram illustrating a single hexamer within the crystal.

brane is not immediately supported by a rigid substrate (as is the case when
imaging proteins within the membrane of an intact cell), it has been difficult
to resolve unambiguously individual membrane proteins.

Figure 2 is a state-of-the-art image of the surface of a live cell in solution
in a study designed to investigate the mechanical properties of the cell as it
moves (12). These cells were simply plated on a Petri dish and imaged in
growth medium. The image, however, was obtained in the deflection mode,
where, although the tip still follows the sample topography, the contrast pre-
sented depicts the magnitude of height changes, and thus emphasizes edges
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Fig. 2. State-of-the-art AFM image of a living 3T3 fibroblast (/2). This image
was generated with the deflection mode, which highlights edges within the sample.
Although the stress fibers at the leading edge of the cell can be clearly discerned in
this image, individual membrane proteins are difficult to identify, likely owing to
the softness of the cytoplasm. Image courtesy of Dr. M. Radmacher.

within the sample. As can be seen in this image, the stress fibers beneath the
intact membrane are clearly observed at the leading edge of the cell but
there is no contrast easily interpretable as membrane proteins, undoubtedly
in large part because of the softness of the cytoplasm.

In general, membrane proteins may be observed with an AFM in cells
that have been first fixed and then air-dried. As originally demonstrated by
Jovin and co-workers (13), a recent study showed that the surface distribu-
tion of membrane proteins (here, the HLA class I and II molecules) could be
investigated by AFM in conjunction with electron microscopy (EM) (74).
These proteins were distinguished over similarly shaped structures in the
topographs with the use of 15- or 30-nm gold-labeled antibodies. By com-
paring the average distance between these labels with that predicted strictly
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from a completely random distribution, the authors concluded that HLA
class II molecules were clustered at the surface of the T- and B-lymphoma
cells.

The advantage of using electron-dense gold labels in EM is clear; the use
of similar labels in AFM, although helpful to compare directly with EM,
does not take full advantage of surface contour information provided by the
AFM. Although such large labels can be detected by AFM, there is still, in
the end, a problem with distinguishing between these labels and surface
structures of a similar size, even with the proper controls. A perhaps more
useful set of labels for AFM would be those with an easily identifiable shape,
say aring or a star, which could likewise be attached to antibodies directed
against specific surface proteins. Such labeling has yet to be developed but
should be possible using, for example, appropriately designed polymers or
monocrystals (15).

It should be mentioned that there was one report (/6) investigating exo-
cytosis at the apical cell surface of isolated pancreatic acinar cells, where in
addition to observing several pits (which were, interestingly, approximately
the diameter of dislodged microvilli [17]), the topographs were character-
ized by a random distribution of globular protrusions of various sizes across
the membrane. Although the authors were primarily investigating the
changes in diameter of the pits during exocytosis and did not further charac-
terize these heterogeneous protrusions, it may be that a study of such a sur-
face with antibodies or labels against specific ion channels may reveal a
nonrandom distribution, perhaps associated with the edges of the pits. The
apical surface of these cells is distinguished by an extensive cytoskeletal
network immediately below the cell membrane, which may provide the
mechanical support to image membrane proteins under solution.

Further along this line of thought, an earlier study (/8) claimed that the
plasma membrane of living cells should actually appear stiffer when using
AFM in the tapping mode (/9-21) (also called intermittent or AC mode in
the literature). In this mode, the cantilever oscillates vertically while scan-
ning, so that the tip contacts the sample for only a brief time during each
cycle. This intermittent tip-sample interaction reduces the lateral force
imposed by the tip on the specimen during scanning, and hence this mode is
better suited for samples that are too laterally mobile for contact-mode
imaging. This brief tip-sample contact also reduces the oscillation ampli-
tude, and by monitoring the amount by which the sample must be raised or
lowered to maintain a predetermined reduction in this amplitude, the topog-
raphy of the sample is determined. According to this earlier report (18),
after bringing the tip into contact with the sample, a sudden further displace-
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ment of the sample at first deflected the cantilever by a similar amount as
the sample was raised, as would occur if the sample was incompressible.
Over a timescale of milliseconds though, the deflection of the cantilever
decreased and then reached a plateau. As a result, the authors argued that for
a tip-sample contact time of less than 1 ms (as in the case of the tapping
mode) the cell membrane would appear to be a hard surface, and that it is
only for longer contact times that the softness of the cytoplasm becomes
significant. These results suggest that there may be a set of imaging param-
eters in the tapping mode that might best allow an opportunity to resolve
individual protein components within the membrane of a living cell. How-
ever, the effectiveness of this approach remains to be demonstrated.

2.2. CryoAFM

This requirement for a mechanically robust biological sample was the
impetus to develop an AFM that could image biological specimens at cryo-
genic temperatures, where it was believed such samples would become more
rigid. Although there were several prototypes, only one has been success-
fully applied to biological samples (22-24). This successful design involves
suspending a specially designed AFM above a large pool of liquid nitrogen
within a Dewar. By adjusting the distance between the microscope and the
pool, the temperature may be changed from room temperature down to ~79K.
A remarkable aspect of this design is that, because contaminants accumulate
over time at the coldest location (the pool of liquid nitrogen in this
cryoAFM), the sample in the microscope actually becomes cleaner with time.

A typical sample is prepared at room temperature within a sealed box
perfused with nitrogen gas. After depositing a small volume of the sample
onto mica, the specimen is rinsed, usually with a low ionic-strength buffer
to prevent excessive deposition of salt. The solution is then dried with a
stream of nitrogen gas, and subsequently lowered into the suspended AFM
within the Dewar. This simple sample preparation procedure has proved
quite versatile; all biological samples, from multisubunit proteins to chro-
matin and whole cells, that have been prepared in this way, have been imaged
by cryoAFM. In fact, samples which did not bind to mica with sufficient
strength for room temperature AFM have been adsorbed tightly enough fol-
lowing the aforementioned procedure for cryoAFM (24).

Figure 3 shows cryoAFM images, taken in the contact mode, of a rabbit
red blood cell membrane, first lightly fixed with glutaraldehyde (0.05% for
a few seconds) to prevent cell lysis during the rinse with the low ionic-
strength solution (23). The characteristic dimple within the large structure
in Fig. 3A clearly identifies the cell within the field. Imaging the cell surface
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Fig. 3. CryoAFM images of rabbit erythrocytes (23). (A) A large-scale image
shows two cells within the field, each with the characteristic dimple. (B) A smaller
scan-size image of the cell surface reveals linear clusters of 5-7 nm protrusions
across the membrane. How these are related to the underlying cytoskeleton has yet
to be determined.

at a higher resolution (Fig. 3B) revealed a series of linear clusters composed
of ~5—7 nm globular protrusions scattered across the surface. A recent theo-
retical analysis suggested that the cytoskeletal network beneath an erythro-
cytic membrane should produce a barrier to membrane proteins (25).
Interestingly, the accumulation of membrane proteins at these barriers (por-
trayed in this recent report) resembles the punctate pattern observed in this
cryoAFM image. How these surface structures in the cryoAFM images relate
to the underlying cytoskeleton has not yet been thoroughly investigated. This
initial study, though, clearly shows that even at this early stage of develop-
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ment, cryoAFM possesses the resolving power to localize membrane proteins
within the native cellular membrane to a resolution of better than 10 nm.

Furthermore, future technical developments will undoubtedly improve
the capability of cryoAFM for investigating cells. For example, it should
be possible to include a quick freeze/deep etching chamber within the
cryoAFM, which may not only allow the native cellular surface to be probed
without the use of chemical fixation, but should also, with controlled frac-
ture and etching, permit investigations into the underlying cytoskeletal
arrangements. In addition, the resolution that can be achieved with cryoAFM
has been steadily improving and will likely continue to do so. At the moment,
3-5 nm resolution can be routinely obtained with individual proteins or com-
plex molecular assemblies. With the use of nanotube tips (26,27) or by
implementing different AFM modes, it is anticipated that the imaging
power of cryoAFM can be improved to better than 10 A.

3. DISCRIMINATION BASED ON TIP-SAMPLE
INTERACTIONS

The earlier discussion centered almost entirely on the use of AFM to pro-
vide high-resolution topographic information of biological samples. How-
ever, changes in the sample contour need not be the only mechanism by
which contrast is generated with an AFM. This section describes some of
the other imaging modes that may be useful when applied to imaging intact
cell surfaces in solution.

Ion channels are likely unique among membrane proteins in possessing
extra-membranous, highly charged vestibules, which are believed to enhance
the accumulation of permeating ions (28,29). Spatially resolving the charge
distribution over the cell surface may thus allow the identification of ion
channels. Early on, it was recognized that the SisN, tip used in a typical
AFM is actually slightly negatively charged at neutral pH (30). Two recent
studies have exploited this property to generate a map of the relative charge
distribution of biological samples in solution (3/,32).

The set of images depicted in Fig. 4, taken in the tapping mode, reveal
high-resolution images of DNA bound to positively charged bilayer, which
is directly adsorbed onto the mica substrate (3/). The contrast in Fig. 4A is
topographic, whereas that in Fig. 4B is predominantly electrostatic. Notice
that in Fig. 4B, the mica substrate and the polyanionic DNA are both bright
relative to the cationic bilayer. Although not fully understood, the electro-
static information is provided by monitoring the time delay between the can-
tilever oscillation and that of the driving source, often referred to as the
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Fig. 4. Tapping-mode AFM images of DNA bound to a positively charged lipid
membrane that is adsorbed to the negatively charged mica substrate (37). (A)
Topographic image generated by analyzing the change in the oscillation amplitude
of the cantilever during scanning. (B) Phase-mode image, obtained simultaneously,
reveals the surface charge distribution of the sample to a similar resolution as the
topographic image.

phase mode (which should not be confused with phase imaging in an optical
microscope). This phase-imaging capability is now a standard feature on
many commercially available AFMs. Even though there are many unknown
variables, such as exact tip size and charge, which makes quantitation of the
observed charge density challenging, it should be possible to determine rela-
tive differences in local charge densities within the same sample or to
observe changes in the magnitude of electrostatic interaction at one region
over time. Because the strength of this interaction is dependent on ion con-
centration (through the strength of screening), an exciting possibility of this
imaging mode is to identify the changes in the local ion concentration over a
cluster of channels while they are opening and closing.

This electrostatic interaction between the tip and sample can also be
determined by monitoring the deflections of the cantilever at a single x,y-
location while the sample is raised and lowered, in the so-called force mode.
The long range nature of the electrostatic forces perturb the tip at distances
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greater than direct, van der Waals contact. By analyzing the extent of canti-
lever deflection at different concentrations of salt while scanning the sample,
in a procedure referred to as D-minus-D imaging, it is possible to character-
ize the relative charge distribution of biological samples in solution (32).
Although this method does not yet have the resolution comparable to that of
the phase images, it has the advantage of being able to better quantitate the
relative charge density.

This reliance on the force curve to map out different regions of the sample
is also at the heart of a technique called force mapping (33,34). Derived
from the initial investigations by Gaub and others (35-39), this method
involves adsorbing a particular ligand (or antibody) directly to the tip and
scanning the functionalized tip over a sample containing the appropriate
receptor (or antigen). For those regions of the sample where the receptors
are suitably oriented with the labeled tip, there is an increased interaction,
and by monitoring the extent of this interaction across the sample, the distri-
bution of the receptor or antigen is determined. It may also be possible to
use antibodies or other labels (for example, specific toxins) that would react
with only a particular state (say the open state) of a channel so that a map of
the channels only in this state may be generated.

This force mapping was recently demonstrated using a tip labeled with
antibodies against lysozyme to probe a sample of the protein adsorbed onto
mica (34), as shown in Fig. 5, obtained in the tapping mode. In Fig. 5A, a
typical topographic image is presented showing little contrast owing to the
extremely dense multilayered (and hence likely soft) sample. In striking
contrast, images of the same sample with the antibody-labeled tip were char-
acterized by a particulate pattern of various sized bright spots (Fig. 5B). The
increased interaction between the appropriately oriented antigen-antibody
pair reduced the amplitude of cantilever oscillations as would a thicker
region (in the usual tapping mode), and so, like the thicker region, produced
a brighter region in the image. The addition of free antibody to the solution
resulted in a reduced contrast, consistent with the contrast being predomi-
nantly determined by the specific antibody-antigen tip-sample interaction
(Fig. 5C). This mechanism of determining the distribution of specific pro-
tein molecules is in its infancy, but the ability to localize ion channels should
be already possible.

It should be mentioned though that labeling of the tip in a well-defined
manner is still technically challenging, and moreover, it may, in the end, be
difficult to unambiguously distinguish between specific and nonspecific
interactions (which might both be changed when the labeled tip binds to free
antigen). Use of better chemically defined tips (such as nanotubes [26,27])
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and careful controls, such as a range of antibodies to the specific protein,
should prove useful in this regard.

4. OTHER SCANNING PROBE MICROSCOPES

Both the successes and shortcomings of the AFM in biology have fueled
the development of other, less perturbing SPM modalities. One with great
potential in the study of cells is the near-field scanning optical microscope
(NSOM) (40). Here, a very small tapered optical fiber is scanned over a
fluorescently labeled specimen. Light emitted from the end of the fiber illu-
minates only the local region of the sample immediately below the end of
the fiber, thereby surpassing the diffraction limit of traditional optical
microscopy. By scanning such a light source at a constant height above the
sample, the distribution of appropriately labeled surface molecules can be
determined to a resolution of ~50—-100 nm or even better (4/). Methods to
label specific proteins as well as to detect fluorescence from single mol-
ecules are highly advanced and can be combined to provide unparalleled
identification of proteins within the cellular membrane. The most challeng-
ing aspect about the use of this technique for solution studies is finding a
reliable method by which the distance between the optical probe and the
sample surface can be controlled. Without such a method, the image would
reflect, in an unknown manner, both the spatial distribution of fluorophores
as well as the local sample height variations (because those fluorophores
closer to the tip would receive greater illumination). At the moment, the tip-
sample distance is determined in most investigations by monitoring the reso-
nant amplitude of the fiber driven laterally, which decreases markedly when
the tip experiences an increased shear force near the surface of the sample.
Although the distance may be controlled with this method to subnanometer
resolution in air, the sensitivity is much worse in solution owing to the much
greater viscosity. Consequently, when imaging in solution with this shear-
force height detection scheme, both the tip and the sample are usually irre-
versibly damaged shortly after engagement.

Yet, the images in Fig. 6 demonstrate the power of such a microscope
even when imaging in air (42). Figure 6A shows the topographic image of
the cell surface determined by monitoring the changes in the shear force on
the cantilever. The image in Fig. 6B shows the distribution of a fluorescently
labeled lipid (Biodipy-PC), whereas that in Fig. 6C reveals the distribution
of fluorescent antibodies against the class I MHC molecules. By analyzing
such images, the authors were able to not only determine the average cluster
size of each of the labeled species but to also determine the degree of corre-
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lation of the two types of domains. Similar studies with two different mem-
brane proteins have also been performed to a resolution of better than 100 nm
(43). These results foster the hope that, when it becomes possible to image
in solution, the distribution of many different components of the cell mem-
brane may be simultaneously visualized in real time to a resolution of better
than 50 nm.

Another SPM that has not achieved popularity but may be well-designed
for imaging live cells is the scanning ion conductance microscope (SICM)
(44,45). In this instrument, the tip is made of a small pipet that can be pulled
by commercially available instruments to various sizes with high reproduc-
ibility. The current through this pipet is monitored while scanning over the
sample. Because the conductance drops sharply near a surface (owing to the
more restricted pathway for ion movement), this mechanism of monitoring
height variations is quite powerful. The image in Fig. 7 shows murine mel-
anocytes imaged by such an instrument with a pixel resolution of 100 nm
(45). 1t is likely that by stimulating the opening of selected ion channels
within the cell surface, the distribution of these channels could be clearly
identified with similar resolution.

These solution-filled pipets are transparent to light from near IR to near UV.
If the outer surface of such a pipet is coated by a light opaque material, such as
aluminum, it should be possible to use these coated pipets as a light conduit to
guide the light to the tip for use as a near field optical probe (Fig. 8) (46). Thus,
such an instrument would be an NSOM with a height regulator provided by the
change in current through the pipet, which should allow routine operation in
aqueous solution. The optical and topographical resolution of such a design
would ultimately depend on the ability to manufacture small apertures. The stan-
dard pipet puller should be able to produce probes as small as 50 nm, although
nanofabrication of the pipets may improve this even further.

In addition to straightforward optical imaging, such a system can also be
used to perform fluorescence resonance energy transfer (FRET) imaging
(47). For this purpose, the opaque coating on the pipet would not be neces-
sary; the tip can be labeled with the acceptor and the sample can be labeled
with the donor, with the light source provided by epi-illumination. It should
be possible, with such an instrument, to observe conformational changes in
a donor-labeled channel, in addition to determining its spatial distribution
across a cell surface.

Another extension of this idea is to use multibarrel pipets as the probe. In
this case, one of the barrels can be used as the height control, while the
others can be adopted to collect other signals. For example, one barrel can
be filled with a carbon fiber, which, as has been demonstrated (48), can be
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Fig. 7. SCIM image of living murine melanocytes (45). By monitoring the cur-
rent through a small pipet scanned in close proximity to the sample, images of cell
surfaces can be determined to a pixel resolution of 100 nm. The distribution of open
ion channels within the plasma membrane should also be possible with this
approach. Image courtesy of Dr. Y. Korchev.

used to detect small concentrations of catecholamines. Alternatively, the
end of a different barrel may be covered with a membrane containing a chan-
nel (such as the glycine receptor) that is gated by a secreted molecule, so
that changes in the current within this barrel would simultaneously identify
the particular locations of secretion. The spatial resolution with such a device
may not achieve values better than 200 nm, but these additional signals may
provide a direct, more complete and variegated description of cellular events
than is hitherto possible.

5. PERSPECTIVES

At the moment, the most commonly used SPM in biology, AFM, although
capable of incredibly detailed images of rigidly supported samples in solu-
tion, does not appear capable of resolving, in the contact mode, individual
proteins within the plasma membrane of living cells (except perhaps in a
few cell systems). This difficulty, undoubtedly, is predominantly owing to
the softness of the cytoplasm. Although the technology continues to develop
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Fig. 8. Schematic diagram of a combined NSOM-SCIM (46). The glass pipet
used in SCIM can be converted into a conduit for light by coating it with a light
opaque material such as aluminum. The small aperture at the end of the coated
pipet can then be used as an NSOM probe, where the sample height is monitored by
the ionic conductance through the pipet. High resolution near-field optical imaging
should thus be possible in solution. For FRET-NSOM, the metal coating is not
required.

(including the recent construction of small cantilevers that are expected to
allow similar resolution at a much shorter acquisition time [49]), it is not
clear if these improvements will, in the end, allow imaging with the lighter
forces necessary for cellular specimens. The early suggestion of a stiffer
cellular membrane when using the tapping mode should be studied further,
as there may indeed be particular technical parameters (for example, oscil-
lation amplitude and frequency as well as rate of scanning) that may make
the imaging of these samples possible.

However, as discussed here, there are four more promising approaches to
obtain such information using an SPM. First, force mapping with the AFM
appears to be best poised to localize ion channels within the membrane of
intact cells to high resolution. The methods to label the tip and to prepare the
cells are both established, and so it is likely only a matter of time before
results begin to accumulate with this approach. Secondly, the recently
developed SICM (though not yet commercially available) can generate
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images of live cells by a mechanism that is dependent upon a property which
ion channels can change: the local extracellular concentration of ions. Hence,
this approach seems perfectly suited to detect the opening of ion channels,
as well as their distribution within the cell membrane. Thirdly, contact-mode
AFM imaging of cells in air or at cryogenic temperatures using appropriate
labels has already been demonstrated to be a reliable technique for deter-
mining the spatial distribution of membrane proteins. Future developments,
particularly with the cryoAFM, will likely not only reveal ever more de-
tailed information about the distribution of proteins at the cell surface, but
also how this organization is related to the underlying cytoskeleton as well
as to the other structures deeper within the cell.

Yet the most effective of the SPMs in investigations of cell surfaces, com-
bining better than 100 nm resolution with the simultaneous identification of
many different cellular components, is likely going to be the NSOM. The
images obtained in air already surpass the resolution possible with conven-
tional optical microscopy. The conversion of the pipet used in SICM to one
capable of locally emitting light may produce an instrument that is, at last,
sufficiently powerful to illuminate the entire cellular membrane of living
cells with single-molecule resolution.
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