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Preface

Plants continually gather information about their environment. Environmental
changes elicit various biological responses. The cells, tissues, and organs of
plants possess the ability to become excited under the influence of environ-
mental factors. Plants synchronize their normal biological functions with their
responses to the environment. The synchronization of internal functions,
based on external events, is linked with the phenomenon of excitability in plant
cells. The conduction of bioelectrochemical excitation is a fundamental prop-
erty of living organisms.

The conduction of bioelectrochemical excitation is a rapid method of long
distance signal transmission between plant tissues and organs. Plants
promptly respond to changes in luminous intensity, osmotic pressure, tem-
perature, cutting, mechanical stimulation, water availability, wounding, and
chemical compounds such as herbicides, plant growth stimulants, salts, and
water potential. Once initiated, electrical impulses can propagate to adjacent
excitable cells. The bioelectrochemical system in plants not only regulates
stress responses, but photosynthetic processes as well. The generation of elec-
trical gradients is a fundamental aspect of signal transduction.

This book consists of a historical introduction to plant electrophysiology,
and two parts. The first one deals with the methods in plant electrophysiol-
ogy. Seven chapters present methods of measuring the membrane potentials,
ion fluxes, transmembrane ion gradients, ion-selective microelectrode meas-
urements, patch-clamp technique, magnetic measurements, new solid state
microsensors and electrochemical sensors. The second part deals with exper-
imental results and theoretical interpretation. All chapters are comprehen-
sively referenced throughout.

Green plants are a unique canvas for studying signal transduction. Plant
electrophysiology is the foundation for discovering and improving biosensors
for monitoring the environment; detecting effects of pollutants, pesticides, and
defoliants; monitoring climate changes; plant-insect interactions; agriculture;
and directing and fast controlling of conditions influencing the harvest.

I am grateful to my colleagues for their valuable contribution to this book.
We thank the authors for the time they spent on this project and for teaching
us about their work. I would like to thank our Acquisition Editor, Dr. Christina
Eckey, and our Production Editor, Ursula Gramm, for their friendly and cour-
teous assistance.

Alexander George Volkov
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PART I METHODS OF PLANT
ELECTROPHYSIOLOGY



1 Historical Introduction to Plant Electrophysiology

RAINER STAHLBERG

It is hardly conceivable that reflex responses, memory and brain activity were
once explained without consideration of the electrical activity in nerves and
muscles. One must remember that electricity was only known then either as
lightning or as the repelling/attracting charges that certain substances (such
as amber, the Greek word for which is electron) accumulate when rubbed
against wool or other textiles. Among the first people who thought about elec-
trical phenomena and their possible biological consequences were de Sauvages
(1706-1767), S. Hales (1677-1761), ]J.A. Nollet (1700-1770) and most impor-
tantly the prior Pierre Bertholon de St Lazare (1742-1791), who proposed to
improve agriculture with a novel electroculture of crops (Bertholon 1783). This
idea was repeatedly revived, e.g. by Lemstrom (1902), who attempted to
demonstrate stimulating effects of natural electrostatic fields by growing plants
outside and under Faraday cages. Effects of electrical fields on plants and ani-
mals continue to be a flourishing field of serious study and some controversy
(see Chapter 11).

The birth of the larger field of experimental electrophysiology, however,
is inseparably intertwined with the discovery of useable forms of electricity
itself. The well-known common starting point was Luigi Galvani’s discovery
of “animal electricity” or his observing the contraction of isolated frog legs
suspended between copper hooks and the iron grit of his balcony (Galvani
1791). Aside from stimulating dubious medical treatments such as “gal-
vanism” and “mesmerism”, this momentous event established electrophysi-
ology as a major discipline of biology (Galvani’s work was continued by the
studies of A. Matteucci, E. Du Bois-Reymond and many others, see below) and
stimulated A. Volta to develop the first practical batteries (the existence of bat-
teries in ancient Egypt has been suggested, but cannot be reliably confirmed).
These portable sources of electricity were called galvanic elements. Based on
the different redox potentials of metals and non-metals, they provided reliable
sources of various fixed voltages. This invention not only laid the foundations
of electricity as a novel discipline of the physical sciences but also turned elec-
tricity into useable reality that would later serve as the basis for at least
two industrial revolutions. Electrical currents, voltages, resistances and fields
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could now be experimentally studied and applied to wires and wire networks
as well as to animals and plants. The physical understanding of batteries itself
also served well as a model to explain some fundamental phenomena of elec-
trophysiology such as the stunning of prey by electrically hunting fishes from
the new world (Du Bois-Reymond 1848). As reflected in this book, electro-
physiology became to encompass not only the development of methods and
instruments for the actual measurement of electrical signals but also the study
of physiological effects deriving from electric and electromagnetic currents
and fields.

It soon became clear that the role of the electric current in the contraction
of frog legs was not to provide the energy for the movement, but to simulate
a stimulus that existed naturally in the form of directionally transmitted elec-
trical potentials. Frog legs had just been first and serendipitous current-
recording devices to indicate the flow of electrical current in the moment they
touched the iron grit of the balcony and their violent jerks were supposedly
visible enough to scare Mrs. Galvani, the observant wife of the great scientist.
In follow-up studies both Matteucci and Du Bois-Reymond then recognized
that wounding of nerve strands generated the appearance of a large voltage
difference (called wound potential) between the wounded (internal) and
intact (external) site of nerves. This wound potential was the first, crude
measurement of what later became known and understood as membrane or
resting potential of nerve and other cells. Importantly, this potential could be
measured and it was soon found that electrical or mechanical stimulation of
the nerve reduced its size (in today’s terms: these stimuli caused a depolar-
ization). To describe the phenomenon, novel terms such as action potential
(AP) and action current were created (Du Bois-Reymond 1848). After plas-
molysis experiments in plant cells suggested that all living cells are sur-
rounded by semi-permeable membranes (Pfeffer 1873, 1906, 1921), it did not
take long until W. Nernst (1889) and J. Bernstein (1912) proposed an updated
understanding of existing potentials and AP-mediated excitations on the
basis of the existence and collapse of K* ion gradients across the plasma
membrane. It was also recognized that nerves propagate such excitations
instantly or with very high speed. In 1850, H. von Helmholtz succeeded in
actually measuring this speed in the Nervus ischiadicus of frogs and Hermann
(1868) developed the “Strémchen” theory to explain the speed and efficiency
of AP propagation in nerves in analogy with a leaky wire cable. Until about
1930, this seemed to be all that was to know about nervous signals. However,
clever experiments showed surprisingly that signaling between nerve cells
through their dendritic connections does not occur by way of a continuation
of the electrical action current but by the release of chemical signals diffusing
through an intercellular cleft. Following the anatomical work of S. Ramon y
Cajal, the biochemical studies of O. Loewi and the terminology of Sir Charles
Sherrington, the phenomenon of synaptic transmission was recognized and
this meant a gigantic step towards the understanding of nervous integration
(Eccles 1964). With these events, the full range of modern electrophysiology
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was established and the following examples are added to remind us that this
progress was not confined to the academic field but inspired many practical
improvements in medical and psychological diagnosis. In 1895, electrocar-
diography (EEC) was tested and introduced by W. Einthoven and in 1934
H. Berger developed a related method for brain responses in the form of elec-
tro-encephalography (EEG; Grey Walter 1954; Brazier 1962). The discovery of
piezo-electricity in bones led the way to novel electro-therapeutic treatments
for accelerated healing of fractures (Basset 1965). The realization that
diaphoretic and alternative changes in skin resistance closely relate the emo-
tional state of individuals turned into another important tool of diagnosis for
psychological tests and criminal investigations; the lie detector.

1.1 Intracellular recording of membrane potentials and
other improvements

For many years, the application of external electrodes to the surface of plant
and animal organs was the only available technique for measuring potentials.
The only way to deduce the internal potential of cells was through measuring
“wound potentials” in the manner described above (Beutner 1920). Rather
than relying on such indirect methods, the membrane theory (Bernstein 1912)
made it desirable to measure directly the value of cell membrane potentials.
This was facilitated by the introduction of microelectrodes (KCl-filled glass
micropipettes with a tip diameter small enough to be inserted into living cells;
Montenegro et al. 1991) to record intracellular, i.e. real, membrane potentials
(V). This technique was first adopted for giant cells from axons of
cephalopods such as Loligo and Sepia (see Keynes 1958) and charophytic algae
such as Chara and Nitella. Early attempts to insert microelectrodes into charo-
phytic cells resulted in long-term damage and were reflected in very low V
values around —30 mV (Brooks and Gelfan 1928). Improved talent, glass nee-
dles, incubation procedures and micromanipulators led to a rapid (i.e. within
1-4 min) return of the initially depolarized V_ of Nitella cells to values
between —100 and —170 mV (Umrath 1930, 1932; Osterhout 1936). Aside from
making the first reliable measurements of V_ values in plant cells, the work of
Umrath and Osterhout shows the first intracellular recordings of plant APs as
well. When this new technique was complemented with precise electronic
amplifiers and voltage clamp circuits in the 1940 s, it permitted measurement
of ion currents instead of voltages, and with it monitoring of the activity of ion
channels. The smart application of these techniques led to a new, highly
detailed understanding of the ionic species and mechanisms involved in V
changes, especially APs (Hodgkin et al. 1949). Now it could be seen that the
depolarization during an AP went beyond zero and well into the range of pos-
itive voltages, indicating that other ions in addition to K* must participate in
the AP. Voltage clamp was introduced to demonstrate the contribution of
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various ion currents involved in the AP in nerve cells (Hodgkin et al. 1949;
Hille 1992) as well as Chara cells (Lunevsky et al. 1983; Wayne 1994). Whereas
the depolarizing spike in animal nerve cells is driven by an increased influx of
Na* ions, plant APs were found to involve influx of Ca?" and/or efflux of CI-
ions (Sibaoka 1969, 1991). To this day, charophytic algae have served as
important models and stepping-stones on the way to the investigation of
higher plant cells (see Chapter 16).

Parallel voltage (V) and current (I) measurements allowed I-V-curves to be
plotted and so permitted to differentiate between the action of an ion channel
(ohmic or parallel changes in I and V) or ion pump (non-ohmic relation
between V and I changes; Higinbotham 1973). These new recording tech-
niques led to the recognition of another important difference between plant
and animal cells. Whereas most animal cells in their resting stage are very
close to the Nernst potential for K" ions (as first suggested by Nernst 1889),
plant cells can obtain much higher values due to the operation of an electro-
genic H*-ATPase-driven pumps (up to a record V__ value of —296 mV reported
by R. Spanswick in Elodea canadensis; Higinbotham 1973; see also Chapter
10). As a next step to improve recording possibilities, the patch clamp tech-
nique was invented. By going from single cells to isolated membrane patches,
one can record the current of as small a unit as a single channel (Neher and
Sakmann 1976). Developed for animal cells, this technique was rapidly
adopted for plant cells as well (e.g. Hedrich and Schroeder 1989).

1.2 Plant action potentials

The first known recording of a plant AP was done on leaves of the Venus fly-
trap (Dionea muscipula Ellis) in 1873 by the medical physiologist Sir John
Burdon-Sanderson in England. This event was organized by C. Darwin, who
had found Dionea a “most animal-like plant” that showed analogy to the ani-
mal nerve reflex (Darwin 1875,1896). Burdon-Sanderson measured the voltage
difference between adaxial and abaxial surfaces of a Dionea leaf half while he
stimulated the other half mechanically by touching the hairs (Burdon-
Sanderson 1873, 1899). Ever since then, the trap closure in Dionea has been
considered as a model case that shows comparable roles of APs in plants and
nerve-muscle preparations of animals (e.g. Simons 1992). However, this was
and is not a generally accepted view. Reminding his readers that Burdon-
Sanderson measured the APs in leaves that were prevented from closure by a
plaster harness, Stern (1924), in a first consolidating monograph on plant elec-
trophysiology, concluded that APs had no proven direct connection with the
closure movement and that APs produced before and after trap closure do not
seem to differ (see similar results by Hodick and Sievers 1988). However, Stern
noted that while in resting Dionea leaves the upper site is positive relative to
the lower one, this relation gets inverted with stimulation.
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Other objects of investigation were sensitive plants in the genus Mimosa,
where the folding movement of the leaflets actually makes the propagating
wave of excitation visible. After the wounding of a leaflet action spikes were
found to arise in parallel with the visible leaflet movements (Kunkel 1878;
Haberlandt 1890; Biedermann 1895; Bose 1906, 1926). However, it was
Dutrochet and Pfeffer (1873, 1906) who found that an experimental interrup-
tion of the vascular bundles by incision prevented the excitation from prop-
agating beyond the cut. While they concluded that the stimulus moved
through the woody or hadrome part of the bundles (in modern terms the
xylem), Haberlandt cut or steam-killed the external, non-woody part of the
vascular bundles (the leptom, i.e. in modern terms the phloem) and empha-
sized that not the xylem but the phloem strands were the pathways to conduct
the excitation signals in plants. “The effects of incision show that stimuli are
actually propagated in this system of highly turgescent tubes and that the
mode of transmission is a hydrodynamic one” (Haberlandt 1914). However,
this hypothesis was difficult to prove (Tinz-Fruchtmeyer and Gradmann
1990) and up to this day we do not know much about pressure propagation
in the phloem except that pressure gradients are considered vital and the
driving force of mass flow and net solute transport (Lee 1981; van Bel 2003).

It was namely for that reason that Ricca (1916) and Snow (1924) suggested
an alternative mechanism in which an excitation substance is released into
the xylem and moved by the transpiration flow is the ultimate cause for the
propagating excitation. The most convincing experiment in favor of a chem-
ical substance was to cut through a Mimosa stem and then reconnect the two
pieces with a water-filled tube. Flame-stimulation of leaves connected to the
lower part of the stem frequently caused an excitation response in the upper
shoot. It is often forgotten, however, that other researcher could not confirm
these results (e.g. Koketsu 1923; Bose 1925, 1926). Observing both leaflet
movement and electrical signals, Bose (1926) finally proposed that vascular
bundles act analogous to nerves by enabling the propagation of an excitation
that moved from cell to cell.

Ignoring Haberlandt’s and Bose’s results, Houwinck (1935) proposed that
wound excitation in Mimosa can be propagated by a chemical wound signal
(called Ricca’s factor) in the xylem which then could be translated into an AP
via the mediation of a new type of electric signal, which he called variation
potential. One cannot help noticing that the conversion of a chemical into an
electrical signal is a process with striking parallels to post-synaptic events in
animals. Houwinck’s idea circumvented the existing controversy by including
both chemical and electrical signals in the transmission mechanism for the
excitation signal in Mimosa. In spite of Houwinck’s diplomatic proposal, the
conflict between chemical and electrical propagation persists to this day
Cheeseman and Pickard 1977; Schildknecht 1984). A recent modification in
the controversy is the recognition that massive wounding causes a large and
propagating pressure increase at the wound site. These wound-induced
increases in xylem pressure cannot only temporarily reverse the direction of



8 Rainer Stahlberg

the transpiration-driven xylem flow (Malone 1996) but are also sufficient
cause for a large depolarization in the form of a slow wave potential (Stahlberg
and Cosgrove 1996, 1997). Accordingly, the hydrodynamic propagation of
electrical signals proposed by Kunkel (1878) and Haberlandt (1914) has been
found to occur less in the phloem (Tinz-Fruchtmeyer and Gradmann 1990)
than in the xylem, where it provides the major mechanism for the propagation
of a propagating signal called slow wave potentials (Stahlberg et al. 2006).

The majority of recent studies in Mimosa and other plant species con-
firmed Haberlandt’s suggestion of the phloem being the pathway of excita-
tion. APs have their largest amplitude near and in the phloem and there again
in the sieve cells (Sibaoka 1969; Opritov 1978; Fromm and Eschrich 1988;
Fromm and Bauer 1994; Rhodes et el. 1996; Dziubinska et al. 2001). Other
studies found that AP-like signals propagate with equal rate and amplitude
through all cells of the vascular bundle (Herde et al. 1998). Bose (1907, 1913,
1926) went one huge step ahead when he started studies with isolated vascu-
lar bundles (e.g. in the fern Adiantum). Comparing the amplitudes, he found
the response to heat in the isolated vascular bundles to be much stronger than
in the intact stem. Bose found a series of interesting results; among them an
increase in amplitude of heat-induced spikes by repeated stimulation (tetani-
sation) and by incubation of the strands in 0.5% solution of sodium carbon-
ate and other salts. This daring advance has yet to be repeated and confirmed
by other labs. Since the recorded behavior of the isolated vascular strands was
comparable to that of isolated frog nerves, Bose felt justified in referring to
them as plant nerves.

1.3 “Plants have no nerves!?”

Although Burdon-Sanderson described APs in in Dionea plants as early as
1873 and Bose described APs in Mimosa as early as 1906, the scientific com-
munity was slow to respond with experimental and theoretical follow-up.
This lack of enthusiasm was at least in part conditioned by the reiterated
belief that plants have no nerves and muscles, that the APs were not involved
in activities of primary relevance for plant life such as, e.g. photosynthesis.
And yet for some, the existence of APs in Dionea and Mimosa plus the dis-
covery of plant mechanoreceptors not only in Dionea, but also at tendrils and
surfaces of common plants (Haberlandt 1890, 1906) was sufficient stimula-
tion to look for structures that could facilitate the rapid propagation of sig-
nals. Around 1900, several researchers started took a closer look at plasma
strands that run across the lumen of many plant cells, continue over several
cells and might possibly serve as excitation-conducting structures similar as
nerves. Strands were shown to occur and likely to be involved in the trauma-
totropic responses of several plant roots (Nemec 1901), but were also seen in
the leaves of insectivorous butterworts of the genus Pinguicula where they
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connect the mucous glue-containing hair tips with the more basal peptidase-
producing glands (France 1909, pictured in France 1911). Haberlandt rein-
vestigated these views and suggested later that the only potential nerve-like
structures of plants were the vascular bundles, and in particular the phloem
(Haberlandt 1914; but see also recent re-evaluation by Baluska and Hlavacka
2005).

From then on and often to this day papers and textbooks reiterate the state-
ment that “plants have no nerves”. This unproductive expression ignores the
work of Darwin, Pfeffer, Haberlandt and Bose, together with the result that
nerves and vascular bundles share the analog function of conducting electri-
cal signals. Similar anatomical and functional differences were never seen as
an obstacle to stating that both plants and animals consist of cells. The mech-
anistic similarity of excitations in plant and nerve cells were elegantly demon-
strated by direct comparison of action potentials in Nitella and the giant axon
of squids (Cole and Curtis 1938, 1939). Today, the consideration of nerve-like
structures in plants involves an increasing number of further f aspects of com-
parison. We know that many plants can efficiently propagate action potentials
and hydraulo-electric signals in the form of slow wave potentials (variation
potentials) and that the long-distance propagation of these signals proceeds in
the vascular bundles. We also know that plants like Dionea can propagate APs
with high efficiency and speed without the use of vascular bundles because
their cells are electrically coupled through plasmodesmata. Other analogies
with neurobiology include vesicle-operated intercellular clefts in axial root tis-
sues (the so-called plant synapses; Baluska et al. 2005) as well as the existence
and operation of substances like neurotransmitters and synaptotagmins in
plant cells (e.g. Wipf et al. 2002). Such similarities were recently the focus of
studies presented at the First Symposium on Neurobiology of Plants in 2005
(Baluska et al 2006).

For a long time, plants were thought to be living organisms whose limited
ability to move and respond was appropriately matched by limited abilities of
sensing (Trewawas 2003). Exceptions to this rule were made only for plants
with rapid and/or purposeful movements such as Mimosa pudica (also called
the sensitive plant), Drosera (sundews), Dionea muscipula (flytraps) and ten-
drils of climbing plants. These sensitive plants attracted the attention of out-
standing pioneer researchers such as Burdon-Sanderson (1873, 1899), Pfeffer
(1873), Haberlandt (1890, 1906, 1914), Darwin (1896) and Bose (1926). They
found them not only to be equipped with various mechanoreceptors that
exceeded the sensitivity of a human fingerbut also to trigger action potentials
(APs) that implemented these movements.

Although at the time a hardly noticed event, the discovery that normal
plants such as pumpkins had propagating APs just as the esoteric “sensitive”
plants (Gunar and Sinykhin 1962, 1963; Karmanov et al. 1972) was a scientific
breakthrough with important consequences. First, it corrected the long-held
belief that normal plants are less sensitive and responsive than so-called
“sensitive plants.” Second, it led to a new, eagerly pursued belief that such



10 Rainer Stahlberg

widely distributed electric signals were not random fluctuations but indeed
carried important messages with a broader relevance than the established
induction of organ movements in “sensitive plants.” In different laboratories
around the world, this anticipation became the driving force for a renewed
quest for the meaning of the electrical signals (Pickard 1973; Pyatygin 2003).

The ensuing studies made considerable progress in linking electrical sig-
nals with respiration and photosynthesis (Gunar and Sinykhin 1963; Koziolek
et al. 2003), pollination (Sinykhin and Britikov 1967; Spanjers 1981), phloem
transport (Opritov 1978; Fromm and Eschrich 1988; Fromm and Bauer 1994)
and the rapid, plant-wide deployment of plant defenses (Wildon et al. 1992;
Malone et al. 1994; Herde et al. 1995, 1996; Volkov and Haak 1995; Stankovic
and Davies 1996, 1998; Volkov 2000).

1.4 The photoelectric response of green leaves

From the view of many botanists, it was probably equally or more important
to decipher the mechanism of action potentials as it was to find the particu-
larities in electric behavior that derive from photosynthetic activity in green
plant cells. The first to address this question was Haake (1892). Using leaves
of various species, he established that relative to the midvein, the mesophyll
had a positive voltage in the dark that turned negative under illumination (in
modern understanding and assuming that the midvein potential did not
change, this result can be interpreted as a light-induced hyperpolarization of
the mesophyll). The further steps in deciphering of the photoelectric
response have been described by Higinbotham (1973), Rybin (1977) and also
by Liittge and Higinbotham (1979). Jeschke (1970) and Spanswick (1974)
found that illumination of Elodea and Nitella cells caused them to hyperpo-
larize by 50-130 mV (in Elodea canadensis up to a record V_ value of —296
mV) due to the increased activity of the P-type H" ATPase.

For the photoelectric response of higher land plants, it was most revealing
to compare green and chlorophyll-free cells within the same variegated leaf.
Such a comparison identified a rapid light-induced depolarization as the
major photosynthetic contribution to the photoelectric response of mesophyll
cells from leaves of higher plants (Stahlberg et al. 2000). The depolarization is
associated with and can be simulated by the reduction of inter- and intracel-
lular levels of carbon dioxide (Stahlberg et al. 2001). It is inhibited by the elec-
tron-transport blocker DCMU (3-3"-4’-dichloropphenyl-1,1-dimethylurea)
and may involve K*, Ca*" and/or CI~ currents (Spalding et al. 1992; Elzenga
et al. 1995; see also Chapter 10). This transient depolarization response differs
from the light-induced hyperpolarizations reported as the major photosyn-
thetic light responses in Elodea and Nitella cells. A delayed hyperpolarization
associated with the P-type H" ATPase is also present in leaf cells of higher land
plants. It occurs in response to photosynthetic and other factors in a way that
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remains unresolved to this day (Stahlberg and Van Volkenburgh 1999). Plants
also generate other, non-photosynthetic types of intracellular and intercellu-
lar electrical events in response to light. Recently, it was found that the irradi-
ation of soybean plants at 45050 nm induced APs and that their suppression
by ion channels blockers inhibited the phototropic response of these plants
(see Chapter 19).

By studying the particularities of photosynthesis, plant transporters, plant
membrane potentials, action potentials, slow wave potentials and their cou-
pled responses, electrophysiological studies contributed much to the under-
standing of the living world and one of its central questions: the defining
similarities and differences between animals and plants. Details of these and
other contributions can be found in the following chapters.
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2 Electrochemical Methods and Measuring
Transmembrane Ion Gradients

ANTHONY J. MILLER, DARREN M. WELLS

2.1 Methods for electrical recordings from plants

2.1.1 Making contact

The measurement of a voltage requires a complete electrical circuit or ring
that includes the measuring device, a voltmeter or electrometer. The electrical
contact to the biological material is provided by an electrode. This interface
between the biological specimen and electrometer is very important, as ideally
it should provide a low electrical resistance pathway that does not interfere
with the cells or tissues being measured. The word microelectrode is com-
monly used to describe a glass micropipette which is pulled into a fine tip at
one end and filled with an aqueous salt solution. The junction between the salt
solution inside the microelectrode and the input to the electrometer amplifier
is provided by a half-cell. There are different types of half-cell, but usually the
metal contact is AgCl-coated Ag wire and the salt solution is 0.1 M KCI (e.g.
World Precision Instruments, Sarasota, Fla., USA: http://www.wpiinc.com/).
The micropipette provides a salt bridge between the inside of a living cell and
the metal contact in the half-cell. The simplest microelectrodes measure volt-
age and when inserted into cells measure the membrane potential, in mV,
between the inside and outside of the cell. The metal contact can be made
directly to the cell or tissue surface, but this type of electrode can be subject to
various types of interference as the surface can be coated by plant material that
will influence the stability and size of the electrical potential reported. This
problem is much less likely to occur when the tip is constructed from glass that
has been heated and pulled into a small fine tipped microelectrode. A small tip
also provides less intrusion and interference for the biological tissue or cells
being examined.

An ion-selective microelectrode contains an ion-selective membrane in the
tip of the glass micropipette and is responsive both to the membrane poten-
tial and the activity (not concentration) of the ion sensed by the selective
membrane. To make intracellular measurements, it is necessary to also
simultaneously measure the membrane potential either by insertion of a
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L A=E,

Fig. 2.1. Diagrammatic representation of a double-barreled ion-selective microelectrode.
1 Ag/AgCl chloride coated pellet, 2 half-cell, 3 salt bridge, 4 porous glass frit or agar plug, 5 head-
stage signal amplifier, 6 Ag/AgCl coated Ag wire, 7 ion-selective barrel with sensor plug in the
tip, 8 cell membrane potential barrel filled with 0.1 M KCl, 9 nutrient solution bathing plant,
10 plant tissue with microelectrode tip in a cell (cytoplasm)

second electrode or, for small cells, by combining the ion-selective and volt-
age-measuring electrodes into a double-barreled microelectrode (see Fig. 2.1).
In order to be able to measure several different ions, it may be necessary to
combine together several different electrodes to make multi-barreled elec-
trodes (e.g. Walker et al. 1995).

Solid metal electrodes have been used to directly report from plant material
and for some types of specialist uses such as measurements of electrical cur-
rent in oxygen electrodes. Metal electrodes are usually made from Ag or plat-
inum and these solid state electrodes have been used to make ion-selective
microelectrodes (see section 2.2). Metal electrodes have also been used for
direct recording from the surface of plants to measure extracellular transient
electrical signals such as those elicited by external signals, e.g. wounding. The
interface between the plant material and a metal recording electrode may also
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be made by a salt bridge using a wick electrode (e.g. Wildon et al. 1992). The
wick can be made of fiber, for example paper or cotton thread soaked in salt
solution.

2.1.2 Recording from plants

Electrophysiology recordings from plants require very solid anchoring of the
plant material, while at the same time preserving the normal state of the mate-
rial as far as possible. It is best to avoid dissecting the plant material as this is
likely to lead to local wounding that is known to have major effects on gene
expression (Delessert et al. 2004). Plants grown in hydroponic culture can be
easily transferred to the microscope stage for electrode impalements of either
root or leaf tissue. The hydroponic environment for roots is easily maintained
on the stage of a microscope but leaves are more difficult, requiring some wet
contact between the tissue and the bathing solution. Microelectrode impale-
ments are usually made under a microscope using long working distance
objectives that allow sufficient space for microelectrode access. Although they
are generally used for patch-clamp experiments, inverted microscopes are not
so suitable for this type of work. Dissecting microscopes can be used for
microelectrode impalements, but they usually do not have sufficient magnifi-
cation to see individual cells. They can be used for impalements by letting the
electrical recording show when tissue contact has been made and a successful
impalement can be gauged by the size of the membrane potential measured.
Microelectrodes are mounted on micromanipulators for cellular impalement,
to allow the delicate movement of the tip into a cell. There are a range of dif-
ferent types, and hand control of tip movement is achieved by either joystick
or rotational manipulation. The size and fine movement axis should be cho-
sen so that the micromanipulator can be conveniently positioned alongside
the microscope stage for tissue impalement.

Plant tissue is usually mounted in a purpose built chamber for microelec-
trode impalements. The chamber is usually made from Plexiglas and is con-
structed so that the tissue can be perfused with nutrient solution throughout
the experiment. This perfusion through the chamber helps prevent large local
concentration gradients (unstirred layers) of ions developing around cells.
Treatments can be applied to the tissue during a recording by changing the
composition of the nutrient solution bathing the tissue. The chamber design
is very important, and it is worth investing time in this aspect of the experi-
mental system. If the tissue is not well anchored in position, it is impossible
to achieve good electrical recordings. Each type of tissue usually requires a
purpose built chamber but published work often does not report the details of
this key aspect of the experimental system. The general principles of chamber
construction have been reviewed previously (see Blatt 1991) and a cham-
ber for leaf measurements has been described (Miller et al. 2001).
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Some of the equipment required for microelectrode recording is shown in
Fig. 2.1 but a more complete list is as follows:

Voltmeter (also known as an electrometer)

Microscope (with long working distance objectives)

Micromanipulator

Tissue chamber (for holding and perfusion)

Data logging system (e.g. computer or chart recorder)

Vibration free table (for microscope and micromanipulator to avoid inter-

ference from external vibration sources)

e Faraday cage (electrical screening around the microscope and microma-
nipulator especially necessary for high resistance electrodes)

e Oscilloscope (not essential but useful for fixing recording noise problems)

2.2 Manufacture and use of ion-selective electrodes

Ion-selective microelectrodes are used to measure ion gradients across mem-
branes. These measurements can be made outside and inside cells. For example,
ion fluxes at the surface of roots can be measured directly using ion-selective
microelectrodes (Henriksen et al. 1990) or by using an ion-selective vibrating
probe (Kochian et al. 1992; see Chapter 3 by Sergey Shabala). Intracellular meas-
urements have been used to give important information on the compartmenta-
tion of nutrients, dynamics of cellular ion activities (e.g. in intracellular
signaling) and transport mechanisms, particularly the energy gradients for ion
transport. The main criticism of intracellular measurements made with micro-
electrodes is that they report the ion activity at a single point within the cell. This
will result in incomplete information if there are significant ion gradients within
the cytoplasm of a single cell as may occur in some situations. Overall, the chief
advantages of using ion-selective microelectrodes are that:

e They offer a non-destructive method of measuring ions within cells

e They do not change the activity of the ion being measured

e They permit simultaneous measurement of the electrical and chemical
gradients across membranes

e They are relatively cheap when compared to other methods for measuring
intracellular ions and once purchased the same equipment can be used to
measure a range of different ions.

2.2.1 Theory of ISEs

The theoretical background has already been described by many authors (e.g.
Ammann 1986, and references therein) and will only be outlined here. The
properties of an ion-selective microelectrode are defined by several charac-
teristics:
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Detection limit
Selectivity
Slope
Response time

The ideal relationship between electrode output (mV) and the activity (a,)
of the ion of interest (i) is log-linear and is described mathematically by the
Nernst equation. Calibration of the electrode against a range of standard
solutions should ideally yield a slope (s) of 59 mV (at 25°C) per decade
change in the activity of a monovalent ion. In practice, however, the situation
is more complicated than this because no ion-selective electrode (ISE) has
ideal selectivity for one particular ion and under most conditions there is
more than one ion present in the sample solution. Hence contributions to the
overall electromotive force (EMF) made by each interfering ion, j, must be
taken into account. In this situation, the Nicolsky-Eisenman equation, a
modified Nernst equation, describes the EMF:

at Kg‘“(aj)mj] (1)

where K is the selectivity coefficient of the electrode for the ion i with
respect to ion j. This term expresses, on a molar basis, the relative contribu-
tion of ions i and j to the measured potential.

The parameters s and KP°' are the two main characteristics defining any
type of ion-selective electrode. The slope should be a near ideal Nernstian
response when an electrode is calibrated against ion activity, but s is tem-
perature sensitive (see section 2.4). The selectivity coefficient measures the
preference of the sensor for the detected ion i relative to the interfering
ion, j. It can be determined by the separate solution method, the fixed
interference method or the fixed primary ion method. For ideally-selective
membranes, or for samples containing no other ions with the same net
charge as the ion in question, Kf*' must be zero. A log selectivity coeffi-
cient <1 indicates a preference for the measuring ion i relative to the inter-
fering ion j, and vice versa for a selectivity coefficient >1. The KF°' values
should not be considered to be constant parameters that characterize
membrane selectivity under all conditions; the values are dependent on
both the method used for determination, and on the conditions under
which the calibrations are made. The fixed interference method is most
commonly used to calculate the selectivity coefficient and it is the method
recommended by the International Union of Pure and Applied Chemistry
(Inczédy et al. 1998). Whichever type of method is chosen, the one used
should always be quoted.

A schematic representation showing an ideal ion-selective microelec-
trode calibration curve is given in Fig 2.2. The slope s, is the change in EMF
per decade change in activity of a monovalent anion i, which is equivalent
to 59.2 mV at 25 °C; the limit of detection is defined as described in the text
and is also indicated.

EMF = E + s log
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Electrode output (mV)

Detection limit

—log &

Fig. 2.2. Calibration of an ion-selective microelectrode to show detection limit and how it is
calculated

Another important parameter of an ion-selective microelectrode is the
detection limit, which is the lowest ion activity that can be detected with con-
fidence and is defined by the intercept of the two asymptotes of the Nicolsky
response curve (see Fig. 2.2). In practice, the detection limit seems to depend
on the tip geometry and composition of the microelectrode’s ion-selective
membrane. Finer or smaller diameter tips have higher detection limits; while
composition affects detection in ways that can only be determined experi-
mentally (see section 2.4). The presence of interfering ions alters the detec-
tion limit (e.g. chloride for nitrate-selective microelectrodes, see Miller and
Zhen 1991). Electrodes provide no useful information below their detection
limits and for maximum benefit should be used in the linear portion of their
calibration curves. The response time of ISEs can be important when meas-
uring changes in ion activities. This microelectrode parameter is dependent
on many factors, including tip geometry, membrane composition and resist-
ance. Response time can be measured during the calibration as the time taken
for the voltage to adjust when ion activity at the tip is changed.

2.2.2 Types of ISEs

There are three major types of ISE, all of which can be miniaturized for use
in plant cells. These are solid state, glass, and liquid (or fluid) membrane



Electrochemical Methods and Measuring Transmembrane Ion Gradients 21

electrodes. Solid-state microelectrodes have been used to measure pH or
Cl™ inside plants cells (e.g. Coster 1966) and recessed tip glass microelec-
trodes have been made using pH-selective glass (Sanders and Slayman
1982). These two types of microelectrode have largely been superseded for
intracellular measurements by liquid-membrane electrodes, so only the lat-
ter will be described here. Liquid ion-selective membranes are composed of
the sensor molecule dissolved in a plasticizer (membrane solvent). The
membrane may also contain a lipophilic additive and a matrix. Liquid
membrane sensors are commercially available for a wide range of ions (e.g.
see Sigma; http://www.sigmaaldrich.com/).

To make an ion-selective microelectrode, the tip of the electrode is filled
with an ion-sensing chemical cocktail which gives a voltage output of differ-
ent values when placed in solutions containing different activities of the ion.
Therefore when an electrode is inserted into a cell, the voltage measured gives
a direct indication of the intracellular ion activity. This situation is compli-
cated by the voltage across the cell membrane; the ion-selective electrode will
sense this in addition to voltage due to the activity of the ion of interest. To
obtain the output for the ion alone, the cell membrane potential must be
subtracted. This is done by using either two single electrodes or a double-
barreled electrode in which the ion-sensing electrode is combined with a cell-
voltage-measuring electrode (see Fig. 2.1). Both output voltages are measured
against a reference ground electrode in the external solution. The ion activity
is determined from the calibration curve after subtracting the membrane
potential.

2.2.3 Making ISEs

The preparation of ion-selective microelectrodes can be divided into four
main stages:

A. Pulling of glass micropipettes

B. Silanization of the inside of surface of the ion-selective electrode or barrel
C. Backfilling

D. Calibration

The preparation of a nitrate-selective cocktail for backfilling microelec-
trodes is described by Miller and Zhen (1991) and a generalized method
which is suitable for all different types of ion-selective microelectrode has
been described previously (Miller 1995). The background to each stage is
described here.

2.2.3.1 Pulling of glass micropipettes

Microelectrodes should be prepared to give dimensions suitable for impaling
the target cell type. Double-barreled microelectrodes can be prepared by
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twisting together two single pieces of filamented glass tubing or using glass
which is already fused. Filamented glass has a glass fiber attached to the inner
wall; this fiber assists backfilling by providing a hydraulic conduit along
which the solution can flow by capillarity. Twisting is done using an electrode
puller which both heats the glass and pulls it in a way pre-determined by the
operator. The heating is paused for the two barrels to be twisted around one
another and then the heating and pulling continues. There are various differ-
ent types of microelectrode puller and the most important feature is repro-
ducibility; this ensures that when an optimum microelectrode shape for a
particular cell type has been prepared, it can be exactly duplicated many
times. Before or after pulling, glue or heat shrink tubing can be used to pro-
vide support and additional strength to hold together the two or three pieces
of glass.

Microelectrodes are usually made from borosilicate glass although the
harder aluminosilicate glass is sometimes used. Multi-barreled glass of vary-
ing dimensions can be purchased from suppliers (e.g. Hilgenberg;
http://www.hilgenberg-gmbh.de/). This type of glass seems to be the best for
ion-selective microelectrode work. An alternative type of double-barreled
glass called “theta” glass can be used; this has a single thin glass wall between
the two pre-formed barrels. Adjacent ion-selective barrels may mutually
interfere because the thin glass walls at the electrode tip have electrical imped-
ance that may be as low as the impedances of the liquid ion-exchangers so that
the measured potential depends on the potential across the glass as well as
the potential across the liquid ion-exchanger. This problem is more acute
when “theta” glass is used because the final glass partition in the tip is
much thinner. Both barrels of glass should have an internal filament to
assist with backfilling. Identification of the different barrels can be done by
using different diameter glass, marking with a pen, cutting to various
lengths or bending the blunt end of one barrel to give an obvious angle. The
advantage of each of the latter two methods is that they make it easier to
insert Ag wire (see Fig. 2.1). Wear safety glasses at all times when pulling
and breaking glass.

Before preparing the ion-selective microelectrode it is important to deter-
mine that glass microelectrodes filled with 0.1 M KCl can be used to impale
cells and measure stable resting membrane potentials sensitive to metabolic
inhibitors (in the usual range for the cell type, in the bathing solution used).
An estimate of the tip geometry of the microelectrode is provided by meas-
uring its electrical resistance when filled with KCl, larger tips having lower
resistances. For tips of 2-0.1 um diameter the electrical resistances of ion-
selective microelectrodes are usually in the GQ range, while microelectrodes
filled with 0.1 M KCl have 10° smaller resistances in the MQ range. Electrical
resistance does depend on the salt concentration of the backfilling solution.
The dimensions of the microelectrodes are usually a compromise between
obtaining a stable membrane potential and a good calibration response
(detection limit).
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2.2.3.2 Silanization of glass surface

The inside of the glass micropipettes must be given a hydrophobic coating
to allow the formation of a high resistance seal between the glass and the
hydrophobic ion-selective membrane. The barrel designated to be ion-
selective is heat dried, then silanized by placing a few drops of a solution of
2% (w/v) silanizing agent in chloroform on its blunt open end. There are a
range of different silanizing agents which can be used at this concentration
but dimethyldichlorosilane or tributylchlorosilane are most common. Care
must be taken to ensure that the reagent does not enter the membrane
potential-measuring barrel. Beware: silanizing agents are highly corrosive
and toxic, protective glasses and gloves must be worn and glass must be
treated in a fume hood. The microelectrode is then placed under a heating
lamp giving a temperature of 140°C at the micropipette surface. After
30 min drying the silanizing solution is added and quickly vaporizes, giv-
ing the ion-selective barrel a hydrophobic coating. There should be no
visible residue remaining in the microelectrode tip before the next step,
backfilling.

2.2.3.3 Backfilling

There are actually two steps to backfilling; the first uses a cocktail to form the
ion-selective membrane in the microelectrode tip and the second step, usu-
ally a minimum of 48 h later, uses an aqueous salt solution to provide contact
between this membrane and the Ag/AgCl metal electrode (in the base of the
microelectrode holder). Both steps are made much simpler by using fila-
mented glass to make the microelectrodes and can be achieved using a
syringe and fine all metal needle.

Electrodes are back-filled with a sensor cocktail containing several differ-
ent components:

An ion-selective molecule, sensor or exchanger

Membrane solvent or plasticizer

Additives, e.g. lipophilic cation/anion

A membrane matrix to solidify the ion-selective membrane. This is essen-
tial for measurements in cells possessing turgor.

For many ions, the membrane cocktail can be purchased already mixed
and it is advisable to start by using the commercial mixture. However,
preparing the cocktail from the individual components is cheaper and
these can be bought from chemical suppliers. For commercially available
liquid membrane cocktails the membrane matrix is not normally included.
A matrix is needed if microelectrodes are to be used in plant cells because tur-
gor will displace a liquid membrane from the electrode tip, thereby changing
or eliminating the sensitivity to the measuring ion (Miller 1995). The matrix
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used is normally a high molecular weight poly(vinyl chloride) (PVC) poly-
mer, but can also include nitrocellulose for additional strength.

2.2.3.4 Cocktail components

The various components of an ion-selective membrane are mixed together to
form a sensor cocktail. Commercial cocktails are available pre-mixed for
many ions (e.g. the Selectophore® range from Fluka now sold by Sigma;
http://www.sigmaaldrich.com/). If a matrix is present, the cocktail is usually
dissolved in a solvent such as tetrahydrofuran. If the cocktail does not include
a solvent, it can be introduced to the tip of a micropipette for immediate use.
Membranes formed from solubilized cocktails are produced by solvent-
casting. The mixture is introduced into a micropipette and the solvent is
allowed to slowly evaporate to leave a solid or semi-solid membrane at the
micropipette tip. The choice and relative proportions of the components of a
cocktail determine the properties of the ion-selective membrane. Cocktails
are optimized by a process of informed experimental trial and error, adjust-
ing components and proportions until the desired properties are achieved.

Of all of the components, the ion-selective sensor is the main factor deter-
mining electrode characteristics (e.g. slope, selectivity, limit of detection);
however the plasticizer can alter properties such as lifetime, stability and
selectivity. Additionally, membrane additives, such as lipophilic ions, can be
used to improve the performance of microelectrodes. Sometimes these addi-
tives can introduce changes in ion selectivity, for example the plasticizer can
introduce nitrate sensitivity (Cuin et al. 1999). The final optimum cocktail is
found by varying the composition of each component to find electrodes with
the best performance. Good electrodes should have a low detection limit, a
near ideal slope, and a small selectivity coefficient for physiologically impor-
tant interfering ions. The roles played by each cocktail component are now
described in more detail.

Ion-selective sensor. The sensor is the most important component of the
membrane in determining electrode characteristics (Miller 1995). Sensor
molecules employed in ion-selective membranes may be ion exchangers or
neutral or charged carriers. The discovery of the ion-selective ionophores has
lead to the development of a large range of sensors for ion-selective micro-
electrodes. Sensors are now available for a wide-range of cations and anions
(see Miller 1995) and improved sensors are always being reported (e.g. for
Nat, Carden et al. 2001).

Plasticizer. The plasticizer forms the bulk of an ion-selective membrane
(typically 60-90 wt %), and can substantially influence membrane properties
such as selectivity and lifetime (Ammann 1986). The main function of the
plasticizer is to solubilize the ion-selective sensor and any lipophilic additives.
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Other important properties include lipophilicity, viscosity, and the ability to
plasticize the matrix material (if any). Commonly used plasticizers include:
dibutyl sebacate, bis(2-ethylhexyl) sebacate and 2-nitrophenyl octyl ether.

Additives. The performance of most cation-selective neutral carrier mem-
branes can be enhanced by the addition of lipophilic additives. The most com-
mon additives are alkali metal salts of lipophilic anions such as sodium
tetraphenylborate and potassium tetrakis(4-chlorophenyl) borate. These addi-
tives introduce mobile cation-exchange sites into the membrane which can
produce many useful effects. They reduce or remove any interference from
lipophilic anions in the sample, reduce electrode response time, lower the elec-
trical membrane resistance, and improve cation sensitivity and selectivity
(Ammann 1986). A lipophilic cation (methyltriphenylphosphonium bromide)
has been used to improve the properties of an anion-selective membrane based
on a charged carrier (Miller and Zhen 1991).

Matrix. The membrane matrix provides mechanical stability to a liquid mem-
brane. The most widely used matrix is poly(vinyl chloride), but many other
compounds have been used, including: silicone rubber, polyurethane, poly-
styrene, poly(methyl methacrylate), and nitrocellulose. If a microelectrode is to
be used for recording from a cell with turgor, the inclusion of a matrix in the
membrane is essential.

2.2.4 Calibration and storage

Ion-selective microelectrodes can be calibrated using concentration or activ-
ity, although they actually respond to changes in activity (see section 1.2).
Furthermore, activity is actually the important parameter for all biochemical
reactions. Calibrating with ion activity gives a microelectrode output which
can be used directly without any assumptions of the intracellular activity coef-
ficient for the ion. For these reasons the calibration of microelectrodes gener-
ally uses solutions which resemble the intracellular environment in terms of
interfering ions, and ionic strength. Calibration of pH microelectrodes is easy
because standard pH buffers can be used and simply checked with a pH meter.
For other types of ion-selective microelectrode, the calibration solutions may
need to contain a pH buffer and a background salt solution to give an ionic
strength approximately equivalent to that inside the cell. Care must be taken
in the choice of these additional ions; they must not give significant interfer-
ence over the range of measurements. In other words, the microelectrodes
must have very small selectivity coefficients for these background ions.
Calibration solutions are usually chosen to be approximately 0.14 M ionic
strength. There are very few examples of detailed whole cell sap analysis to
suggest what an appropriate figure might be, but for giant algal cells this value
would seem reasonable (Okihara and Kiyosawa 1988). The use of computer
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programs to calculate ion activity and the availability of a wide range of ion-
selective macroelectrodes make it easier to prepare calibration solutions for all
types of ion-selective microelectrodes. Furthermore, calibration solution
recipes have been published for some ion-selective microelectrodes, (Ca*,
Tsien and Rink 1981; Mg?*, Blatter and McGuigan 1988; Na* Carden et al. 2001;
NO;; Miller and Zhen 1991). Some calibration solutions use concentration not
activity, and also the term “free” ion usually means concentration of unbound
ion and not activity, particularly for Ca** and Mg?*. The calibration of calcium-
selective microelectrodes for intracellular measurements requires the use of
calcium buffering agents such as EGTA because of the very low concentrations
being measured (Tsien and Rink 1981).

Ion-selective microelectrodes can be calibrated in the microscope cham-
ber where intracellular measurements will be made or in a U-shaped glass
funnel alongside the microscope. The slope of the calibration curve is tem-
perature sensitive and both calibrations and intracellular measurements
should be done at the same temperature. If the temperature of the calibration
solutions is 4 °C and the cell is at 20 °C, the slope of the electrode calibration
for a monovalent ion will be 55 mV per decade change in activity, not the 58
mV expected at 20 °C.

Curve fitting software such as the Marquardt curve-fitting algorithm
within Sigmaplot (SPSS; http://www.spss.com/) can be used to fit the experi-
mental data to an equation of the form:

EMF = P1 + P2-log (a;+ P3) )

where P1, P2 and P3 are constants. Equation (1) can be simplified to (2) and
it is then apparent that P2 represents the Nernstian slope, s, and that P3 rep-
resents Kifj"“-(aj)Zi’Zj. The term Kifj"’t is defined as a.'/ (aj)Zi’Zj and therefore P3 is
equivalent to a/, the activity at the intersection of the two linear portions of
the response curve in Fig. 2.2—the IUPAC definition of detection limit
(Inczédy et al. 1998). Constants P2 and P3 from Equation (2) can thus be used
to determine the slope, detection limit, and selectivity coefficient (if a; is
known) of ion-selective microelectrodes without recourse to graphical tech-
niques.

Ideally, the detection limits for ion-selective microelectrodes should be
calculated using calibration solutions approximating to the cytosolic compo-
sition. In practice this is not so easy, because our knowledge of the ionic envi-
ronment within a cell is very limited, although we do have some information
on sap collected from giant algal cells (e.g. Okihara and Kiyosawa 1988). The
detection limit of some macroelectrodes is very small, with values of around
only 10~ M for some types of ion (Bakker and Pretsch 2005). These limits are
quoted by chemists developing new types of sensor molecules but the practi-
cal limits for microelectrodes are likely to be several orders of magnitude
greater because values depend on the tip diameter and interfering ion con-
centrations. This means that lower detection limits are possible for extracel-
lular measurements where larger tip diameters can be used.
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For long-term storage, ion-selective microelectrodes should be stored with-
out backfilling, in a silica-gel dried sealed container in the dark. This can be
done in a screw-cap glass jar containing dry silica gel, with the microelectrodes
attached to the inner wall using plasticine or Blu-tack (Bostik, Stafford, UK).
Some types of ion-selective microelectrodes can be stored this way for several
years and will still give a reasonable performance when back-filled.

2.3 Data analysis, interpretation and presentation

The high electrical resistance of ion-selective microelectrodes requires the
use of a high input impedance (>10'> Q) electrometer to measure electrode
voltages. In contrast, the electrometer output is of much lower impedance
and can thus be monitored and recorded using less specialized equipment.
The simplest method is to use a chart recorder, but this requires laborious
subsequent processing and it is more convenient to collect data via an ana-
logue to digital (A/D) converter connected to a personal computer. Most
modern A/D converters are compatible with software that allows real-time
display of the recorded data, reproducing the functionality of a chart recorder
whilst storing the raw data in a format that can be easily exported to statisti-
cal and graphing software. A useful feature of any data collection software is
the ability to fit calibration curves and use the fitted parameters to display
real-time ion activities as the data are being collected.

Ion-selective macroelectrodes have a lower resistance and can be used
with lower input impedance (~10' Q) devices such as benchtop pH/mV
meters. The output from such meters can again be recorded using an A/D
converter and PC or alternatively a simple data logger may be used.
Connecting a battery-powered amplifier to a data logger creates a portable
system. Portable macroelectrodes can be used for extracellular measure-
ments in the field (Miller et al. 2003) and allow uptake studies to be made in
controlled-environment conditions rather than the laboratory.

One point regarding statistical analysis of data concerns the calculation of
mean values. These should be calculated using the data which is distributed
normally, that is using the log activity or output voltages not the actual activ-
ities (Fry et al. 1990). Therefore, when mean activity value is used it can only
be expressed within 95% confidence limits, whereas -log [activity] can be
given standard errors or standard deviations.

When measuring changes in intracellular ion concentrations, artifacts can
be caused by the differential response times of the two barrels; the ion-
selective barrel usually has a slower response time than the membrane poten-
tial-sensing barrel. Response of the membrane-potential barrel is almost
instantaneous whilst that of the ion-selective is usually in the order of 5-20 s
depending on the measured activity (Fluka 1996). As ion activity is calculated
from the voltage difference between the two barrels, an incorrect activity can
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be reported for this time, limiting detection of rapid changes in ion activity.
This can be corrected for when the response time of the electrode is known
(Sanders and Slayman 1982).

2.4 Finding problems with ion-selective microelectrodes and
a comparison with other methods

2.4.1 Troubleshooting guide

The best approach is to solve problems by a process of elimination. Firstly,
establish whether a problem occurs in the circuitry or is specific to the ion-
selective microelectrodes. The circuitry can be tested by putting a broken-
tipped KCl-filled microelectrode in place of the ion-selective microelectrode.
The broken-tipped should give a stable zero output. It may be necessary to
recoat Ag/AgCl contact in the half-cell or there may be a wiring problem.
Noisy recordings can be caused by poor earthing or air bubbles in backfilling
solutions. If the circuitry has no problems then the ion-selective microelec-
trode must be the cause. When the ion-selective microelectrode does not
respond to the calibration solutions then the membrane can be checked by
deliberately breaking the tip to expose a larger area of ion-selective mem-
brane. Breaking the tip can displace the ion-selective membrane from the tip
so it is important to measure the resistance to check it is still in the G range.
If the broken tip gives a good response to changes in ion activity then the prob-
lem is independent of the composition of the membrane. When the microelec-
trode tip diameter becomes too fine the output from the ion-selective electrode
will no longer respond to changes in ion activity.

Several criteria for acceptable measurements can be defined. After impale-
ment the ion-selective microelectrode should be recalibrated and should give
a very similar response to that shown before the cell impalement particularly
at activities similar to those measured in vivo. Sometimes the detection limit
of the ion-selective microelectrode has changed but provided the measure-
ment was on the linear response range of the electrode calibration curve this
is not usually a reason to disregard the result. The performance of the ion
selective microelectrode can even improve with the detection limit actually
becoming lower. For this reason, it may be best to quickly impale a cell with
a new tip before calibrating prior to measuring the activity in the cell. A com-
parison between the electrical resistance of the ion-selective microelectrode
before and after impalement provides a good indicator of whether the tip will
recalibrate. If the resistance decreases below 1 GQ, the ion-selective mem-
brane has probably been displaced during impalement and the electrode will
not recalibrate. Throughout the recording the state of the cell can be assessed
by monitoring the membrane potential (which should remain stable unless
deliberately perturbed) or processes such as cytoplasmic streaming.
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In plant cells, identifying in which internal cell compartment (cytoplasm
or vacuole) the microelectrode tip is located can be a problem for some ions
and it may be necessary to grow the plant under conditions in which two pop-
ulations of measurements can be identified. Alternatively, a triple-barreled
microelectrode can be used where one barrel is pH or Ca?* selective. Large
gradients of these two ions are known to exist across the tonoplast, with the
cytoplasm maintained at relatively constant values (pH 7.2, Ca** 100 nM) so
compartment identification is possible. Another approach is to use tissues
where the two major cell compartments can be identified under the micro-
scope, e.g. root hairs, or cell cultures which have no large vacuole. However,
identifying which compartment the electrode is in can still be problematic,
particularly if the electrode indents the tonoplast but does not penetrate it.

Leakage of salts from the tip of the membrane potential-sensing barrel has
been reported (Blatt and Slayman 1983), and this may particularly be a prob-
lem in small cells. Diffusion of ions from the membrane potential-sensing
barrel could give high local gradients of ions at the tip of a double-barreled
microelectrode. It may be important to try measurements where different
types of backfilling solution are used in the reference barrel. Large leaks
should affect membrane potential and monitoring this should indicate possi-
ble problems.

The Ag/AgCl junctions of electrodes have been found to respond directly
to light (Janz 1961) and problems with obtaining stable recordings can result
from a poor chloride coating on the Ag of the half-cell. For stable recording,
both the metal electrode part of half-cells and the Ag wire contacts (see
Fig. 2.1) require regular re-coating with AgCL

A further possible problem can arise when using ion-selective microelec-
trodes with inhibitors. Some inhibitor chemicals are highly lipophilic and will
readily dissolve in the ion-selective membrane. These chemicals can poison
the membrane but this will be demonstrated during the recalibration of the
ion-selective microelectrode.

A few practical points:

e Handle microelectrodes with forceps.

e When dispensing THF pour a few ml from the stock bottle into a clean
glass beaker, after first rinsing the beaker with a little freshly-dispensed
THEF. Cover the beaker with Parafilm, then dispense further THF using a
glass syringe and needle by piercing the film cover with the needle, this
helps to reduce solvent vapor and prevents contamination of THF.

o If more than one type of cocktail is used, employ a different syringe for
each type of cocktail. It is best to dedicate a syringe for one particular
cocktail only, and thus avoid any contamination by other ion sensors.

e Calibrate starting with the highest concentration, and calibrate only in the
range in which you expect to be working. There is no point in exposing elec-
trodes unnecessarily to low ion concentrations as most types of ion-selective
membrane respond badly to long exposures at very low concentrations.
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2.4.2 Comparison with other methods

No method is ideal for measuring transmembrane ion gradients as all
involve some perturbation of the tissue that may directly influence the
parameters being measured. Extracellular measurements and biological
samples can use ISEs. A recent review of various analytical methods for
measuring trace elements in biological samples compared potentiometry
(ISEs), voltammetry, atomic spectrometry (e.g. ICP-MS, inductively coupled
plasma mass spectrometry) and nuclear techniques (Brown and Milton
2005). For example, ICP-MS and ISE measurement of lead concentrations in
the same samples gave excellent agreement. The authors reported that ISEs
compared well and provided moderate throughput at a low cost but the
detection limits were higher than most other methods, typically 10~° M com-
pared with 107! M.

There are several different non-destructive methods for measuring trans-
membrane ion gradients. Ion-selective microelectrodes have an advantage
over most other methods because they can be used to report the ion activities
in single cells and within the vacuole and cytoplasm. Compartmental tracer
ion efflux analysis has frequently been used to measure the cytoplasmic con-
centrations of ions within living cells (MacRobbie 1971). This technique
depends on the fact that the labeled ion or compound is in equilibrium with
the unlabelled form in all parts of the cell. The method treats all the different
tissues of an organ like the root as a single entity even though the transport
properties of each may be different. For the calculation of the intracellular ion
concentrations, it is necessary to make assumptions about the volume of each
cellular compartment (see Miller and Smith 1996). Dyes can be used to meas-
ure intracellular ion concentrations or activities but they first require some
method for introducing the dye into the cell. Microinjection, ionophoresis
(using electrical current flow to carry charged molecules) and in some cases
the cell’s transport systems can be used to take up ion reporter dyes into cells
(Negulescu and Machen 1990). Once inside the cell, dyes are usually used to
monitor ion concentrations in the cytoplasm. The presence of the dye in the
cell may influence normal cell processes. In addition, the dyes themselves
must bind the ion being detected to function as a reporter and may therefore
be influencing the parameter that they are measuring. Nuclear magnetic res-
onance can also be used to measure transmembrane ion gradients of some
ions (e.g. pH and phosphate), but is more commonly used for metabolite
molecules (reviewed by Ratcliffe and Shachar-Hill 2001).

Plants can be genetically engineered to express foreign proteins that are
sensitive to changes in the local ion environment and these can be used to
measure in both the apoplast and the cytoplasm (e.g. Gao et al. 2004). The
quantitative use of these reporter proteins requires in vitro calibration and to
obtain sufficient signal for the detection system expression is driven by a
strong promoter (e.g. CaMV 358S). The use of this promoter gives expression
of the reporter protein in many different types of tissue. These proteins, like



Electrochemical Methods and Measuring Transmembrane Ion Gradients 31

the dyes, require physical interaction with the ion and their presence in the
cell may cause modifications to normal cellular function.

Energy dispersive X-ray microanalysis (EDAX) is a destructive method for
measuring intracellular ion concentrations and the method requires chemical
fixation of the tissue prior to the measurement. This treatment may lead to
changes in transmembrane ion gradients before the fixation is complete. The
precise area of tissue sampled for this analysis is difficult to control and so
compartmental assignment of the measurement can be difficult. The method
gives total elemental analysis of the tissue and for many ions this figure may
be very different from the more biologically relevant value, the ion activity.
Another example of a destructive technique is cell fractionation; this involves
breaking the tissue into protoplasts and then vacuoles and measuring the con-
centrations of ions in each fraction. Unfortunately, the preparation of the cell
fractions requires incubation for several hours in tissue degrading enzymes
that might lead to changes in transmembrane ion gradients.

There are very few comparisons of techniques for intracellular measure-
ments. Intracellular ion-selective microelectrode measurements of vacuolar
nitrate have been compared with whole tissue analysis and single cell sap sam-
pling methods (Zhen et al. 1991). In a more recent paper, nitrate-selective
microelectrode measurements of cytosolic nitrate were compared with values
obtained using NMR on the same tissue (Radcliffe et al. 2005). In both these
examples, there was good agreement between the different methods
employed. The best approach to making intracellular measurements of ion
concentrations is to use several different methods to obtain a consensus value.

2.5 Transport and transmembrane ion gradients

Ion-selective microelectrode data give information as to both intracellular
activities and the electrical gradients across the plasma membrane and tono-
plast. This information on the intracellular electrochemical gradients can be
used to determine the likely mechanisms of transport across cell membranes.
One example is the use of pH and nitrate-selective microelectrode measure-
ments to determine the thermodynamics of nitrate transport systems across
the plasma membrane (Miller and Smith 1996) and tonoplast (Miller and Smith
1992). Compartmental measurements of the transmembrane ion gradients of
NO; and H* enabled the energetic feasibility of different co-transporter stoi-
chiometries to be calculated. This type of measurement can also be used to
show the activity of proton-coupled transport systems at the plasma mem-
brane as an acidification of cytosolic pH can be measured when nitrate is sup-
plied outside the cell.

Figure 2.3 shows the distribution of NH] in an internodal cell of the fresh-
water alga Chara corallina measured using NH;-selective microelectrodes
(Wells and Miller 2000). Published data for vacuolar and cytoplasmic pH
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VACUOLE CYTOPLASM EXTERNAL
pH 5.2 pH 7.8 pH 6.0

NH,* <+—=—— NH,* <—— NH,*
29.4 (20.5, 42.2) mM 7.2 (5.9, 8.9) mM 1 mM

NH3 <}== NH‘J ==|'> NH3
2.3 (1.6, 3.4) pM 280 (229, 396) pM 6 uM

E,= -35 mV E,=-115 mV

Ey = -37 (-31, -55) mV Ey = -50 (-45, -55) mV

Fig. 2.3. Diagrammatic representation of the transmembrane pH, NH, and NH} gradients in an
internodal cell of Chara corallina. E is the Nernstian equilibrium voltage for the measured NH;
distribution. Arrows show direction of the chemical gradient for NH, and the electrochemical
gradient for NH]. Microelectrode and derived data are given as means (1 SD range). Data from
Wells and Miller (2000 and unpublished)

allows a calculation of the compartmental concentrations of NH, using the
Henderson-Hasselbalch equation. Microelectrodes also measure the trans-
tonoplast and plasma membrane potentials, allowing the mechanism of
transport of the two forms of ammonium to be modeled. The Nernstian equi-
librium voltage for the observed distribution of NH; across the plasma mem-
brane is -50 mV, lower than the -115 mV measured, suggesting the passive
uptake of NH} at this external concentration. Similarly, the observed vacuo-
lar levels of NH may be explained by passive transport driven by the trans-
tonoplast potential. Calculated NH, concentration based on the experimental
data is higher in the cytoplasm than either the vacuole or the external solu-
tion. NH, is freely diffusible across biological membranes and passive diffu-
sion of NH, along this concentration gradient will thus be out of the
cytoplasm into both the vacuole and the external solution.

Ion-selective microelectrodes can be used to directly measure the ion con-
centrations in other biological situations such as depletion from a nutrient
solution for net uptake studies or on very small samples such as plant exu-
dates. Micro- and macro-electrodes can also be used directly in soil where they
provide a direct measure of the nutrient concentration that is available at the
surface of plant roots and allow mapping of spatial and temporal nutrient het-
erogeneity. Soil electrode data can also be used to shed light on important soil
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processes such as N mineralization, which can be quantified by the simultane-
ous use of nitrate- and ammonium-selective electrodes. Combining such field
data with laboratory measurement of apoplastic and intracellular ion concen-
trations allows models of transport to be developed.
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3 Non-Invasive Microelectrode Ion Flux
Measurements In Plant Stress Physiology

SERGEY SHABALA

3.1 Introduction: membranes and plant stress responses

Plant membranes underlie many essential cell biological processes including
nutrient acquisition and compartmentation, pH and ionic homeostasis, turgor
generation, metabolite distribution and waste excretion, energy transduction
and signaling. According to Ward (2001), 43% of over 25,000 protein sequences
in the Arabidopsis genome have at least one transmembrane spanning (TMS)
domain, with 18% proteins having > 2 TMS domains and thus associated with
cellular membranes. Recent progress in electrophysiology and molecular
genetics has revealed the crucial role of plasma membrane transporters in
perception and signaling in response to virtually every known environmental
factor (Zimmermann et al. 1999). Changes in plasma membrane potential or
modulation of ion flux are amongst the earliest cellular events in response to
light, temperature, osmotic stress, salinity, hormonal stimuli, elicitors and
mechanical stimulation in many organisms (Blumwald et al. 1998; Sanders
et al. 1999; Zimmermann et al. 1999; Spalding 2000; Knight and Knight 2001).
For many, if not all the stresses mentioned above, the receptors involved were
suggested to be located at one of the cellular membranes.

In addition to hosting various receptors mediating plant-environment
interactions, membrane transporters always act as the ultimate effectors,
enabling plant adaptive responses. In the case of salt tolerance, this may be by
excluding toxic Na* from the cytosol via either the SOS1 plasma membrane
Na*/H* antiporter (Zhu 2003) or by compartmentalizing it into the vacuole by
the NHX tonoplast Na*/H* antiporter (Apse et al. 1999). In the case of AI** tox-
icity, the adaptive response includes activation of anion channels responsible
for malate efflux and changes in the rhizosphere pH (Ryan et al. 2001).
Osmotic adjustment includes rapid increase in the uptake of inorganic ions
(Shabala and Lew 2002), while plant adaptive responses to low temperature
include dramatic changes in membrane fluidity (Murata and Los 1997). Such a
central role of plant membranes and membrane transport processes in plant
adaptive responses to environmental conditions makes them important tar-
gets for genetic manipulations aimed to improve tolerance to a particular
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stress. To enable this, causal links between membrane-transport processes and
other metabolic or physiological processes in the cell need to be understood.

Gaining such an understanding is not an easy task. It is complicated not only
by the large number of transporters involved (for cations, 46 unique families
are known, containing approximately 880 members in Arabidopsis; Maser et al.
2001), but also by the myriad of interactions and cross-talk between various
transporters and signaling components. Over the last 2 decades, various state-
of-the-art molecular and biophysical techniques (such as patch-clamp or fluo-
rescence imaging) have been used to reveal some of these interactions. These
techniques have been the subject of many comprehensive reviews and thus are
mentioned only briefly here. However, at the same time, the inevitable conse-
quence of such “in-depth” approaches was a decrease in the physiological real-
ity of the transporters’ environment (Tester 1997). There are many reports
(some of which are discussed in section 4) showing that activity of a particular
transporter differs dramatically when expressed in a heterologous system com-
pared with in planta conditions. This makes it very difficult (and often even
impossible) to transfer the results obtained by these advanced techniques to
real plants in their natural habitats. The more advanced our study, the bigger is
the gap between physiologists/molecular biologists and the agronomists inter-
ested in plant behavior in the field.

Since the mid-1990s our laboratory has pioneered application of non-
invasive ion flux measuring (the MIFE) technique in plant stress physiology.
As shown in the following sections, this technique provides a unique possi-
bility to link genetic/genomic data to cellular physiological behavior. Some of
its key features (e.g. non-invasiveness, high spatial and temporal resolution)
allow us to establish and quantify causal links between membrane-transport
processes and other metabolic or physiological processes in the cell in almost
natural conditions. In this context, the MIFE technique may be considered as
a “bridging element” between molecular biologists and whole plant physiol-
ogists or agronomists.

The aim of this review is to show that in situ measurements of net ion
fluxes from plant cells and tissues using the MIFE technique can provide
insights into the functional genomics of plants and will significantly increase
our understanding of the function of specific genes mediating plant adaptive
responses to the environment.

3.2 Basic techniques for studying membrane transport in
plants

3.2.1 Comparative analysis of basic techniques

A large number of techniques are available to study ionic relations and trans-
port of nutrients and ions across cell membranes. They range from whole-
plant methods (depletion experiments, radioactive tracers) to those applicable
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at cellular (fluorescence microscopy; intracellular microelectrode measure-
ments) or molecular (patch-clamp studies on single channels) levels. Their
pros and cons are briefly summarized below.

1. Destructive sampling. At the whole-plant level, basic chemical analysis of
the elemental content in plant samples is still the most popular and widely
used method. An appropriate plant sample is collected, dried, ground and
digested in a strong acid (Handson and Shelley 1993). Then the elemental
content of plant sample is analyzed using an appropriate technique (such
as ICP-AES or AA spectroscopy; X-ray fluorescence spectroscopy, flame
photometry). The advantage of this method is its simplicity. The major
problem is a very low time resolution (usually several days or more), as
there is an obvious limit on how often the samples may be taken. As a
result, this method is mostly used to address some basic agronomical
issues, rather than for fundamental physiological research.

2. Depletion experiments. This is another basic method used for many
decades for studies on plant nutrition. Plants are grown hydroponically,
and the rate of nutrient uptake is determined by periodically taking small
volumes of the growth solution for chemical analysis (as above). Once
again, the method has very low time resolution. The latter may be partially
resolved by using conventional ion-selective electrodes placed in the
growth solution to monitor concentration changes. Even then, however,
the sensitivity of the method is rather low.

3. Radioactive tracers. Various radioisotopes have been successfully used to
study membrane-transport processes in plants (Abbott and Fraley 1991;
Tester and Davenport 2003). The method is relatively straightforward and
allows quantification of the unidirectional flux of a specific ion. The main
limitation is the spatial resolution of the method, as well as a relatively lim-
ited number of ions which can be studied.

4. Nuclear magnetic resonance spectroscopy. NMR spectroscopy is a non-
destructive tool enabling quantitative analysis of metabolites from cell
suspensions, tissues and whole plants (Ratcliffe 1997). As NMR detects
atoms with magnetic moments only, not every nutrient can be studied.
Taking nitrogen metabolism as an example, '*N is naturally abundant
(99.6%) but not useful for NMR studies due to extremely broad signals for
almost all nitrogenous metabolites (Mesnard and Ratcliffe 2005).
Therefore, plant samples have to be enriched with °N before analysis,
which significantly complicates the procedure. Again, a low time resolu-
tion (several hours) is a problem.

5. Fluorescence microscopy. Ion imaging by fluorescence microscopy is based
on fluorescence probes that accumulate inside cells and change their fluo-
rescence properties when bound to distinct ions (Roos 2000). There is a rel-
atively wide range of commercially available probes (both ratiometric and
single-wavelength), enabling quantification and kinetic studies of changes
in HY, Ca?" and, to lesser extent, K* and Mg?* in plant cells. The method has
high temporal and spatial (especially when confocal microscopy is used)
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resolution and, being non-invasive, has a great potential for studying cellu-
lar adaptive responses to the environment. Major pitfalls include probe
loading, photobleaching, interaction of ion probes with cell metabolism,
difficulties of calibration, poor discrimination of some probes (e.g. between
K*and Na*) and the limited range of ions that can be measured by this tech-
nique (Roos 2000).

Single cell sampling. This technique has been developed by D. Tomos and
co-workers as an extension of pressure-probe measurements at the single
cell level (Tomos and Leigh 1999). By using a fine oil-filled glass micro-
capillary mounted on a micromanipulator, the cell sap is sampled from
individual plant cells. Ion concentrations in these samples can then be
analyzed using a range of physical and chemical methods such as X-ray
microdroplet analysis or capillary electrophoresis (Tomos and Leigh
1999). The method has very high spatial resolution. Two main obstacles
limiting its application are (i) the issue of mixing of vacuolar and cytoso-
lic content and (ii) impossibility of kinetics study by this method.
Patch-clamp. The patch-clamp technique is the most advanced method of
studying ion-transport processes at the molecular level (Tester 1997) and
can provide comprehensive information about the kinetics and properties
of specific transport proteins at cell membranes. The method is based on
a tight attachment of a plasma membrane patch to a microelectrode glass
pipette, thus establishing a so-called “giga seal” (with up to 10° Q resist-
ance), enabling measurements of very low (pA range) currents through the
prepared isolated plasma membrane patch in response to a series of volt-
age clamps. Ultimately, membrane ion channels may be characterized with
respect to the ion they conduct (and their specificity for that ion), the con-
ductance value of their open state, their gating properties, and their sensi-
tivity to various pharmacological agents (Garrill and Davies 1994).
However, patch clamp is rather sophisticated method that requires high
level technical and data interpretation skills. Quite often, conditions that
enable seal formation are rather non-physiological (e.g. high amount of
Ca?* in the pipette). As a result, it is not always possible to extrapolate
patch-clamp data onto ion channel behavior in planta.

Impaled microelectrodes. Traditionally, microelectrode impalement has
been applied to measure plasma membrane potential (MP). Significant
membrane depolarization is observed in response to various environmen-
tal stresses such as salinity (Shabala et al. 2003), chilling (Clarkson et al.
1988), acidity (Babourina et al. 2001) and hypoxia (Zhang et al. 1992). As
transport of all nutrients is directly or indirectly linked to MP values, the
more substantial is the membrane depolarization, the more severe is the
disturbance to cell ionic homeostasis. A more sophisticated method
involves a microelectrode tip being filled with a specific ionophore, sensi-
tive to a particular ion (Miller et al. 2001). As the reference MP electrode
also has to be impaled alongside the ion-selective microelectrode, multi-
barreled electrodes are often used for these purposes (Carden et al. 2003).
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This technique thus makes it possible to monitor changes in cytosolic ion
homeostasis and therefore provide answers to some fundamental ques-
tions about ionic mechanisms underlying stress tolerance in plant cells.
However, this technique is extremely technically and skill demanding, and
thus not likely to be used routinely.

3.2.2 Non-invasive ion flux measurements

In recent years, non-invasive microelectrode ion flux measurements have
become a popular tool in studying adaptive responses of plant cells and tis-
sues to a large number of abiotic stresses. A couple of dozen laboratories
around the world employ this technique, and their number is growing.

The idea of using slowly vibrating ion-selective microprobe to measure
non-invasively net ion fluxes was first proposed by B. Lucas (Lucas and
Kochian 1986). The microelectrodes were proposed to measure ion concen-
tration gradients (strictly, electrochemical potential differences), between
two positions in solution outside the organism tissues, and to use those gra-
dients to calculate the net fluxes of ions in question crossing the membrane.
The first rigorous test of the theory was performed on corn roots to measure
the stoichiometry of H* and K* fluxes (Newman et al. 1987). The National
Vibrating Probe Facility at Woods Hole, Mass., USA adapted the vibrating
probe to include ion flux measuring capability (Smith 1995). An alternative
system, named MIFE (Microelectrode Jon Flux Estimation), was developed,
at about the same time, by I. Newman at the University of Tasmania in
Australia (Newman 2001). Since the mid 1990s, MIFE has been successfully
applied to the study of various aspects of membrane-transport processes in
plants and protoplasts derived from plant tissue (Newman’s and Shabala’s
groups) resulting in nearly 50 publications. Recently, the MIFE technique was
successfully used to measure kinetics of ion fluxes from bacterial membranes
(Shabala et al. 2001a). Several alternative systems have been also designed
elsewhere (e.g. Shipley and Feijo 1999); some of them being commercially
available. Several papers in this book provide further specific details on some
of these systems.

There are at least five major features that, taken together, provide a signif-
icant advantage of the MIFE approach over other methods for ion flux meas-
urements. These include:

1. Non-destructiveness. In contrast to many other methods, the MIFE (or
other similar) technique allows in-situ measurements of net ion fluxes, in
physiologically “realistic” conditions.

2. High spatial resolution. The electrode tip is several (typically 2-3) um in
diameter, which makes it possible to measure net ion fluxes from single
cells (Babourina et al. 2000; Shabala et al. 2001b) or protoplasts derived
from plant cells (Shabala et al. 1998; Tyerman et al. 2001). Moreover, for
some ionophores with high signal-to-noise ratio (such as H*), the electrode
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tip diameter can be further reduced to 0.8-1.0 um. As a result, the cell sur-
face can be “mapped” (Shabala et al. 1998; Tegg et al. 2005), providing
information about spatial distribution and functional expression of specific
ion transporters.

3. High temporal resolution. The “default” MIFE settings assume electrode
movement with 10 s period. This could be further reduced without diffi-
culty to 2 or 3 s in some cases. Such high temporal resolution is especially
crucial in studying rapid signaling events at plant membranes. Most other
non-invasive techniques operate on a time scale at least 1 order of magni-
tude slower. This gives the MIFE technique a unique opportunity to provide
insights into very early (and fast) events associated with plant responses to
environmental changes.

4. Duration of measurements. As the technique is non-invasive, its applica-
tion is limited essentially only by the lifetime of the ion-selective electrode
(typically 15-20 h). Moreover, electrodes may be easily replaced, and
measurements resumed after only a few minutes break. None of the other
techniques of the same time resolution (e.g. patch-clamp or fluorescence
imaging) provide this opportunity.

5. Simultaneous measurements of several ions. The possibility of measuring
kinetics of fluxes of several ions simultaneously, and essentially at the
same spot, is important in understanding the underlying ionic mecha-
nisms of cell adaptive responses. By assessing stoichiometry ratios
between various ions, valuable information about the membrane trans-
porters involved can be gained.

3.3 MIFE technique for non-invasive ion flux measurements

3.3.1 Theory

The theory of non-invasive MIFE ion flux measurements was reviewed in
detail by Newman (2001). In this section, I will only reiterate some of its basic
principles.

Briefly, if an ion is taken up by living cells, its concentration in the prox-
imity of the cell surface will be lower than that further away. Vice versa, if the
ion is extruded across the plasma membrane, there will be a pronounced elec-
trochemical potential gradient directed away from the cell or tissue surface
(Fig. 3.1). The principle of the MIFE technique is in measuring this electro-
chemical potential gradient by slow square-wave movement of ion-selective
electrode probes between two positions, close to (position 1), and distant
from (position 2) the sample surface (Fig. 3.1). At each position, electrode
voltage is recorded and then converted into approximate concentration using
the calibrated Nernst slope of the electrode. It is assumed that convection and
water uptake are negligibly small and unstirred layer conditions are met
(Newman 2001).
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Fig. 3.1. Basic principles of the MIFE ion flux measurement. The ion-selective microelectrode
is moved in a square-wave manner between two positions near the root surface. A voltage gra-
dient (dV) is measured by the electrometer between two positions over the travel range dX

Net fluxes of specific ions (mmol m™ s™!) can then be calculated from the
measured voltage gradient near the surface. The magnitude of the flux is
strongly dependent on the tissue geometry, determining ion diffusion pro-
files. In the simplest case of planar diffusion (such as from plain leaf surface),
the following equation is used (Newman 2001):

] = cuz Fg (dVldx),

where ¢ is ion concentration (mol m™); u is the ion mobility (m s per
Newton mol™); z is the ion’s valence; F is the Faraday number (96,500 °C mol™);
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g is a factor found from the measured Nernst slope for the electrode
during calibration; dV is the voltage difference measured by the electro-
meter between the two positions (V); dx is the distance between two posi-
tions (m).

For cylindrical geometry (e.g. root surface) the radius of the cylinder (r)
should be taken into account. This is done by replacing dx in the implemen-
tation of the equation above by

dx = rz[ll(r+ x)— 1/ (r+x+ dx)]
For spherical geometry (e.g. protoplast)
dx=rIn|(r +x+dx)/(r +x)|.

3.3.2 MIFE hardware

The MIFE setup is built around the microscope system with long distance
objectives. There are several basic configurations of the MIFE system used in
our laboratory. When fluxes are to be measured from small specimens (such
as single cells; protoplasts; bacterial monolayers), an inverted microscope is
used. The ion-selective electrodes are mounted on a multi-manipulator provid-
ing 3-dimensional fine positioning of the electrode tips near the specimen sur-
face. The manipulator is attached to the stepper motor-driven 3-dimensional
hydraulic micromanipulator, enabling the square-wave electrode movement
to measure the electrochemical potential of the ions at two positions in solu-
tion close to a tissue surface.

The measured specimen is immobilized at the bottom of the open type
experimental chamber. The chamber is placed on the microscope stand, and
electrode holders are positioned at an angle of 30° to the microscope stand
plane. The standard non-polarizing Ag/AgCl reference electrode is posi-
tioned in the chamber. The electrodes oscillate (usually at 0.1 Hz), between
two positions, close (usually 10-20 um) and more distant (40-50 um) from
the cells, driven by the computer-controlled stepper motor. The voltage out-
put from the electrodes is amplified by the MIFE electrometer and digitized
using an analogue-to-digital interface card on an IBM-compatible PC. The
card also controls the stepper motor of the manipulator and is used for offset
adjustment of the four-channel electrometer.

The DOS-operated CHART (University of Tasmania, Hobart, Australia)
software allows automated and interactive real-time control of the amplifier
configuration and the micromanipulator while the data is being collected and
written to disk (Shabala et al. 1997). The recorded voltage traces are displayed
on the screen in a real time scale (Fig. 3.2), with a possibility of expanding or
contracting some selected data segment without interrupting the measure-
ments. More details are available at http://www.mife.com.
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Fig. 3.2. Computer screen display of the MIFE recordings (courtesy Dr. L.Shabala). A (reverse
colour) screen is pictured showing four concurrent voltage records for Ca*’, H*, K*, and tem-
perature. Fluxes of ions were calculated from the voltage (AV) using recorded concentration
values. H" and K* concentrations are decreasing slowly. K* and H* fluxes are steady, while Ca*
flux decreases to zero. Temperature (reversed scale) increases slowly

Flux calculations are performed automatically by the MIFEFLUX software
(University of Tasmania, Hobart, Australia) from the data and log files.
Calculated ion fluxes (in nmol m™2 s7!) and concentrations are exported into
an ASCII-format spreadsheet and saved onto computer disk, alongside the
raw (mV records) data.

For ion flux measurements from root or leaf surface, a more “user-
friendly” arrangement is used. In this case, the MIFE setup is built around the
standard stereomicroscope. The microscope is rotated by 90°, so that the
optical axis is horizontal. The measuring chamber is mounted on the com-
puter-driven 3-dimensional hydraulics micromanipulator, while microelec-
trodes are held by the MMT-5 manipulator. Under such an arrangement, the
electrodes are steady, and it is a slow movement of the measuring chamber
that enables flux measurement. The main advantage of this arrangement is
the convenience of electrode positioning (much further from the chamber’s
bottom—thus, less danger for electrodes to be broken). For more details,
refer to Shabala and Newman (1997).
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3.3.3 Methodological issues

Liquid membrane type ion-selective microelectrodes are used for MIFE meas-
urements. Specific details of their fabrication and calibration are given in our
publications (e.g. Shabala et al. 1997, 2005a; Shabala and Shabala 2002).
Briefly, electrodes are pulled from non-filamentous borosilicate glass capillar-
ies to tip diameter ~1 pm. Electrode blanks are then silanized with trib-
utylchlorosilane (90796; Fluka Chemicals) to make their surface hydrophobic.
Dried and cooled electrode blanks are stored under cover and may be used
over several weeks. To make the electrode, the electrode tip is first broken
slightly to achieve the required diameter (typically 2-3 um). It is then back-
filled with an appropriate solution (see Shabala and Shabala 2002 for more
details) and finally front-filled with the appropriate liquid ion exchanger
(LIX). Immediately after filling, electrodes are immersed in solution and kept
there until use (up to 8-10 h).

In our laboratory, we routinely use the MIFE system to measure net fluxes
of H*, Ca**, K, Na*, CI, Mg**, NH}, NO;, and Cd** from various systems:
higher plant tissues and protoplasts; animal tissues (e.g. muscles); fungi;
algae; protists; yeasts; bacterial monolayers and biofilms. Several more ions
(e.g. Zn*, Cu*, Cs*, Pb’*, SO,?) also can be measured using commercially
available ionophores.

Despite the same principle being used for measurements of fluxes of each
of these ions, there are some “specific features”, related to fabrication, cali-
bration, and use of ion-selective microelectrodes to measure fluxes of a spe-
cific ion. The full coverage of these issues is beyond the scope of this paper.
Some of these issues are also covered in detail in previous reviews on MIFE
(Newman 2001; Shabala et al. 2005a). In this paper, only the crucial issues are
mentioned.

1. Basic electrode characteristics. As a rule, for most physiological conditions,
electrode characteristics are expected to be linear. Accordingly, each elec-
trode is calibrated in a set of three known standards, covering the range of
concentrations expected to be found in the experiment. The average
responses of electrodes are about 53-54 mV/decade for monovalent ions,
and 27-28 mV/decade for divalent ions, with a correlation R>0.999. If
measurements are made at very low concentrations, non-linearity requires
that more than 3 standards should be used.

2. Electrode “conditioning”. Most of the prepared microelectrodes can be
used immediately after preparation, while others (e.g. H* and Cl") need
some conditioning time (~1 h) to ensure a stable response.

3. Responsiveness. During MIFE measurements, the electrodes are moved back
and forth at 5-s intervals. For accurate flux calculations, the LIX must “set-
tle” at each position. From practical experience, settling achieved quicker
if the LIX column length is relatively short. However, in this case there is
a danger of a gradual leak of LIX out of the tip and electrode loosing its
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selectivity. The compromise is achieved by optimizing the amount of
silane used for electrode fabrication and the amount of LIX used for elec-
trode filling.

4. Effect of ionic strength. Variations in ionic strength of solutions might sig-
nificantly affect characteristics of ion selective electrodes and result in inac-
curate estimates of ionic concentrations and, ultimately, net ion fluxes. The
actual concentration (and, thus, flux) is overestimated for solutions with
ionic strength lower than that of the standard, and is underestimated vice
versa. For many ions, such a difference may be as big as a factor of 2 in a
physiologically relevant range of concentrations (e.g. Na* levels 200 mM).
More details are available in Shabala et al. (2005a).

5. Temperature. Although the theory shows that the Nernst slope is propor-
tional to the Kelvin temperature. However, our experiments in the 4-40 °C
range suggested that in all cases, the Nernst slope remained >50 mV/decade,
and the maximum inaccuracy in flux calculation did not exceed 6% (Shabala
et al. 2005a). Thus, for practical purposes, the effects of temperature on elec-
trodes may be ignored. However at temperatures above 32 °C, the LIX often
became very “noisy” affecting the signal to noise ratio. This should be kept
in mind when planning experiments.

6. Signal to noise ratio. Due to the thermal electron noise in electrodes, there
is some theoretical “lower limit” on the magnitude of the flux that can be
measured against the background noise (Ryan et al. 1990). There are two
practical measures to overcome this problem and to improve the sensitiv-
ity of the flux measurements. One is to increase the travel range of the elec-
trode (making voltage changes larger), and another one is to increase
electrode tip diameter. For more details, see Shabala et al. (2005a).

7. Confounding effect of inhibitors. Pharmacological experiments are frequent
in plant electrophysiology. However, many of the channel blockers and
metabolic inhibitors routinely used in patch-clamp experiments may signif-
icantly affect LIX characteristics. For example, even micromolar concentra-
tions of CCCP completely “killed” Ca?* LIX, reducing electrode slope from
27 to <3 mV/decade. Therefore, a rigorous test of LIX performance in the
presence of inhibitors should be undertaken first.

3.4 Application of ion-selective microelectrodes to study
plant adaptive responses to environmental conditions

3.4.1 Nutritional disorders

A large bulk of literature is available dealing with the application of ion selective
microelectrodes to study various aspects of nitrogen (both NH; and NO3;
Henriksen et al. 1990, 1992; Colmer and Bloom 1998; Garnett et al. 2001, 2003)
and potassium (Newman et al. 1987; Ryan et al. 1990; Jones et al. 1995) nutrition
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and transport in plant roots. These studies revealed a complex heterogenous
nature of nutrient acquisition along the root axis, with some pronounced dif-
ferences between functional root regions. Most of these issues have been com-
prehensively reviewed by Newman (2001), so are not discussed here. The only
aspect I would like to comment on here is the possibility of measuring ion
fluxes from root hairs. Root hair growth appears to be linked intimately to the
cytosolic free Ca?* concentrations in the apex (Gilroy and Jones 2000). High
spatial resolution of the microelectrode ion flux measuring technique allowed
fine-scale quantification (“mapping”) of ion fluxes from the growing root hair
(Jones et al. 1995). These authors reported tip-localized influx of H" and Ca?*,
with relatively uniform K* influx along the length of the root hair.

The ion flux measuring technique is also widely applicable for the study of
mechanisms of uptake and translocation of micronutrients in various plant
tissues. Studies in Kochian’s lab showed the potential for the application of
Cd**-selective microelectrodes to study heavy-metal ion transport in roots
(Pineros et al. 1998). Several more LIX are commercially available from Fluka
(e.g. Cu**, Zn**, Pb*, Cs*). Being combined with molecular tools, their use
may greatly advance engineering of varieties with higher nutrient efficiency,
as well as helping in phytoremediation of metal-contaminated soils.

3.4.2 Salinity

Salt tolerance in non-halophytes is conferred by a large number of adaptive
mechanisms, most of which are related to membrane-transport processes.
Recently, this topic has been the subject of a large number of comprehensive
reviews (e.g. Maathuis and Amtmann 1999; Hasegawa et al. 2000; Zhu 2002,
2003; Tester and Davenport 2003). Also, molecular and ionic mechanisms
involved in the regulation of K* homeostasis and maintaining an optimal
K*/Na* ratio (critical to salt tolerance) in salinized plant tissues are discussed
in detail in another review by Cuin and Shabala in this book. Here, I want to
discuss only a few specific aspects of the application of the MIFE technique to
study mechanisms of salt tolerance in plants.

3.4.2.1 Specific and non-specific components of salt stress

Two principal adverse effects of salinity in non-tolerant plants are osmotic
stress and specific ion (Na* or Cl7) toxicity (Munns 2002; Zhu 2003; Tester
and Davenport 2003). The intriguing question is: how do plants distinguish
between these two?

The above issue was addressed by measuring net ion flux responses to iso-
tonic NaCl and mannitol solutions from various leaf (Shabala 2000) and root
(Chen et al. 2005) tissues. While NaCl promoted a net K* efflux, isotonic
mannitol treatment induced a gradual increase in the net K* uptake from
both leaf and root tissues, indicating that different ionic mechanisms are
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involved in perception of “ionic” and “osmotic” components of the salt
stress. Pharmacological and patch-clamp experiments suggested that NaCl-
induced K* efflux is mediated essentially by depolarization-activated K* out-
ward-rectifying channels (DAPC), while inward-rectifying K* channels are
involved in K* uptake in response to mannitol treatment. Overall, our results
showed that K* fluxes from plant cells under salt conditions are driven by two
oppositely directed signals: (i) K* efflux resulting from NaCl-induced plasma
membrane depolarization and (ii) K* uptake resulting from some elusive
“osmosensing mechanism” (see section 4.3 for details). Under mild salinities,
the latter component dominates, while higher NaCl treatments result in over-
all net K* efflux from salinized tissues.

3.4.2.2 Delineating the role of the plasma membrane H*-pump in salt stress
responses

The other important issue concerns the involvement of the plasma mem-
brane ATP-dependent electrogenic H*-pump in cellular responses to salt
stress. A NaCl-induced increase in plasma membrane H*-ATPase activity has
been reported for many halophytic species (Ayala et al. 1996; Vera-Estrella
et al. 1999). It was suggested that the stimulation of H*-ATPases by salt stress
may provide a driving force for a plasma membrane Na*/H* exchanger to
move Na* from the cytoplasm into the apoplast, thereby providing a signifi-
cant contribution to the salt adaptation of plant cells (Ayala et al. 1996).
However, Serrano et al. (1999b) concluded that cells confronted with toxic
cations such as Na* temporarily down-regulate their H*-pump to escape
stress. To shed more light on this issue, H* fluxes were measured from the
mesophyll tissue of salt-sensitive broad bean species (Shabala 2000) in
response to NaCl treatment. Our results showed a significant increase in
NaCl-induced net H* efflux. Leaf pre-treatment with CCCP (a protonophore)
and orthovanadate (a specific inhibitor of the plasma membrane H" pump)
did not prevent the initial “instantaneous drop” towards net H* efflux, but
did completely arrest the subsequent continuous drift towards larger efflux
(Shabala 2000). It was concluded that there are at least two components of the
observed H flux: one is “vanadate-sensitive” (suppressed by both vanadate
and CCCP), and another is “vanadate-insensitive”. Their origin is a matter for
further investigation.

3.4.2.3 K* homeostasis as a key feature of salt tolerance

The ability of a plant to prevent accumulation of excessive amounts of Na* in
the cytosol has always been considered as a key feature of salt tolerance
(Munns 2002; Zhu 2003; Tester and Davenport 2003). This may be achieved
either by preventing Na* uptake, or by active Na* extrusion from cytosol
into the apoplast (via plasma membrane SOS1 Na*/H* antiporter) or into the
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vacuole (via tonoplast NHX antiporter) (Blumwald et al. 2000; Hasegawa
et al. 2000; Tester and Davenport 2003; Zhu 2003). Accordingly, plant breed-
ing for salt tolerance was traditionally aimed to improve one of those features
(Blumwald et al. 2000; Munns 2002; Zhu 2003). However, it appears that it is
K*/Na* ratio in the cytosol rather than Na* concentration per se that is criti-
cal to salt tolerance (Maathuis and Amtmann 1999). Direct evidence for this
is surprisingly rare (Carden et al. 2003), most likely due to technical difficul-
ties associated with measuring cytosolic Na* and K* concentrations.

Use of the MIFE technique offers an excellent opportunity to look at mech-
anisms underlying K* homeostasis in salinized plant tissues. Recently, we
have made a rigorous comparison of physiological responses of seven barley
cultivars contrasting in their salt tolerance (Chen et al. 2005). A very strong
correlation (R>0.8) was shown to exist between net K™ fluxes measured from
the surface of 3-day-old barley roots after 40 min of treatment in various con-
centrations of NaCl and plant physiological responses (growth rate, biomass,
net CO, assimilation, chlorophyll fluorescence, root and leaf elemental and
water content) after a month of NaCl treatment in a glasshouse. The differ-
ence between NaCl-induced K* efflux between tolerant and sensitive cultivars
was 3-fold, with much higher K* efflux measured from sensitive varieties
(Chen et al. 2005). Importantly, this feature was heritable, as shown in exper-
iments on F1 and F2 back-crosses. These findings not only suggest that K*
homeostasis is a key feature for plant salt tolerance, but also offer a conven-
ient non-destructive screening tool for plant breeders.

3.4.2.4 Ameliorative effects of Ca**

It is also known that the application of external Ca’" may significantly amelio-
rate salinity stress symptoms in many species (Cramer et al. 1987; Rengel 1992;
Reid and Smith 2000). It was traditionally believed that the dominating mech-
anism of such amelioration was in Ca?" restriction of Na* uptake via non-
selective cation channels (NSCC) which are believed to be a major pathway for
Na* uptake into the cell under conditions of high salinity (Tyerman et al. 1997;
Demidchik and Tester 2002; Tester and Davenport 2003). Recent studies pro-
vided some evidence that not only Ca?* but also other divalent cations may be
important for controlling Na* transport across the plasma membrane in saline
conditions (Elphick et al. 2001; Demidchik and Tester 2002). Until recently, it
remained unclear whether NSCC blockage by elevated [Ca*'] was the only
mechanism involved. MIFE experiments on both root (Shabala et al. 2003) and
leaf (Shabala 2000; Shabala et al. 2005b) tissues of various species showed that
supplemental Ca®" efficiently reduces, or even completely prevents, NaCl-
induced K* efflux from the cell. Other divalent cations (Mg?*', Ba**, Zn?**) were
also efficient in preventing K* leakage in response to salinity (Shabala et al.
2005b). Patch-clamp experiments on Arabidopsis leaf and root cells impli-
cated DAPC involvement (S. Shabala, V. Demidchik and J. Davies, submitted).
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Overall, our results suggest that, in addition to their known ability to block
NSCC, divalent cations also control the activity or gating properties of K*
transporters at the cell plasma membrane, thereby assisting to maintain the
high K*/Na* ratio required for optimal plant growth and leaf photosynthesis.

3.4.3 Osmotic stress

Improving crop resistance to osmotic stresses has always been a focus of
breeding programs. Over the last 2 decades, the major emphasis was on
molecular engineering of transgenic species, which overexpress genes
responsible for biosynthesis of various compatible solutes (Bohnert et al.
1995; Bajaj et al. 1999; Bohnert and Shen 1999; Serrano et al. 1999a). It is tra-
ditionally believed that de novo synthesis of such compatible solutes is
involved in re-adjustment of cell osmotic potential and prevention of water
losses. However, it recently became evident that the functions of compatible
solutes are not likely to be limited to conventional osmoprotection. Instead,
a regulatory role for compatible solutes in adjustment of metabolic pathways
to altered environmental conditions, was postulated (Bohnert and Sheveleva
1998; Serrano et al. 1999b). An important component of such adjustment
might be control over activity of membrane ion transporters also involved in
cell osmotic adjustment.

It has long been suggested that changes in ion fluxes in response to osmotic
stress provide quick (within a few minutes) osmotic adjustment and maintain
normal turgor (Wyn Jones and Pritchard 1989; Bohnert et al. 1995; Lew 1996).
However, until recently, no direct evidence was provided. Using a non-invasive
ion flux measuring technique, we showed that bean mesophyll cells responded
to hyperosmotic stress by increased uptake of K* and CI” (Shabala et al. 2000).
This is consistent with other reports obtained using different experimental
techniques (Okazaki et al. 1984; Teodoro et al. 1998). Our model calculations
estimated that up to 859% of the changes in the cell turgor may be compensated
by uptake of these two inorganic ions within 1 h after stress onset. These cal-
culations were validated in direct concurrent measurements of net ion fluxes
and cell turgor changes (the pressure-probe technique) in osmotically stressed
Arabidopsis thaliana epidermal root cells (Shabala and Lew 2002). Our results
showed that >90% of the cell turgor was recovered by inorganic ion uptake
within 40 min after onset of hyperosmotic stress.

There are at least two major advantages in using inorganic ions for cell
osmotic adjustment. One of them is the rapidity of turgor recovery (minutes
versus. hours or days for de novo synthesis of compatible solutes). This may give
an adaptive advantage to plants which experience acute water stress in natural
conditions throughout ontogeny (such as with a shallow root system). Another
advantage is the energetics of osmotic adjustment. According to Raven (1985),
the ATP requirements for synthesis of compatible solutes is approximately 10
times higher than that for active ion transport across membranes.
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Specific ionic mechanisms involved in osmotic stress perception are still
elusive. Lew (1996) suggested that Arabidopsis root hair cells possess an
osmosensing but not a turgor-sensing mechanism. At least two mechanisms,
namely (i) mechanosensitive (or stretch-activated) channels and (ii) putative
intracellular osmosensing mechanisms, have been suggested by Brownlee
et al. (1999). However, most reported evidence of SAC was obtained by using
the patch-clamp technique; there is thus a need for more experimental obser-
vations of SAC effects at the tissue or organ level. Appearance of the addi-
tional 2-min oscillatory component in ion flux oscillations measured from
hyperosmotically stressed plant roots (Shabala and Newman 1998) may pro-
vide such evidence.

A ubiquitous component of osmotic adjustment in higher plants is modu-
lation of the proton-pumping activity (Reinhold et al. 1984; Li and Delrot
1987; Reuveni et al. 1987). Palmgren (1991) suggested that the relaxation of
the stretched status of the membrane might directly activate the plasma
membrane H-ATPase, as the activity of this enzyme is strictly dependent on
the lipid environment. Passive H' transport is also affected (Bisson and
Gutknecht 1977; Lew 1996) implying a multicomponent osmo-regulatory sys-
tem. It remains to be answered whether the plasma membrane H*-pump is a
primary target (a receptor) of osmotic stress (Reinhold et al. 1984), or merely
a component of the complex signaling network controlling the activity of the
plasma membrane transporters for other ions (Kinraide and Wyse 1986; Li
and Delrot 1987). Supporting evidence for the former hypothesis includes
reports of significant osmotic-induced acidification of the bathing medium
(Kinraide and Wyse 1986; Reuveni et al. 1987) and direct measurements of
net H* extrusion (Lew 1998; Shabala and Newman 1998; Shabala et al. 2000).

At the same time, some authors ruled out direct effects of osmoticum on
the H* pump, suggesting instead that the primary targets in the osmosensory
mechanism are stretch-activated Cl~ channels inactivated by hyperosmotic
stress (Teodoro et al. 1998; Zingarelli et al. 1999). In our experiments, K*
uptake kinetics in hyperosmotically stressed mesophyll tissue was not
affected when 500 UM vanadate (a known inhibitor of the H*-ATPase) or 50
UM CCCP (a protonophore) were added (Shabala et al. 2000). At the same
time, when K* uptake was suppressed by 20 mM TEA, neither K" nor H* flux
changes were evident in response to mannitol treatment. This finding sug-
gests that direct control of K uptake is an important part of the process of
osmoregulation. Earlier Liu and Luan (1998) suggested voltage-dependent K*
and Cl- channels being potential targets of osmosensing in stomatal guard
cells. Direct modification of the turgor activated ionic conductance for K*
and Cl~ was also shown in Chara (Kourie and Findlay 1991). The exact mech-
anism of this modulation, however, remains unclear.

Enhanced H" extrusion (Reinhold et al. 1984; Li and Delrot 1987; Reuveni
etal. 1987) is expected to cause significant membrane hyperpolarization. This
is indeed the case (Reid et al. 1984; Kinraide and Wyse 1986; Reuveni et al.
1987; Teodoro et al. 1998; Zingarelli et al. 1999; Shabala and Lew 2002). Such
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hyperpolarization may enhance K* uptake via voltage-gated K* inward-
rectifying channels or, alternatively, reduce K* efflux through outward K*
channels (Lew 1996; Zingarelli et al. 1999). Both these types of channels are
known to show strong voltage dependence (Very and Sentenac 2002; Shabala
2003), and the possibility that voltage clamp of the plasma membrane directly
affects net K* fluxes into and out of the cell was shown in direct experiments
combining the voltage-clamp and MIFE techniques (Shabala and Lew 2002).

3.4.4 Temperature extremes

Low ambient temperatures have a significant impact on agricultural produc-
tion not only of many species of tropical or subtropical origin grown in tem-
perate regions around the world, but also within a normal plant’s habitat
(Lyons 1973). Genetic manipulation of chilling-sensitive species for achieving
better growth and higher crop yield depends on an understanding of mecha-
nisms of chilling responses and tolerance.

There are numerous papers reporting significant perturbations in root ion
uptake and transport under chilling stress (Bravo-F and Uribe 1981; White
et al. 1987; Pritchard et al. 1990; Petterson 1995). Results are often controver-
sial. Strong temperature dependence for uptake of potassium and phospho-
rous was reported for corn roots (Bravo-F and Uribe 1981), while Petterson
(1995) found no effect of low root zone temperature on net uptake or trans-
port of these ions in barley. Wang et al. (1993) have reported that high and
low affinity transport systems for NHj in rice roots had very different Q
(2.6 and 1.5, respectively). However, no attempts to directly measure the tem-
perature dependence of fluxes of different nutrients in situ at the cellular level
have been undertaken until recently.

Using the unique advantages of the MIFE technique, we showed that criti-
cal temperatures, under which the recovery of the activity of plasma mem-
brane transporters took place, was the same for all ions measured (H*, Ca*,
K*, Na*, NH}, and CI7; Shabala and Shabala 2002) and very close to the criti-
cal temperature of plasma membrane phase transition expected to be found
for the measured species (Lyons 1973). We also showed, at the same time,
that the apparent difference in ion flux kinetics measured in a traditional way
may be misleading, due to different rates of recovery for different trans-
porters (Shabala and Newman 1997).

The primary sites of the chilling effect appear to be plant membranes (Lyons
1973; DuPont 1989; Yoshida 1991). The role of membrane fluidity in tempera-
ture perception and transduction of the chilling signal now seems to be indis-
putable (Marschner 1995; Murata and Los 1997). Chilling temperatures may
directly affect the structure and function of the plasma membrane transport
enzymes. Changes in lipid composition, carrier activity, permeability, and
ultrastructure have been shown to occur at the membrane level (Héllgren and
Oquist 1990 and references within). However, specific mechanisms underlying
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the effects of membrane phase transition on activities of plasma membrane
transporters remain to be elucidated.

Several possibilities have been suggested, including conformational
changes of transport proteins (changing affinity), or indirect effects due to
modification of the physical properties of the lipid environment (Clarkson
et al. 1988). As most membrane transporters are coupled via MP, conforma-
tional changes in one transport protein will most likely have a domino effect
on the activity of others. Our experiments (Shabala and Shabala 2002) suggest
that two transporters of ions are primary “suspects” for such a role.

Plasma membrane H*-pump. There is much evidence in the literature that
active H* transporters are among the most sensitive to temperature stress in
chilling-sensitive species (DuPont 1989; Yoshida 1991). In our experiments,
both vanadate and CCCP caused an 80% reduction in the magnitude of H* flux
temperature responses (Shabala and Shabala 2002). Observed changes in the
activity of other transporters could be explained by the dramatic depolarization
of the plasma membrane (Clarkson et al. 1988). A resultant shift in the values for
the Nernst potential would enhance the passive cation leak from the cells
(Clarkson et al. 1988; Hillgren and Oquist 1990; Wang et al. 1993; Macduff and
Dhanoa 1996; Shabala and Shabala 2002).

Cold induced inactivation of the H*-ATPase may have been due to a struc-
tural alteration in the enzyme complex, including a modification of the inter-
molecular association of the subunits and the uncoupling of ATP hydrolysis
and H transport activity (Yoshida 1991). When the principal processes gen-
erating ATP temporarily collapse under chilling conditions, the ATP-driven
efflux of H* will decrease (Clarkson et al. 1988). This is exactly what was
observed when measuring net H* fluxes in chilled root and leaf tissues
(Shabala and Newman 1997).

Ca?* transporters may play a central role in mediation of low-temperature
effects on cell nutrient uptake. All tested metabolic inhibitors (La**, vanadate
and TEA) caused dramatic reduction (>90%) in the magnitude of Ca?* flux
responses to chilling recovery (Shabala and Shabala 2002). As some of these
inhibitors are not Ca**-specific, it indicates a likely signaling role of Ca?* flux
changes (Knight et al. 1996; Murata and Los 1997). According to some models,
Ca?* channels open at low temperatures upon a decrease in membrane fluid-
ity, and the entering Ca®" ions activate a signal transduction pathway for up-
regulation of the expression of low-temperature-inducible genes (Monroy and
Dhindsa 1995). Validation of this model and elucidation of a mysterious puta-
tive sensor at the plasma membrane remains a priority for future research.

3.4.5 Soil pH
Soil acidity severely limits plant production worldwide. Among the major

constraints, AI’* toxicity is the most important (Marschner 1995), with even
micromolar concentrations of AI** in the soil solution inhibiting the root
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growth of many species (Kochian 1995; Ryan et al. 2001). The mechanisms of
APP* toxicity are complex and may include interactions that occur both in the
symplast and apoplast (Kochian 1995).

The ability of many species to maintain root growth at low soil pH is asso-
ciated with the release of weak organic acids (such as malate), chelating AI**
to form non-toxic complexes (Ryan et al. 2001). The ALMT]I gene, encoding
a membrane protein that facilitates an Al**-activated malate efflux when
expressed in tobacco, rice, barley and Xenopus oocytes (Delhaize et al. 2004;
Sasaki et al. 2004), has been isolated recently. However, the action spectrum
of AI** appears to be much broader than just activation of anion channels
responsible for malate efflux. AI** has the potential to affect membrane
potential significantly by directly interacting with the membrane to alter its
structure and fluidity (Chen et al. 1991), by blocking Ca*" and K* channels
(Ding et al. 1993; Gassmann and Schroeder 1994) or by inhibiting the H*-
ATPase in the plasma membrane (Ahn et al. 2002). These changes in mem-
brane potential will inevitably affect cellular ionic homeostasis.

AP** has been shown to block inward-rectifying K* channels (KIR) in root
hairs (Gassmann and Schroeder 1994) and guard cells (Schroeder et al. 1994),
reducing the open probability and changing the activation kinetics of the
channel through some internal membrane-delimited mechanism (Liu and
Luan 2001). Therefore, it was suggested that K* deficiency in acid soils can be
correlated with the inhibitory effect of AI’* on KIR in roots (Gassmann and
Schroeder 1994). However, it has also been shown that AI** has no effect on
K* accumulation at the whole-plant level (Marschner 1995). Alternatively,
Zsoldos et al. (2001) reported that AI** stimulated K* (3Rb) influx in short-
term (up to 6 h) experiments. This controversy might be resolved if the effect
of AI** on channel gating and activation kinetics is rather different in situ
than when expressed in heterologous conditions (Liu and Luan 2001). It is
worth mentioning that the pH-sensitivity of SKT1 (K* inward-rectifying
channel from potato) was rather different when expressed in insect cells ver-
sus Xenopus oocytes, indicating that the heterologous expression system
influences the functional behavior of the channel (Hartje et al. 2000). From
this point of view, non-invasive ion flux measurements are ideal to study
effects of AI** on ion transport across membranes.

Several studies have now demonstrated that the Al**-activated malate
efflux is accompanied by K* efflux and it has been proposed that this can
account for electroneutrality (Ryan et al. 1995). However, all these studies
used excised root apices and relatively short treatment times and it remains
unclear whether a similar response operates in intact roots and if it is sus-
tained over long periods of Al’** exposure. In our recent work we used near-
isogenic wheat lines that differ in AI** tolerance (ET8 and ES8) to investigate
the effects of AI** on root-cell membrane potential and ion flux kinetics in
intact roots (Wherrett et al. 2005). We showed that addition of 50 uM AICI,
to the bathing solution stimulated an increase in K* efflux and H* influx in
ET8 but not in ES8. The differences between the genotypes were sustained for
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24 h and were observed only at the elongating zone and not the meristematic
zone (Wherrett et al. 2005). These results provide new temporal and spatial
information on the Al**-activated efflux of K* from intact wheat plants. Based
on our MIFE data, we also concluded that a previously proposed model
(Olivetti et al. 1995) to explain the Al**-dependent depolarization in snapbean
(blockage of K* outward rectifying (KOR) channel by Al**) is unlikely to be
occurring in wheat because the depolarization in ET8 are associated with a
transient increase in K* efflux, not a decrease as would be predicted from that
model. Instead, our data suggested no direct interaction between AI** and K*
channels and implied that the stimulation of K* efflux is triggered by the
membrane depolarization caused by organic anion efflux. Aluminum also
caused significant changes in the net H" and Ca** fluxes (Wherrett et al. 2005).
The physiological role of these changes is the subject of further investigation.

As mentioned above, no A’ effect on K* accumulation was observed at
the whole-plant level (Marschner 1995). That points to the possibility that the
soil (or apoplastic) pH per se may influence K* uptake. It is known that
Shaker-type K* channels are controlled (at post-transcriptional level) by both
pH, and pH, (Marten et al. 1999; Lacombe et al. 2000).

The most studied channels are K* channels in guard cells. Both apoplasmic
(Roelfsema and Hedrich 2002) and cytosolic (Dietrich et al. 2001) acidification
lead to the activation of inward K* currents in guard cells. The effect is voltage-
dependent (Roelfsema and Hedrich 2002). Strong pH-dependence of KIR chan-
nels was also reported for root (tomato LKT1 channel; Hartje et al. 2000),
pulvini (Yu et al. 2001) and mesophyll (Keunecke and Hansen 2000) cells.
Results are rather controversial. While LCT1 channel behavior was similar to
KIR in guard cells, the pulvinar KIR channels were inhibited by external acidi-
fication, with reversible decline of the maximum conductance and an irre-
versible shift of the voltage dependence of channel gating (Yu et al. 2001), in
contrast to their acidification-promoted counterparts in guard cells. In leaf tis-
sues, acidification stimulated K* conductance in bundle sheath cells, whereas a
decrease was found for mesophyll channels (Keunecke and Hansen 2000). Also,
extracellular acidification decreased the macroscopic currents through the
AKT3 channel (weakly voltage-dependent channel predominantly expressed in
the phloem) by reducing the single-channel conductance (Marten et al. 1999).

Equally controversial are data on pH regulation of KOR channels. Reports
range from strong inhibition (Ilan et al. 1994; Lacombe et al. 2000) to insen-
sitivity (Fan et al. 2003). There is also no agreement on the above mechanisms
of pH control of K* channels. Hoth et al. (2001) showed that essential ele-
ments for external pH regulation are located within the channel pore. At the
same time, no evidence for pH effects on single channel conductance was
reported (Ilan et al. 1994; Lacombe et al. 2000).

The fact that external protons can show opposite effects on different mem-
bers of the same gene family is hardly surprising as most of the results origi-
nate from experiments with heterologously expressed K* channels. Amtmann
et al. (1999) provided the first in planta characterization of the effects of
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apoplastic pH on KIR channels in roots, showing that a decrease in external
pH shifted the half-activation potential to more positive voltages and
increased the limit conductance, resulting in enhancement of the KIR cur-
rent. Increased probability of the KIR opening was also shown in patch-
clamp experiments by Hartje et al. (2000). This is opposite to what would be
expected if K* deficiency in roots grown at low pH is due to direct regulation
of KIR channels by protons. More likely, K" acquisition is under the strict
control of the plasma membrane potential which, in turn, is pH-sensitive.
Indeed, acidifying bathing media to pH 4 leads to significant H" influx into
the plant tissue (Shabala et al. 1997), which can potentially explain cytoplas-
mic acidification observed in Riccia rhizoids (Felle 1988) and in protoplasts
from wheat roots (Lindberg and Strid 1997). At the same time, most K* chan-
nels in the plant plasma membrane (with the only exception of AKT2/3) show
strong potential dependence (Very and Sentenac 2002; Shabala 2003).

The above hypothesis that K* deficiency at low pH may result from direct
control over K* transport by the depolarized MP was confirmed in experi-
ments, when net K* and H* fluxes near Arabidopsis root hairs were measured
under voltage clamped conditions and in a range of different external pH and
KCl concentrations (Babourina et al. 2001), providing strong evidence that K*
acquisition by root hairs is under strict voltage control and supporting the
above hypothesis on mediation by membrane potential of soil pH effects on
K* acquisition.

3.4.6 Oxygen deprivation

Many agricultural regions around the world are subject to waterlogging,
caused either by natural factors or as a result of excessive irrigation (Gibbs
and Greenway 2003). In waterlogged soils, air is displaced from the pore
spaces, and oxygen is rapidly depleted, which changes the root chemical envi-
ronment and affects root growth and causes a decline in acquisition of major
nutrients such as N, P, K and Ca (Atwell and Steer 1990; Boem et al. 1996;
Barrett-Lennard et al. 1999). Low oxygen levels in the rhizosphere and an
associated significant (up to 97%j; Gibbs and Greenway 2003) reduction in the
rate of energy production are believed to be the main reason for that decline.
In addition, long-term waterlogging reduces soil redox potential, causing
dramatic increase in the levels of free Fe?* and Mn**, leading to toxicity of
these nutrients for root metabolism (Marschner 1995).

It has frequently been suggested that anoxia decreases membrane selectiv-
ity. For example, Armstrong and Drew (2002) showed that low concentration
of oxygen in the rooting medium decreases the selectivity of K*/Na* uptake in
favor of Na* and retards the transport of K* to the shoots. This may lead to a
several fold increase in Na* content in leaf tissues compared with normoxic
plants (Smethurst and Shabala 2003). A so called “memory effect”, when
enhanced shoot transport of Na* remains present for many days even after
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short-term (1 h) oxygen deficiency, is known from the literature (Brauer et al.
1987). The precise ionic mechanisms involved remain to be elucidated. It also
remains unknown whether this decreased selectivity is due to an increased
permeability of the lipid bilayer or is caused by leakage of ions through some
specific channels or carriers (Greenway and Gibbs 2003).

Despite maintenance of membrane integrity being considered as a key fac-
tor in survival of plant cells under anoxia (Rawyler et al. 1999), surprisingly
little is known about processes that maintain membrane integrity under
anoxic conditions. Non-specific loss of K* was reported soon after onset of
anoxia (Greenway et al. 1992; Colmer et al. 2001), presumably as a result of
plasma membrane depolarization leading to KOR opening (Zhang et al. 1992;
Zhang and Greenway 1995). It was speculated that cells direct their limited
amounts of energy to the transport of solutes involved in pH regulation and
of sugars required for anaerobic carbohydrate catabolism (Greenway and
Gibbs 2003). As a result, net uptake of other nutrients (K*, PO ;3, Cl, and
NH}) is strongly inhibited (Petraglia and Poole 1980; Colmer et al. 2001).

Elucidating the signaling cascade of plant responses to anoxia remains one
of the great challenges. It was suggested that cytosolic acidification is the pri-
mary signal of an O, deficit (Ratcliffe 1997; Gibbs and Greenway 2003). Xia and
Roberts (1996) provided the evidence that plasma membrane H*-ATPase can
operate under anoxia and that net H* extrusion increases when cytosolic pH
falls. However, Felle (1996) concluded that changes in pump activity do not
affect cytoplasmic pH under anoxic conditions. Changes in [Ca*"]__ are also
thought to be part of the signal transduction pathway (Subbaiah et al. 1998).

Greenway and Gibbs (2003) proposed that in anoxia-tolerant tissues,
energy flow during anoxia must be directed towards essential nutrient trans-
port. No direct evidence has been provided though. From this point of view,
non-invasive ion flux measurements give an excellent opportunity to look at
underlying mechanisms associated with membrane responses to O, depriva-
tion. Results of recent studies in our laboratory have revealed that functionally
different barley root zones have rather different O, requirements (as measured
with vibrating O, microelectrode) and that oxygen deprivation has qualita-
tively different effects on the activity of plasma membrane ion transporters in
mature and elongation zones. Based on pharmacological data, we suggest that
hypoxia-induced K* flux responses are mediated by both KIR and NSCC chan-
nels in the elongation zone, while in the mature zone KOR channels are likely
to be the key (J. Pang and S. Shabala, in preparation). The ion flux “signatures”
in response to hypoxia were rather different between cultivars contrasting in
waterlogging tolerance, suggesting that the latter was mediated not only by
anatomical (e.g. aerenchyma formation) but also physiological mechanisms.

3.4.7 Oxidative stress

Reactive oxygen species (ROS) are produced as a by-product of cellular meta-
bolic pathways and function as a critical second messenger in a variety of
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intracellular signaling pathways in animal tissues (Kourie 1998). Plants also
respond to both biotic (elicitors) and abiotic (salinity, drought, chilling)
stresses by the production of reactive oxygen species such as the superoxide
anion radical (0%°), hydrogen peroxide (H,0,) or hydroxyl radical (OH®)
(Bowler and Fluhr 2000; Smirnoff and Wheeler 2000). It is traditionally
believed that increased ROS production has detrimental effects on cell ionic
homeostasis, causing lipid peroxidation and impairing membrane integrity
(Santos et al. 2001; Lee et al. 2004). However, there is growing evidence that,
in addition to having detrimental effects, ROS can also be important signal-
ing and regulatory agents. Examples are numerous and include ROS involve-
ment in plant signal transduction (Pei et al. 2000; Schroeder et al. 2001; Zhang
et al. 2001), development (Shorning et al. 2000), and programmed cell death
(Hoeberichts and Woltering 2003; Casolo et al. 2005).

Most evidence on the signaling role of ROS comes from experiments on
guard cells. ROS have been proposed to function as second messengers in
ABA signaling in guard cells (Kwak et al. 2003; Jiang and Zhang 2003). It is
believed that in such a signaling cascade, ROS are produced by NAD(P)H oxi-
dases (Jiang and Zhang 2003; Kwak et al. 2003), and this process is preceded
by cytoplasmic alkalization (Suhita et al. 2004). The intracellular signaling
pathway is rather complex and involves activation of a heterotrimeric G pro-
tein, H,0, generation, and changes in [Ca2+] in the regulation of stomatal
movements (Chen et al. 2004). However, Kohler et al. (2003) showed that
physiological concentrations of H,0, strongly inhibited K* outward rectifiers
in Vicia guard cells. These findings question the role of H,O, as a critical sec-
ond messenger regulating guard cell ion channels in response to ABA.
Obviously, the signaling network is more complex than initially believed, and
may include a variety of different types of membrane transporters and sec-
ond messengers. To understand their orchestrated functions remains a great
challenge.

By using the non-invasive MIFE technique we showed, for the first time,
that free hydroxyl radicals (OH®) caused rapid Ca** influx and K" efflux
across the plasma membrane of Arabidopsis root cells (Demidchik et al.
2003). Patch-clamp and luminometry experiments suggested that this effect
is mediated by ROS control upon the activity of at least two different types of
plasma membrane channels. ROS-induced increase in cytosolic Ca*" was
mediated by a novel population of NSCC that differ in selectivity and phar-
macology from those involved in toxic Na* influx (Demidchik and Tester
2002), while ROS-induced K* efflux was due to OH® stimulation of a KOR.
This is the first characterization of the channel-mediated K* efflux mecha-
nism of plant stress responses and is in contrast to H,0, data. Experiments
with abil mutant suggested that the phosphorylation state is critical to such
KOR activation (Demidchik et al. 2003).

Interaction between ROS and [Ca*"]_, appears to be critical in mediating
plant stress responses (Bowler and Fluhr 2000; Coelho et al. 2002).
Modulation of Ca** permeable channels by H,0, in guard cells, leading to
stomatal closure, has been reported widely (Pei et al. 2000; Murata et al. 2001;
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Schroeder et al. 2001; Zhang et al. 2001; Kwak et al. 2003). It was shown that
this process requires the presence of NAD(P)H in the cytosol (Murata et al.
2001). However, little is known about the subcellular spatio-temporal pat-
terns of ROS production or their significance for downstream responses
(Coelho et al. 2002).

Effects of ROS on K* channels are well documented in both animal and
plant literature. Most studies deal with either mitochondrial K*-ATP chan-
nels (Trono et al. 2004; Casolo et al. 2005) or with K™ permeable channels in
guard cell plasma membranes (Zhang et al. 2001; Kohler et al. 2003). Both of
these were suggested to play a role as defense systems under environmental
stress. Mitochondrial K*-ATP channels were activated under stress condi-
tions (salinity and osmotic stress) and were able to control mitochondrial
superoxide anion production (Trono et al. 2004).

Potassium efflux is known to be one of the earliest events observed in
response to a variety of stresses such as salinity (Shabala 2000; Babourina
et al. 2001; Shabala et al. 2003) and acidity (Babourina et al. 2001).
Traditionally, these effects were attributed to membrane depolarization
(Shabala et al. 2003). Our study of K* efflux from plant roots in response to
oxidative stress (Demidchik et al. 2003) demonstrated that stress-induced K*
efflux can be mediated by a previously unknown mechanism—activation of
KOR by OH®. In fact, this is hardly surprising. K* channels harbor reactive
groups and thus are expected to be sensitive to ROS (Kohler et al. 2003).
Importantly, flux amplitude and the time-course of K* flux response to ROS
treatment varied between species, suggesting species-specific “flux signa-
tures” in response to OH®. This also suggests that H,0, is not the sole oxygen-
derived species capable of signaling and regulation in plants. The response to
OH?® was tissue-specific and stronger in cells which directly interact with the
environment (e.g. root epidermis versus pericycle). Based on the above
results, two major functions for ROS activation of cation channels were pro-
posed: initialization/amplification of stress signals and control of cell elonga-
tion in root growth (Demidchik et al. 2003).

3.4.8 Biotic stresses

Plants respond to attack from pathogens by activating a variety of defense
mechanisms, including synthesis of phytoalexins and hypersensitive cell
death, which restricts growth of pathogens at the site of infection (Kadota et al.
2004). These responses are preceded by the interaction between pathogen-
associated molecules (elicitors) and putative plant receptors (Vera-Estrella
et al. 1994; Blumwald et al. 1998). Some of the earliest detectable signaling
events in plant defense responses include plasma membrane depolarization
and transmembrane ion fluxes, followed by production of ROS (Zimmermann
et al. 1998; Clough et al. 2000). These are sequentially followed by defense
gene activation and phytoalexin accumulation (Jabs et al. 1997). Most papers
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suggest elicitor-induced Ca** and H* influx and effluxes of ClI” and K*
(Nurnberger et al. 1994; Jabs et al. 1997; Kadota et al. 2004).

Of particular importance in early recognition between the host and
pathogen is the role of Ca®* as a second messenger that triggers a downstream
cascade of defense responses (Blumwald et al. 1998; Zimmermann et al.
1999). Fungal elicitors rapidly enhanced expression of the plasma membrane
Ca?* pump in soybean (Chung et al. 2000). Ca*" influx and the transient
increase in [Ca**]__ levels after elicitor treatment have been shown to be nec-
essary and sufficient for the induction of an oxidative burst and thus, plant
defense responses (Clough et al. 2000). The important role of Ca** signaling
in response to pathogen infection was observed in a wide range of species
(Bach et al. 1993; Nurnberger et al. 1994; Jabs et al. 1997; Blume et al. 2000;
Lecourieux et al. 2002; Kadota et al. 2004). Surprisingly, despite the great bulk
of literature reporting the critical role of Ca?* in the early recognition between
the host and pathogen, direct measurements of Ca** flux into a single infected
cell in vivo are lacking. This is largely due to the lack of appropriate tech-
niques used (as explained below).

Most of above conclusions were derived from either **Ca?* uptake experi-
ments (Bach et al. 1993; Nurnberger et al. 1994) or from experiments with
various Ca?* channel blockers (Atkinson et al. 1990; Nurnberger et al. 1997).
The above pharmacological data do not provide direct evidence that specific
plasma membrane Ca** channels mediate an elicitor-induced Ca** influx,
because the high (millimolar) concentrations of La’* or Gd** used to block
Ca?* influx may enter the cell and affect the plasma membrane Ca’"-ATPase
(Blume et al. 2000). As for the *Ca?* uptake technique, it has a relatively low
time resolution and is only capable of measuring cell-associated (not local-
ized) Ca?" uptake (Grant et al. 2000), precluding accurate quantification of
Ca?" influx into the cell and adequate resolution of the fast kinetics associated
with early signaling events at the plasma membrane.

Another popular technique is the use of aequorin technology, with a large
number of papers published on kinetics of [Ca®*]_ « changes in many plant
species in response to various elicitors and phytotoxins (Blume et al. 2000;
Grant et al. 2000; Lecourieux et al. 2002). The main problem with this method
is, however, that it cannot distinguish between transient [Ca*"]_ " changes
occurring as a result of increased Ca’* uptake from the external medium (i.e.
plasma membrane mediated) and changes resulting from Ca?" release from
internal store (such as vacuole or ER). Thus, the use of aequorin technology
does not allow location of the specific elicitor target(s) in plant cells.

Direct electrophysiological evidence of elicitor-induced activation of
plasma membrane Ca’" permeable channels is scarce (Gelli et al. 1997;
Zimmermann et al. 1997) and is usually obtained from patch-clamp experi-
ments. However, as protoplasts are highly artificial systems, it is unclear to
what extent these results are applicable to cellular responses in vivo (e.g.
Mathieu et al. 1991 versus Zimmerman et al. 1999). Several explanations
are possible including (i) indirect regulation of channel activity by an elicitor,
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(ii) the loss of responsiveness of the enzymatically isolated protoplasts, and
(iii) the end target of toxin being in the cell wall. In each of these cases, the
use of the MIFE technique will not be prone to these problems.

In a recent study, we applied the MIFE technique to characterize early sig-
naling events associated with thaxtomin A (a dipeptide phytotoxin produced
by all plant pathogenic Streptomyces sp. responsible for common scab disease)
toxicity in Arabidopsis and tomato roots and pollen tubes. Our results indicate
that thaxtomin A treatment causes Ca*"-channel-mediated rapid Ca?" influx
across the plasma membrane, triggering further Ca?*-induced Ca** release from
some internal store (Tegg et al. 2005). We also showed that thaxtomin A was
more effective in young, physiologically active tissues, suggesting higher den-
sity of toxin-binding sites in these regions, as well as suggesting a possible
interaction between thaxtomin A and plasma membrane auxin receptors, as
revealed from experiments on the auxin sensitive ucu2-2/gi2 Arabidopsis
mutant (Tegg et al. 2005).

Not only Ca?* but fluxes of other ions such as H*, K* and ClI" are also
affected by pathogens (Zimmermann et al. 1999; Clough et al. 2000;
Lecourieux et al. 2002; Kadota et al. 2004) and have been implicated in early
pathogen recognition. In contrast to Ca?*, effects of elicitors on H* flux activ-
ity across the plasma membrane are more variable and often controversial.
Generally, extracellular alkalinization occurs when plant cells are treated with
an elicitor (Atkinson et al. 1990; Nurnberger et al. 1994). However, some
papers report significant (up to 4-fold) activation of the plasma membrane
H*-ATPase (Vera-Estrella et al. 1994; Blumwald et al. 1998). This controversy
may be explained by the lack of direct measurements of elicitor-induced H*
fluxes, as most conclusions were derived from observed pH changes in the
cell medium.

It remains to be answered what specific membrane proteins mediate elici-
tor perception and signaling in plants. Various K* permeable inward- and
outward rectifying channels have been named as potential targets (Blatt et al.
1999; Ivashikina et al. 2001). A series of recent publications using dnd
(Clough et al. 2000) and hlm (Balague et al. 2003) Arabidopsis mutants
pointed to the involvement of the cyclic nucleotide-gated non-selective ion
channels (CNG). Such CNG channels are known to be permeable to all phys-
iologically relevant cations and thus, might mediate the observed elicitor-
induced Ca* and K* flux changes. This hypothesis can be easily tested in
MIFE experiments on these mutants.

In addition to plant-pathogenic interactions, early electrophysiological
events at the plasma membrane are also critical for root nodulation (Felle
et al. 1995; Ehrhardt et al. 1996; Zimmermann et al. 1999). Membrane poten-
tial changes and ion fluxes were both shown to be of importance for Nod sig-
nal perception and transduction (Zimmermann et al. 1999). Specific details of
this process remain to be elucidated. It was shown that adding nodulation
signaling protein NodO to a planar lipid bilayer causes formation of cation-
selective channels that allow K* and Na* fluxes across the membrane (Sutton
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et al. 1994). The full details of this process, as well as the overall role of ion
channels during the establishment of symbiosis, remain to be answered
(Zimmermann et al. 1999). Non-invasive ion flux measurements might be an
excellent tool for doing this.

3.5 Prospects and conclusions

As shown above, key features of the MIFE technique (such as non-invasive-
ness, high spatial and temporal resolution, and possibility of concurrent
measurements of fluxes of several ions) make it a very useful tool to study
membrane-transport processes in response to literally every known environ-
mental stress. As ion fluxes are measured in situ, a direct extrapolation of the
results to a variety of “natural” situations (e.g. plant stress response in the
field) becomes possible.

The power of the MIFE technique is enhanced many fold when used in
combination with other advanced experimental tools. One such example is a
combination of the MIFE and patch-clamp techniques (Tyerman et al. 2001;
Demidchik et al. 2003). Such a combination facilitates better identification of
membrane currents and makes it possible to determine stoichiometries of
transporter reactions. Another example is a combination of MIFE and fluo-
rescence imaging techniques. Shabala et al. (2002) used such an approach to
monitor H* flux kinetics across the plasma membrane of Listeria bacterial
cells in relation to observed intracellular pH, changes. These authors showed
that pH, and H* flux responses were complimentary and reflected the key role
of active H* extrusion in bacterial adaptation to acid stress. There is no doubt
that similar measurements can also be performed on plant tissues, using a
variety of dyes to monitor kinetics of the same ion on both side of the plasma
membrane. Alternatively, impaled ion-selective microelectrodes may be used
in combination with MIFE for these purposes. Earlier we used a similar
approach to measure net ion fluxes concurrently with membrane potential
changes from leaf epidermal and mesophyll cells in response to light (Shabala
and Newman 1999). Combination of the MIFE technique with voltage-clamp
(Babourina et al. 2001; Shabala and Lew 2002) or pressure-probe (Shabala
and Lew 2002) techniques also gave a significant conceptual advance in our
knowledge of the ion-transport processes underlying plant adaptive
responses to pH and osmotic stresses.

Most importantly, the MIFE technique is ideal for functional genomics stud-
ies. Its application to Arabidopsis phot mutants led to the discovery of an
important role of plasma membrane Ca?* fluxes in mediating blue light induced
phototropic responses (Babourina et al. 2002). Altered ion flux patterns were
also reported for newly described mtr-1 pea mutant with modified tropic
responses (Platten et al. 2004) or from Arabidopsis sos mutants in response to
salt stress (Shabala et al. 2005¢). Several more projects are currently at various
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stages of completion in our lab, using genetically modified material. Results
appear to be very promising.

To summarize, I believe that non-invasive ion flux measurements have a
unique role in filling the gap between fundamental membrane-transport
studies at the molecular levels and the needs of agronomists, aiming to
improve plant performance in the field under stress conditions. Although not
perfect, such a technique can probably claim the “best value for money” title
in its area. Time will judge if this claim is fully justified.
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4 Electrochemical Sensor Applications to the Study of
Molecular Physiology and Analyte Flux in Plants

MARK A. MESSERLL,' KENNETH R. ROBINSON,? PETER J.S. SMITH?

4,1 Introduction

Electrophysiological studies on plants have always been challenging. Cell
walls and turgor pressure have made it difficult to apply many standard
approaches used on animal cells. For these reasons, plant physiologists have
long sought and developed novel methods for examining cellular physiology
via non-invasive approaches. This review covers one such example, an elec-
trochemical method that evolved out of a series of capacitively coupled
techniques using a modulation approach. The first, for biological applica-
tions, was published by Blith and Scott (1950) using an aerial probe. Although
sparse on results, the authors claim preliminary data mapping surface poten-
tials from various plant materials. Further development was reported in a
series of papers by Grahm (1964) and Grahm and Hertz (1962, 1964) with
data on the geoelectric and auxin-induced effects from coleoptiles using par-
allel plate capacitors. Recently, a more refined device, termed the bioKelvin
probe, measured light-induced field changes originating from subsurface
currents of a single corn coleoptile (Baikie et al. 1999). This device incorpo-
rated positional feedback and improved spatial resolution. Sanger et al.
(1990) published a preliminary report using a similar approach.

The biggest breakthrough in the design of an instrument for monitoring
external voltage fields, as related to the transmembrane passage of ions, came
with the full development of the vibrating voltage probe by Jaffe and Nuccitelli
(1974). Davies (1966) briefly described a similar device applied to muscle fibers.
While subsequent studies by Jafte, colleagues, and others are too numerous to
mention, the vibrating probe was put to good use by plant physiologists as a
method for monitoring ion transport (reviewed by Nuccitelli 1991).

Although a powerful tool, used to great effect on studies involving pat-
terning and tip growth, the voltage probe has the limitation of not being
chemically selective. An approach was needed where identification of the
transported ion(s) that generated the current could be achieved. The first
example was published by Gow et al. (1984), measuring H* gradients over the
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surface of growing hyphae, with the landmark paper by Jaffe and Levy (1987)
automating the process for Ca** measurement. The full description was pub-
lished by Kiihtreiber and Jaffe (1990), with diversification to K*, H*, and Ca**
fluxes in maize roots and maize suspension cells by Kochian et al. (1992).
Around the same time further plant applications were being explored by
Newman and colleagues (Arif and Newman 1993). The use of ion-selective
electrodes (ISEs) in this configuration is termed self-referencing by the
authors (Smith et al. 1999). Over the approximately 20 years since its devel-
opment there have been numerous successful applications and diversifica-
tion to include other liquid membrane sensors, Cd*" for example (Pineros
et al. 1998) and Cl~ (Shabala and Newman 1998; Shabala et al. 2000). Cl~
detection is of particular interest to this review, and will be considered below
as detection with the available Cl™-selective solvents is problematic, as recog-
nized by Doughty and Langton (2001), Messerli et al. (2004), and Garber et al.
(2005). The use of these sensors highlights the problems and pitfalls that can
befall the unwary investigator in applying any electrochemical sensor.

Following the potentiometric ISEs came the self-referencing amperometric
design, first applied to oxygen detection (Land et al. 1999; Mancuso et al. 2000).
These solid-state redox-based sensors have so far seen a broader application in
the animal sciences, but the potential to measure nitric oxide flux (Kumar et al.
2001; Porterfield et al. 2001) or H,O, efflux (Twig et al. 2001, 2005) offers a clear
application in plants. Modification through enzyme incorporation has also
been demonstrated (Jung et al. 2001).

Electrochemical sensors, when used correctly on biological systems, offer
a huge experimental return, particularly in the plant sciences where more
conventional electrophysiological approaches are difficult. The self-referenc-
ing approach enhances this return by providing flux data and powerful signal
analysis, refining sensitivity and selectivity. This review aims to introduce the
reader to both the strengths and the weaknesses of this technique, which,
although now 2 decades old, may still be unfamiliar to many.

4.2 Electrochemical detection with microelectrodes

4.2.1 Properties of electrochemical sensors

Self-referencing with electrochemical sensors is a modulation technique
where a single sensor is used to measure the activity/ concentration of an ana-
lyte at different points in space and time. As micron-sized electrochemical
sensors are the basis for self-referencing, we will discuss some physical prop-
erties of these sensors before discussing their use in a self-referencing mode.

The two fundamental types of micro-electrochemical sensors used with
self-referencing to date are the potentiometric, ion-selective electrodes (ISEs),
and the amperometric microelectrodes. The ISEs are based on an ion-selective
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solvent or liquid membrane, immobilized in the tip of a micropipette with tip
diameters of 1-4 um. For an ideal electrode the measured voltage is related to
the activity of the ion by the Nernst equation

E=E,+ S log g; (1)

where ‘E ) is the offset (reference) potential, ‘S’ is the Nernstian slope= 2?§7T
1

and ‘a; is the activity of the primary ion. The offset potential is comprised
of the many boundary potential and liquid junction potential differences that
exist across the circuit comprising the reference and measuring electrodes.
Through calibration of each ISE we perform an empirical determination of
the slope of the line describing the voltage output for the change in ionic
activity. Since ionic activity is directly proportional to ion concentration, via
the activity coefficient, and the changes that occur to the activity coefficient
due to changes in ionic strength are usually negligible during self-referenc-
ing, we will use concentration in place of activity for ISEs.

The amperometric sensors are solid-state sensors with usually a metal,
platinum or gold, or carbon as the electrolytic surface. The amperometric
sensors used in combination with self-referencing, have only been used in
constant-potential mode, where the sensors are voltage-clamped to a known
potential, relative to the bath potential, that is sufficient to electrolyze the
analyte. It is one of the amperometric methods that provides sub-second
temporal resolution, but by itself cannot identify the electroactive analyte
(Phillips and Wightman 2003). The electrodes are built in a manner that dif-
fusion of the analyte to the electrolytic surface is rate limiting, creating a cur-
rent that is dependent on the concentration of the analyte

I=1,+S-C (2)

‘I, is a current offset, ‘S’ is the slope of the calibration curve with units of
Ampere/ Molar, and ‘C’ is the concentration of the analyte. In special cases of
enzyme-based sensors, an electroactive product of the enzyme is measured.
The concentration of that product is proportional to the concentration of the
non-electroactive substrate of the enzyme (Jung et al. 2001) and thus the con-
centration of that substrate can be determined.

4.2.2 Response time

General properties of micron-sized sensors (<10 um) are that they reach
equilibrium relatively quickly, have greater spatial resolution, and are much
less disturbing to the local chemical environment compared to macroelec-
trodes. The response times of ion-selective microelectrodes can be so fast that
the electronics of the system slow the measured response (Ammann 1986).
For example, the response time of potentiometric electrodes will depend on
their ability to supply enough charge to the voltage-sensing node in order for
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it to reach its steady state value. Low input impedance of the amplifier and stray
capacitances in the circuit will draw more charge than an ideal system therefore
slowing the response time of the system. Micron-sized, ion-selective sensors
have been characterized with high resistances, 1-20 G (Ammann 1986).
Amplifier input impedances of 10°-10° GQ are typically used to minimize cur-
rent and allow sampling of the ion concentration without dramatically chang-
ing it. With an ideal amplifier, why are the electrodes so fast? Diffusion through
the stagnant aqueous layer at the surface of the electrode defines the response
time of the sensors when the ion-selective membrane is equilibrated with the
salt of an ion to which the electrode responds (Bakker et al. 1997). A brief the-
oretical analysis will put this in perspective. In a diffusion-limited system, how
quickly will an analyte diffuse from the edge to the center of the microelec-
trode? For a 4 um diameter sensor, K*, for example, would require only 0.3 ms
(t=L*6D for diffusion in 3 dimensions, Dy,=2.0x 1075 cm/s). For comparison,
it would take 21 s to diffuse from the edge to the center of a 1 mm diameter sen-
sor. Most analytes that have been measured with self-referencing systems have
diffusion coefficients in the range of 107*~10° cm?/s indicating that the elec-
tronics will be the primary factor limiting the response time of the measure-
ment under relatively ideal conditions.

The response time of ISEs is governed by the ability to provide charge to the
sensing node. This involves the availability of charge carriers at the surface of
the electrode tip. Therefore, surface area of the ion-selective solvent, propor-
tional to the square of the tip diameter, will affect response time. The presence
of interferents will also slow response times. We have characterized the
response times of micro electrochemical sensors with our system with differ-
ent tip diameters, column lengths, and in the presence of an interferent. Figure
4.1A shows an example of the response times for a K*-selective electrode in a
simple solution (100 mM HEPES pH 7 with 0.1, 1 and 10 mM KCl). Figure 4.1B
shows an enlargement of the response time from 1 to 0.1 mM K*, indicated in
Fig. 4.1A, and an overlay under the same conditions with the addition of Na¥,
a known, albeit poor interferent. These 2-3 um K*-selective electrodes
respond to 95% of their new steady state value (t,,) in 41-77 ms, depending
on the change in concentration (line 3, Table 4.1). The electrode possesses 10*?
selectivity for K* over Na™, indicating that a lot of Na* must be present to inter-
fere with K* detection. In the presence of 450 mM Na* (seawater levels) not
only does the response time increase nearly 3-fold but the Nernstian response
also decreases by 8% (Fig. 4.1B). Both of these features are classic indications
of an interferent (Fleet et al. 1974; Bakker et al. 1997). In Table 4.1 we give a
listing of the response times of three of the potentiometric sensors and one of
the amperometric sensors in defined media. Simple solutions were used in
media 1 and 3 to show the effects on response time with changes in tip size and
column length. The sensors remained stationary during the experiment, while
two to three adjacent streams of media (1 ml/min) were rapidly positioned in
front of the measuring electrode. The rapid exchange system was able to
exchange streams in front of the measuring electrodes in less than 8 ms (t,, ).
These measurements describe the response time of the entire measuring system
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Fig. 4.1. Voltage response of a K*-selective electrode to step changes in K* concentration. A The
voltage response recorded by a K*-selective electrode as a simple medium containing 100 mM
HEPES (pH 7.0) with 0.1, 1 or 10 mM KCl was passed over the tip with a rapid exchange flow
system. B An overlay of the magnified voltage response from 1 to 0.1 mM KCI, marked in A with
a response under similar conditions in the presence of 450 mM NaCl. Na* is a characterized
interferent of the K*-selective electrode used here. In the presence of Na*, the response time is
nearly 3 times longer and causes the electrode to respond to this change in K* concentration 8%
lower than optimal

from the sensor through the electronics for four electrodes of each type. The
response times are generally faster than 200 ms for electrodes with tips greater
than 1 um. A few trends can be distinguished:

1) Longer column lengths give rise to longer response times;

2) 2-3 um diameter pipette tips are faster than 1 um diameter tips;

3) Longer response times occur when measuring in lower concentrations of
the primary ion.
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Table 4.1. Response times determined for a variety of electrochemical microsensors under
different conditions.

Electrode  Column Tip size Medium Response times (t
length

950, M) for concentration ranges

K* 10-1 mM 1-0.1mM 0.1-1mM 1-10 mM

100 um  ~1 um 1 195+59 376 + 86 165+ 41 114+ 26
1000 pm ~1 pum 1 369+91 516+ 86 247 +54 191+46
100 ym  2-3 um 1 41+3 77+ 4 53+4 4413
w/ 450 mM 100 pm  2-3 um 2 6419 225+6 91+8 69+ 15
Na+
H* pH 6-7 pH 7-8 pH 8-7 pH 7-6
30 um ~1 um 3 209+ 12 220+ 15 214127 202+13
300 um  ~1 um 3 251+21 269+ 14 245+ 11 244+ 17
30 um 2-3 um 3 135+23 130+ 32 126+ 30 124+ 35
Ca?t 10-1 mM 1-0.lmM  0.1-1mM 1-10 mM
30 um 4 58+9 81+10 48+7 53+10
0, Air- N, N, - Air
saturated saturated
n.a. 2-3 um 4 21.8+2.8 24.3+2.6
H* Messerli pH5.5-6.0 pH®6.0-6.5 pH6.5-6.0 pH 6.0-5.5
et al. 30 um 1-2 um 5 223+37 252122 214+23 223422
(1999)

H* Feij6 10-15 1-2 um 6 727 £59 664 + 69 572+27 738+71
etal. um
(1999)

Medium 1. 100 mM HEPES (pH 7.0) with 0.1, 1.0 or 10 mM KCl

Medium 2. Medium 1 with 450 mM NaCl

Medium 3. 100 mM MES (pH 6), 100 mM HEPES (pH 7.8) set with KOH

Medium 4. in mM, 120 NaCl, 5 KCI, 2 CaClz, 2 MgCl2 10 HEPES (pH 7.4)

Medium 5. in mM, 0.16 H,BO,, 0.127 Ca(NO,),, 1.0 KNO,, 5.0 MES, 292 sucrose, pH 5.5 with KOH
(Messerli et al. 1999)

Medium 6. in mM 1.6 H,BO,, 0.05 CaCl,, 1.0 KCl, 0.05 MES, 146 sucrose (Feijé et al. 1999)

The response times of the H* electrodes do not vary as much as the K* or
Ca?* electrodes and are not as dependent on column length as the K*. This
may be a result of the H* buffer present in solution. The response time of the
0, electrode is very fast as predicted by Schneiderman and Goldstick (1976).

4.2.3 Spatial resolution

The other useful feature of micron-sized sensors is their spatial resolution.
The spatial resolution of potentiometric electrodes is defined by the surface
area of the ion-selective solvent. As long as bulk movement of analyte does
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not occur, the depth of sensing from the surface of a potentiometric elec-
trode is considered negligible compared to the diameter of the ion-selective
solvent itself, usually 1-4 um. For example, if an electrode was being used to
measure ionic concentration at a point near the surface of the cell, a 1-4 um
diameter electrode placed with the surface of the tip orthogonal to the cell
surface will report the average concentration over the 1-4 um tip diameter.
Amperometric sensors used in constant potential mode, on the other hand,
possess a sensing field that extends out into the medium away from the elec-
trolytic surface. Take for example the O,-sensing electrode. The electrode
generates current by reducing O, at its sensing surface. Reduction of O, con-
sumes O, in the region immediately in front of the tip creating an O, depleted
zone. These O, depleted fields have been modeled for both macro and micro-
electrodes with recessed and/ or coated tips (Schneiderman and Goldstick
1976, 1978). Carefully constructed electrodes with recessed electrolytic sur-
faces and/ or coatings will limit the extent of this O, depleted field keeping the
depletion zone restricted close to the tip. A well-constructed electrode can
have virtually the entire O, depleted zone located within the membrane at its
tip. Therefore, the choice of design and construction of amperometric elec-
trodes will have the greatest influence defining the sensing zone.

In summary, electrochemical detection with microelectrodes under rela-
tively ideal conditions can relay a concentration measurement quickly from
a spatially restricted domain.

4.2.4 Electrode types
4.2.4.1 Potentiometric: construction

The manufacturing of micron-sized ISEs used in biological systems has
changed little in 2 decades. Briefly, our method involves pulling borosilicate
glass capillaries to the appropriate taper and tip size, 1-4 um, drying the glass
at >200 °C, making the glass hydrophobic by exposing it to the vapor of N,N-
dimethyltrimethylsilylamine, backfilling with an appropriate electrolyte
(some are listed in Table 4.1) and then tip filling with a hydrophobic, ion-
selective cocktail to the appropriate length, listed in Table 4.1 for the exam-
ples given (for more details, see Smith et al. 1999). The column length was
chosen empirically, primarily for stability of the ion-selective solvent in the
pipette tip and the response time of the electrode. For the examples given in
Table 4.1, the H" and Ca?* electrodes are made with a 30 um column of ion-
selective solvent, while the K* electrode is made with a 100-150 um column
length. More stable K* electrodes can be made with smaller diameter tips. The
reason for these differences in stability is probably dependent on the physi-
cal properties of the solvents used in the ion-selective cocktail. The solvent
used in the H* (Sigma-Aldrich/Fluka cat #95293-1EA) and Ca** (Sigma-
Aldrich /Fluka cat # 21048-1EA) cocktails is o-nitrophenyl-n-octyl ether,
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which is 3.9 times more viscous and nearly 3 orders of magnitude less soluble
in water than 2,3-dimethyl-nitrobenzene (Ammann 1986) that is used as the
solvent in the K*-selective solvent (Sigma-Aldrich/ Fluka cat # 60398-1EA-F).
There is certainly flexibility in the column length of the electrodes. Based on
resistance changes that occur with increased column lengths (Kiihtreiber and
Jaffe 1990), it was thought that significant increases in response times would
occur as column length increases. The response times for shorter columns,
such as 10-30 pm used for the H* and Ca?" electrodes change more linearly
with column length while the response times for longer column lengths
increase in a logarithmic manner with increasing column length. In practice,
a slight deviation from the expected length does not change the response time
very much, at least when considering the use of these electrodes in the self-
referencing application.

The back filling solution is used to provide electrical contact between the
back surface of the ion-selective solvent and the voltage-sensing node, via a
Ag/AgCl wire. Usually a 100 mM solution of the ion being measured is used as
the backfill in order to ensure that the ionic concentration between the back of
the ion-selective solvent and the backfilling solution does not change. If large
amounts of the ion being monitored enter the ion-selective solvent and pass
through to the backfilling solution, the voltage recorded by the amplifier will
be dependent on both changes. The backfilling solution should also be closely
matched osmotically to the bath solution. Osmotic gradients across the ion-
selective solvent can lead to movement of ion-selective solvent into or out of
the electrode tip, either causing the electrode to fail or increase noise.

4.2.4.2 Potentiometric: selectivity

Selectivity of the electrode is the single most critical factor when performing
measurements in complex media. How well does a particular electrode sense
the primary ion of interest versus all other ions in solution? While the manu-
facturer lists many interfering ions there are also many other commonly pres-
ent ions that may cause interference, which have not been tested. Figure 4.2
shows how an interfering ion will reduce the sensitivity of an ISE for its pri-
mary ion. Figure 4.2 compares the relationship of voltage to primary ion con-
centration for a relatively ideal electrode determined with the modified Nernst
equation (solid) to the voltage of the primary ion concentration in the pres-
ence of different levels of an interfering ion (dashed) determined with the
modified Nicolsky-Eisenman equation. The Nicolsky-Eisenman equation in
the upper left of Fig. 4.2 has the addition of the concentration of the interfer-
ing ion (C;) and the selectivity factor K;, compared to the Nernst equation in
the lower right. The Nicolsky-Eisenman equation assumes that the response
of the electrode is Nernstian for the interfering ion. For this comparison
both primary and interfering ions are monovalent and only one interfering
ion is present even though the equation can be used to accommodate many
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Fig. 4.2. Predicted voltage response for changes in primary ion concentration for a monovalent
cation in the absence and presence of different concentrations of a monovalent cation interfer-
ent. A modified Nernst equation, listed in the lower right, was used to model the voltage
response under ideal conditions for changes in the primary ion concentration (bold). A modi-
fied Nicolsky-Eisenman equation, listed in the upper left, was used to predict the voltage
response for changes in the primary ion concentration in the presence of an interfering ion. The
interfering ion concentrations are listed above their respective curves. The selectivity coeffi-
cient, K., used for this model was 0.1, i.e. the solvent is 10 times more selective for the primary
ion than the interfering ion

interfering ions. By comparing the responses of an ideal electrode to one that
senses an interfering ion, it can be shown that under circumstances where
K- Cis small compared to C, the slope approaches the Nernstian value and
will remain relatively constant over small differences in primary ion concen-
tration. However, in circumstances where K+ C, is large compared to C, the
slope approaches zero, yielding an electrode that is insensitive to changes in
the primary ion concentration. Interfering ions not only reduce the electrode’s
voltage response to the primary ion but they also slow the response time of the
electrode as shown in Fig. 4.1B. This point is particularly important when
using the electrodes in self-referencing mode where a temporal component is
part of the modulation approach. This will be addressed below.

In biological applications, it is critical for the investigator to empirically test
the voltage response and response time of an ISE in the medium in which the
experiments are to be performed. Simple solutions of the primary ion are not
sufficient. If cellular poisons are to be added, then the electrode must be tested
in the presence of those poisons as well. Considering the application of Cl™ sen-
sors provides an example of some problems encountered for one of the ion-
selective solvents with poor selectivity. Recently, Zonia et al. (2002) made the
rather startling discovery that large Cl~ fluxes were an integral component of
pollen tube extension (see “Self-referencing as applied to plants” below). They
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used a commercially available Cl™-selective exchanger (Sigma-Aldrich/Fluka
cat. #24899). Measurements were performed in the presence of two interferents
that were not identified. Sulfonates are listed as interferents for this Cl™-selec-
tive cocktail which has less than 1 order of magnitude selectivity for CI- over
methylsulfonate (Fluka Chemical Corp. 1996; Messerli et al. 2004). However, it
may not be so apparent that most of the Good Buffers, specifically 2-(N-
Morpholino)ethanesulfonic acid (MES), contain sulfonates and that the Cl~
channel blocker, 4,4’-diisothiocyanatostilbene-2,2’disulfonic acid disodium
(DIDS) contains sulfonates. Both compounds were used in the Zonia et al.
(2002) studies. It was later determined that the Cl~ electrode had only 2.4-fold
selectivity for CI~ over the anionic form of MES, indicating that the Cl~ elec-
trode can indirectly monitor pH gradients (Messerli et al. 2004). Another CI -
selective cocktail (Sigma-Aldrich/Fluka cat. 24902) is directly sensitive to pH at
low CI” (Garber et al. 2005). Consideration of the previously characterized H*
fluxes in lily pollen grains and tubes (Feijé et al. 1999; Messerli et al. 1999) as
well as the poor anion selectivity of the Cl~ electrode, indicates that the putative
Cl fluxes are in fact changes in the anionic concentration of the buffer due to
H* gradients and not changes in Cl~ concentration (Messerli et al. 2004). It was
also found that in the presence of 100 uM DIDS the electrodes responses to CI-
drop by 63% on average between 0.1 and 1 mM Cl~ (Messerli et al. 2004). Zonia
et al. (2002) measured an 80% drop in Cl” efflux from a tobacco pollen tube in
the presence of 80 UM DIDS and a background CI” concentration of 0.4 mM.
The decrease in the Cl- flux measurement can be accounted for by the
decreased sensitivity of the electrode with the added interferent. Many of these
problems remain in the methodology described in Chapter 5 of this volume.

It should be clear from the examples discussed above that careful testing
must be performed in order to determine how an ISE will perform in complex
media and in the presence of reagents used to modify cellular activity.

4.2.4.3 Potentiometric: positional artifacts

The positioning of ISEs near surfaces can generate artifacts. Of particular rel-
evance is the current driven and zero-current ion flux emanating from the tip
of the sensor. Although our tip sizes are small and the static boundary layer
limited in size, ions escaping to the bulk could accumulate between the probe
tip and the target cell or tissue. Abnormal, apparent, biological fluxes have
been seen for Ca** when Ca?'-selective electrodes are brought within 1-2 um
of a membrane or an insulating surface when the background Ca?* concentra-
tion is <1 mM. The source of this artifact is a combination of current leakage
from the electronics supplying charge to the ion-selective solvent and zero-
current (electroneutral) ion exchange of the primary ion for an interfering
ion. This phenomenon has been shown for K* and Ca**-selective solvents
(Mathison and Bakker 1998; Lindner et al. 1999). The artifacts are most appar-
ent in solutions of low background primary ion. Reducing the concentration
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of the primary ion in the backfilling solution has been one method of reduc-
ing the ion leak (Mathison and Bakker 1998). Additionally, an applied current
can control the flux across the membrane counteracting the spontaneous
zero-current ion flux (Lindner et al. 1999). Pergel et al. (2001) used a current
to compensate for the zero current phenomenon discussed with Pb*" detec-
tion. By reducing, if not eliminating the leakage of Pb?* out of the electrode tip,
the authors were able to maintain a Nernstian response down to 3 pM.

4.2.4.4 Amperometric: construction

A number of solid-state amperometric microelectrodes have been used in the
self-referencing mode. Two different metal electrode configurations have
been used. These include gold-plated Woods metal (Diamond General Co.,
Ann Arbor, Mich., USA) for the detection of O,, and a platinum disk micro-
electrode for the measurement of O, (Jung et al. 2000a,b) and H,O, (Twig
et al. 2001, 2005). Carbon fiber-based microelectrodes have been used for the
detection of nitric oxide (NO) (Kumar et al. 2001; Porterfield et al. 2001) and
ascorbic acid (Pepperell et al. 2003). More complex enzyme-based microelec-
trodes have been fashioned to measure gradients of glucose (Jung et al. 2001)
and glutamate (Bogorff et al. 2003). We will briefly discuss the fabrication of
the first three types of electrodes.

The gold-plated Woods metal microelectrode dates back to the early days
of O, microelectrodes (Whalen et al. 1967). The low melting temperature
Woods metal is heated above melting, forced to the tip of the pulled
micropipette by back pressure, etched back into the glass pipette and then
electroplated with gold or gold and then platinum to build a recessed elec-
trolytic surface for the reduction of O,. The recessed tip creates an O, diffu-
sion-limited sensor and prevents the O, depleted field from extending away
from the sensor tip out into the bulk medium (Schniederman and Goldstick
1976, 1978). When the electrode is built such that the O,-depleted field
remains close to the electrode tip, the response time of the electrode can be
tens of milliseconds (Schneiderman and Goldstick 1976), which we have
achieved with the platinum-based O, sensors shown at the bottom of Table 4.1.

The platinum-based sensors are made by etching 25 um diameter, plat-
inum wire to a tip of about 1-3 um diameter, inserting the etched wire into a
micropipette similar to those used with the ISEs, immobilizing the platinum
wire in the micropipette with a UV or heat curing epoxy, and then etching a
second time to recess the electrolytic platinum surface (Jung et al. 2000a,b).
Coated tips can help reduce the external O, depleted field and provide some
added selectivity. Buerk (2004) provides an excellent overview of oxygen
microelectrodes, their design and function.

Carbon fiber microelectrodes are made in a similar manner as the plat-
inum wire electrodes. A fine carbon fiber 5-8 um diameter is positioned near
the tip of a finely pulled pipette tip and cemented into place with a UV or heat
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curing epoxy. The carbon fiber electrode is then beveled to expose a cross-
sectional surface of the fiber. Coatings are used to help impart selectivity
(Friedemann et al. 1996).

4.2.4.5 Amperometric: selectivity

A constant polarization potential is applied to amperometric sensors to oxi-
dize or reduce the analyte. The current generated is proportional to the con-
centration of the analyte. However the potential can oxidize or reduce other
compounds in solution that are electrolyzed at or below the electrode holding
potential. For example, nitric oxide (NO) oxidation at a carbon fiber begins to
plateau between +0.8 to +0.9 V (Zhang et al. 2002). Neurotransmitters, ascor-
bic acid, nitrite and H,0, can also be oxidized at this high voltage. A charged
coating on the carbon fiber surface can eliminate passage of charged com-
pounds (Friedemann et al. 1996; Zhang et al. 2002). However, H,0,, an
uncharged molecule, will be oxidized as it can pass through the coatings.
Addition of a layer of catalase to the charged coating layers, similar to the
enzyme layers used by Csoregi et al. (1994), can eliminate H,O, before it has
chance to reach the electrolytic surface. Multiple coatings on a microelectrode
will decrease sensitivity by reducing electrolytic surface area and slow
response time by impeding diffusion of the analyte.

Another common problem with amperometric sensors is that they are
strongly dependent on pH. One only has to look at a standard reduction
potential table to see that H* consumption is involved with most every reac-
tion. Take, for instance, O, reduction: 20,+4H*+4e"=2H,0. The rate of this
reaction at a bare micro Pt disk electrode will be dependent on the limiting
factor which should be diffusion of O, to the electrolytic surface. In practice
this is not the case and the O, sensor can very quickly become a good H* sen-
sor. Certainly the recessed tip, coated, Wood’s metal electrodes purchased
from Diamond General Co. can sense pH gradients (Messerli and Robinson,
unpublished observations).

4.2.4.6 Amperometric: positional artifacts

In amperometric applications, the analyte is actually being consumed on the
electrode surface. Therefore, an analyte depletion zone can form. An ideal
electrode is built such that the analyte-depleted region is located primarily
within the electrode itself. However, it can quickly be envisioned that even a
small depletion of the analyte in the bulk can give rise to a measurement arti-
fact. In the extreme case, placing the electrode up against an insulator will
prevent any analyte from reaching the surface of the electrode resulting in no
change in current for a change in analyte. Backing the electrode away from
the insulator such that analyte can now diffuse, albeit in a restricted manner,
will still give rise to a value below the real level. Moving back further, such
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that diffusion of analyte is not impeded, will result in maximal current for a
change in analyte concentration.

A second possible source of artifact is that reaction products can accumu-
late at the electrode surface when diffusion is restricted by the target. A good
example of this comes from the study of Jung et al. (2001) during the devel-
opment of the self-referencing glucose probe. This design incorporates
glucose oxidase and measures glucose concentration indirectly though the
production of H,0,. As long as glucose is present the glucose oxidase at the
tip of the electrode will produce H,0,. The H,O, that diffuses toward the elec-
trolytic surface will be measured but the H,0, that diffuses out into the bulk
medium will be lost. However, in this case when the electrode came into close
proximity to a HIT cell cluster (hamster insulinoma tumor) it appeared as if
the cell was releasing glucose. Although this would have been an exciting
result, the better hypothesis was the presence of an artifact, probably the
accumulation of the H,0, when the sensor was close to the source. A similar
response, glucose production by a solid glass bead, confirmed H,0, accumu-
lation as the source of the artifact. In the biological application, the addition
of catalase to remove sensor generated H,O,, converted apparent glucose
efflux to the expected glucose influx.

Therefore, in practice the investigator is wise to assess the extent of these
depletion and restrictive diffusion zones.

2)

4.3 Self-referencing

4.3.1 Introduction

Self-referencing, with electrochemical sensors, is a modulation technique used
to measure the concentration of an analyte at two positions within a chemical
gradient of the analyte. The term self-referencing refers to the fact that the
concentration measurements, collected by the single sensor, are compared to
each other in order to determine the concentration difference between the two
points. Each sensor has its own bath reference electrode. Commonly, the gra-
dients that are measured with this technique exist along a path orthogonal to
the cell/ tissue surface so the electrochemical sensor is oscillated repeatedly
between two points, one closer to the cell (near pole) and one a set distance
away (far pole), usually 10 wm. Figure 4.3 shows a potentiometric, ISE in both
the far pole (top) and near pole (bottom) of translation near a growing lily
pollen tube tip. Both potentiometric, ISEs and amperometric sensors have
been used in this manner. The electrodes are translated between the two poles
at a frequency of about 0.3 Hz, collecting an analyte concentration measure-
ment at each pole. The difference in analyte concentration between the two
poles can be used to calculate the flux of the analyte. While this sort of meas-
urement could be achieved with two similar, stationary sensors, positioned at
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Fig. 4.3. Images of an ion-selective electrode during self-referencing measurements acquired at
the tip of a growing pollen tube. The top image was acquired when the electrode was at the far
pole of excursion while the middle image was acquired when the electrode moved to the near
pole of excursion. The bottom image shows a conceptual representation of the electrode meas-
uring at two points within the concentration gradient of the primary ion

known distances from the source, the system would suffer from the signal
drift and noise inherent to two separate measuring systems. In a single elec-
trode system, the effects of drift and noise can be minimized over time by reg-
ularly comparing the measurements between the two poles of excursion. Here
lies one of the single most powerful reasons for using self-referencing, the
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minimization of system drift and noise on analyte detection. We will first
address the modulation of potentiometric sensors and then make direct com-
parison with modulation of amperometric sensors.

4.3.2 Self-referencing of ion-selective electrodes

Minimizing drift and noise for a potentiometric sensor can best be explained
by introducing a formulation of the Nernst equation during self-referencing.
The voltage difference at the two poles of excursion within the ionic gradient
is related to the concentrations at the two poles by the following equation.

E,— E,= (E;+ Slog C;),— (E,+ Slog C;),
AE = (Slog C;),— (Slog C;),
AE = log C;\;,— log C\,,

Ci (1)
g
Ci

AE = log 3)

El,Ci(1 » S, are the measured voltage, primary ion concentration and slope
of the voftage—log(Ci) graph for the near pole of excursion. The subscript 2 has
been used to label the same parameters for the far pole of excursion. By calcu-
lating the difference in potentials over short periods of time, the slower drifts,
due to the constant potential differences throughout the system, are reduced.
This places the emphasis of the potential difference measurement on the con-
centration difference of the ion. An important point should be raised here
regarding the sensitivity of detection with regard to the background ion
concentration during measurements. C,, is the sum of the background ion con-
centration and the concentration change generated by the source while C,,, in
most cases, is close to the background ion concentration. For a given change in
ion concentration due to cellular activity, it is easier to generate a larger AE
when the background concentration of the measured ion is lower. This has led
to the lowering of the background ion concentration in order to generate AE
with greater signal to noise. Care must be taken to ensure that changing the
background concentration does not interfere with normal cellular activity or
generate positional artifacts as discussed above.

Equation 3 can be simplified to a general form to determine the relation-
ship between the ionic concentrations at the two points of excursion.

82,
Cin=¢; (2)4' 1074 (4)

We have purposely allowed the slopes at two points of the calibration curve
to remain, in order to address measurement of the primary ion under three
different circumstances, 1) differential concentration of the primary ion in the
absence of an interfering ion 2) differential concentration of the primary ion
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in a constant concentration of an interfering ion and 3) differential concen-
tration of a primary ion coexisting with a gradient of an interfering ion.

For an ideal electrode used in the absence of interfering ions, the slope is
constant over a wide range of the primary ion concentration, usually
described by the manufacturer, and close to the Nernstian slope discussed
above in Fig. 4.2, i.e. S =S,=S. Therefore, eq. 4 can be simplified to:

Cin= Cioy 107 (5)

Under many circumstances the average concentration of the ion at the far
pole, position 2, is not too different from the average concentration of that
ion in the bulk solution. Therefore the difference in ion concentration
between the two points of excursion can be described as follows.

AC = Ciy— C; = Cpann 1075~ Chath (6)

A primary assumption here is that the concentration difference measured
between the two excursion points is linear. This is only true if the excursion
distance is small compared to the extent that the gradient extends out into the
bulk solution. For small cells an excursion of 10 pm will most likely sample
over a distance in the gradient in which the concentration difference is not
linear and therefore will lead the investigator to underestimate the true flux.
Incorrect estimation of the true flux could also occur during a two-point
measurement in a more intense, extended gradient, where the concentration
of the ion in the far pole is substantially different from the background con-
centration of the ion. In both of these cases a three-point measurement can
be performed in order to 1) more carefully map the concentration gradient
with a third point to either ensure a linear relationship or determine a more
accurate non-linear relationship and 2) to determine the concentrations in
the gradient relative to the background concentration of the ion in the bath.
For slow drift conditions the probe can simply be moved from position 3
(outside of the gradient) to position 2 (slightly into the gradient) to position 1
(deeper into the gradient). However, a more precise method is to regularly
move between position 3 and positions 2 and 1, so a collection scheme goes
from position 3 to 2 to 3 to 1 to 3 and so on.

Measurement of a concentration difference for a primary ion in the pres-
ence of a constant concentration of an interfering ion is a more difficult situ-
ation. Two variables in eq. 4 need to be determined, specifically the
concentration of the ion in the near pole C, ) and the new slope of the cali-
bration curve in the near pole, S. Revisiting Fig. 4.2 gives insight into the
problem. With a small K- C. compared to C, the slope is close to Nernstian
and eqs 5 and 6 can be used as discussed above. With a large K;C compared
with C, the electrode is very insensitive to changes in the primary ion con-
centration. When the (Kij-C.)/ C, ratio is 10, the original Nernstian potential is
only 10% of its original value and the measurement should probably not be
attempted. The use of the electrode under these circumstances will depend on
the signal to noise ratio of the system and therefore lies at the discretion of
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the investigator. For the region in between these two zones the electrode is
responsive to the concentration change in the primary ion concentration but
the slope of the line changes with a change in concentration. Therefore, a
relationship between the change in voltage and the change in slope needs to
be established in order to measure two points in a concentration gradient of
a primary ion in the presence of a constant concentration of an interfering
ion. In Fig. 4.2 it can be seen that the slope and voltage are closely related in
a predictable manner if the selectivity coefficient, K] and the background
concentration of the interfering ion, C;, are known, i.e. a single voltage meas-
urement can be used to determine both the slope and the concentration of the
primary ion in the near position. We will address the presence of a single
interfering ion below.

Rearranging the modified Nicolsky-Eisenman equation to get primary

ion concentration in terms of voltage and finding JE We can determine the
relationship of the slope at any point along the curve in terms of voltage.

E= Sy log (Ci+ Ky Cj%)
Ci= 10% - Ky CJ_%
log(C;) = log (10 Yon— K Cj%)

1_ dlog(C;) _ 10 v | )

S E 5
d sN(m%N— K c/@)

Sy ;I}JT and S is the slope along the curve. In order to achieve this

sort of measurement we need to know the starting position (voltage point)
along the theoretical curve. We can calculate the starting voltage point on the
theoretical graph by determining the slope in the bath empirically and solv-
ing for E in Eq. 7.

E = Sylog # (8)

From this point on the theoretical curve, a small change in measured volt-
age, AE, either up or down the curve can be used to determine both the new
slope at the near pole, eq. 7, and the concentration in the near pole, eq. 4. If
the concentration of the ion in the far position is sufficiently different from
the background concentration then a three-point measurement will have to
be made, as discussed above. This method of calculation works for the three-
point measurement as well.

The final case to consider is measurement of a gradient of a primary ion
coexisting with a gradient of an interfering ion. Two variables from eq. 4 need
to be determined, specifically the concentration of the primary ion and the
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slope of the curve for the primary ion in the near pole. However, now these two
variables are not easily predicted as above because the concentration of the
interfering ion will influence both variables and the concentration of the inter-
fering ion in the near pole is unknown. Figure 4.2 shows how the concentration
of the interfering ion alters the voltage—concentration relationship and
changes the slope of the curve. This means that a second ISE for the interfer-
ing ion must be used at the same time as the ISE for the primary ion. This will
enable measurement of the interfering ion at the near pole and allow predic-
tion of the concentration and slope of the curve for the primary ion in the near
pole. If a relatively ideal ISE can be used to measure the interfering ion then the
situation discussed above with eq. 7 can be used to solve for the primary ion
flux. However, if the ISE used to measure the interfering ion can also sense the
primary ion then no simple method to determine the flux of either ion exists.

4.3.3 Self-referencing of amperometric electrodes

Amperometric electrodes have also been used in self-referencing mode incor-
porating many of the advantages discussed above for the potentiometric elec-
trodes. To date, all of the amperometric sensors have been used in constant
potential mode, where the sensor is clamped at a specific holding voltage to
oxidize or reduce the analyte. Electrodes are built so that measurement of the
analyte is limited by diffusion of the analyte itself, attempting to ensure a cur-
rent that is dependent on the analyte concentration and not the concentra-
tion of a secondary factor or byproduct. The current generated by this redox
reaction is therefore proportional to the concentration of the analyte. In the
special case of enzyme-based sensors, for instance using glucose oxidase to
measure a concentration difference of glucose, a by-product of the enzyme-
substrate reaction, H,0,, is measured (Jung et al. 2001). Many other forms of
amperometric detection exist and are currently under investigation in order
to increase the range of analytes than can be measured with self-referencing.

For an ideal electrode under constant holding potential, the measured cur-
rent is proportional to the concentration of analyte. During self-referencing
the differential current can be used to give a measurement of the differential
analyte concentration.

L=1,=(Io+ 8 C) —(Io+$-C),
I,-1,=5(C,—C,)

_ Al
AC_T 9)

I, and C, are the current and concentration of the analyte in the near pole
of excursion. The subscript 2 has been used to identify the same parameters
in the far pole of excursion. S is the slope of the calibration curve. Unlike ISEs,
knowing the background concentration of the analyte is not necessary to
determine the differential concentration due to the linearity of the current-
concentration relationship of the electrodes and analytes used todate.
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4.3.4 Calculation of flux

To quantify the analyte flux, the differential concentration measurement is
converted to flux. This provides a direct means to count the number of mol-
ecules passing through a unit area during a unit time. Not only does flux give
a value proportional to transport activity but it also can be used to calculate
the total amount of analyte uptake or release by integrating the flux over
space and time. Flux takes into account the diffusion coefficient of the ana-
lyte being measured, the distance over which the differential concentration
measurement was acquired, the surface geometry of the source and the dis-
tance from the source. For cases where the measuring electrode is relatively
close to a large source of the analyte gradient and the differential concentra-
tion is measured over a small distance Ax within the gradient, the source can
be modeled as a planar source so the flux (J) is
AC

J=—D}R, (10)

where D is the diffusion coefficient of the measured analyte. By this model, the
flux measured very far from the source is the same as the flux at the surface of
the source. What constitutes a planar source? Kochian et al. (1992) found that
the planar flux calculation was adequate for H* fluxes determine between a 30
um distance, within 100 um of a 1 mm diameter root. However, for smaller
cells or tissues the geometry of the source must be taken into account
(Henriksen et al. 1992; Messerli et al. 1999, 2004). In order to determine flux at
the cell surface for known surface geometries it is useful to calculate analyte
flow, i.e. the quantity of substance (Q) moving per unit time (Henriksen et al.
1992). Flow is the same for all concentric regions from the source surface. Flux
at the source surface is the flow divided by the surface area of the source.
Therefore, radially emanating flow from a cylindrical surface is:

Flow =4 = hfgfl)a) (AC) (11)
where D is the diffusion coefficient of the analyte and a and b are the radial
distances between the center of the cylinder and the electrode tip at the near
and far poles, respectively. These equations have been adapted from Crank
(1967). Analyte flux at the surface of the cylinder is then determined by divid-
ing by its surface area 27rl. A caveat of this approach is the assumption that
the flow is equal at all points around the cylinder and along the shaft of the
cylinder. An alternative is to calculate flux per unit length by dividing by 27r
(Henriksen et al. 1992). The flow from a spherical source is

Flow = % = 47sz“_—a(Ac) (12)

Flux at the cell surface can then be determined by dividing by the sphere
surface area 47r’. Many researchers have chosen to forgo flux calculations, as
they are only interested in changes of the differential concentration measure-
ment for cells and tissues under different conditions. Given that the cells
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being used have relatively similar surface geometry and that the electrodes
are positioned at a similar position with respect to the cell surface, this sim-
ple method is adequate.

4.3.5 Correction for analyte buffering

There are a number of circumstances that cause the calculated flux to be
smaller than measured. In the first example discussed here extracellular
buffers can collapse gradients of free analytes. This has been addressed for
the collapsing of H* gradients by H* buffers (Arif et al. 1995; Demarest and
Morgan 1995). The analyte can diffuse from the surface of the cell in either its
free state or bound to the buffer. ISEs only measure the free concentration of
the analyte. The actual H* flux from a source is the sum of the measured free
H* flux and the unmeasured H* flux moving as H* bound to bulffer.

]Htotal = ]Hmeasured + ]HB

Knowing the conditions under which the H* flux was measured, i.e. [H*] of
medium, Ka of the buffers and concentration of buffers present, a simple
relationship can be derived to determine the ratio of H* diffusing as bound to
buffer compared to the freely diffusing H*. Arif et al. (1995) and Demarest
and Morgan (1995) have derived two separate sets of equations that can be
simplified to the same equation given below.

_ Dy

Xi= Dy [B] ' Ka 2 (13)

(Ka + [H+]>
The correction factor, x,, is the ratio of the H* bound buffer flux to the free
H* flux. Therefore

]Htotal= ]Hmeasured (1 + xi+ .ot xn) (14)

where a number of different H* buffers (x; +...+x ) could be carrying H* away
from the source. The correction factor is based on 3 criteria, the ratio of the
diffusion coefficients of the protonated buffer to the proton, the buffer con-
centration and the Ka of the buffer compared to the [H*] of the medium.
Under most conditions the first term will be relatively constant because
buffer sizes and diffusion coefficients do not differ very much. The smaller
bicarbonate ion, for example, (M_ 61 D=1.2x 1075 cm/s) will only produce a
first term of 0.13. while PIPES (M, 302 D=0.52-10" cm/s) one of the largest
Good bulffers, will produce a first term of 0.056, a change of only 2.3 fold. The
second term shows that correction factor is directly proportional to the buffer
concentration. The last term, the relationship of the K_ of the buffer to the
[H*], could have the most significant impact on the correction factor.

In the absence of intentionally added H* buffers, water and dissolved car-
bonates can have a significant buffering effect at neutral to alkaline pH (Arif
et al. 1995). Water, at a concentration of about 56 M with a Ka of 107'° begins
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to impact the correction factor above pH 6. The correction factor due to water
acting as a H* buffer contributes to the total flux by less than 1% when the pH
is 6. Bicarbonate in solution, due to atmospheric CO,, will also have more sig-
nificant impact at neutral to alkaline pH. Bicarbonate will increase in con-
centration at more alkaline pH, and can add to the H* flux by about 2 and
21% at pH 7 and 8 respectively.

In order to minimize the effect of buffer on H* efflux a buffer with a K
below the [H*] should be chosen such that most of the buffer will be in its pro-
tonated form reducing the effective buffering capacity. As in the former exam-
ple investigators can choose buffers to suit their needs, either to remove a very
large H* flux that is interfering with measurement of other analytes or to cor-
rect for the amount of H* passing through the plasma membrane in order to
accurately quantitate such a flux. See Arif et al. (1995) for a mathematical solu-
tion to multiple buffers. This correction method is theoretically applicable to
other forms of analyte buffering such as for Ca** or transition metals.

4.3.6 Other considerations for corrections

In addition to the correction factors discussed above there are other sources
of errors that should be addressed. For instance, many plants drive transcel-
lular currents through them, a result of ion transport across single cells or tis-
sues. In low conductivity medium these currents generate substantial voltage
gradients next to the cells, coexisting with the chemical gradients of the ana-
lytes that we have been discussing. The potentiometric electrodes may sense
these small voltage gradients. Therefore the voltage difference measured by
the potentiometric electrode will be the sum of the voltage differences due to
the analyte concentration difference and the voltage difference based on the
current density and medium conductivity. This artifact must be addressed on
a sample-to-sample basis. For example, a peak voltage difference during
oscillating current influx of about 9 uV would occur over a 10 um distance
immediately in front of a lily pollen tube where current density peaks around
0.4 LA/cm? at a distance of about 20 um from the cell surface with a medium
conductance of about 5000 ohm cm (Messerli and Robinson 1998). This volt-
age difference is just above the background noise of the system used at that
time, £5 UV for H* and Ca?', £10 uV for K* ISEs (Messerli et al. 1999). The
voltage signals due to chemical differences peaked about 6, 10 and 65 times
larger for Ca**, K* and H* concentration differences, respectively, indicating
that the voltage difference could have contributed to the differential analyte
concentration by up to 15%, 10% and 1.5% for the Ca?*, K* and H* measure-
ments, respectively.

In a second example, the electric field determined near the surface of bar-
ley roots was considered to be negligible compared to the concentration
dependent voltage (Henriksen et al. 1992). While it is important to be aware
of such an artifact, in the two cases listed the differential voltage gradient did
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little to influence the measured concentration differences. Also medium con-
ductivity can be changed in order to collapse the voltage field without dra-
matically changing the background concentration of inorganic ions.

The mode of data acquisition itself could lead to underestimates of the true
analyte concentration difference. Also, if the response time of the electrodes
is slow compared to the acquisition of the differential concentration meas-
urements, the electrode will not be at its steady state value by the time the
data has been collected leading to an under measurement of the true concen-
tration difference. As these two corrections are very dependent upon the sys-
tem electronics and the scheme used for data selection, we will go into more
detail about these factors as used with our systems.

4.3.7 Theoretical considerations for signal detection and increased signal
to noise

Self-referencing of electrochemical sensors involves the extraction of small
electrical signals, LV or fA differences on top of relatively large offset signals,
+100s mV or £10-100s pA. The offset signals are usually large enough that
only low-level gain can be used in order to keep the signal within the dynamic
range of the amplifier. In order to supply sufficient gain to resolve the small
electrical differences either 1) a nearly equal and opposite electrical offset
must be supplied before amplification (sample hold mode) or 2) a running
average of the low gain measurement can be subtracted from the real-time
input before amplification (RC subtract mode). Sample hold mode either
applies an offset selected by the user, or collects a voltage at a set point in time
from the electrode output. It then applies the same magnitude offset of oppo-
site sign to nullify the offset potential before applying 10° times gain. The pri-
mary disadvantage for this mode is that drift can take the system back out of
the dynamic range of the amplifier so that a new potential must be applied
regularly. The advantage is that it does not need an additional correction fac-
tor to compensate for the signal lost due to the filtering that occurs in RC sub-
tract mode. In RC subtract mode a high-pass filter is used to collect a running
average potential that is subtracted from the potentials collected in the near
and far pole. The signals are then amplified 10° times before digitizing. We
use a high-pass filter that has a time constant of 10 s. Figure 4.4 shows a 200-
WLV peak to peak square wave input, passed through the BioCurrents Research
Center amplifier using Sample Hold and RC subtract mode acquisition. With
sample hold mode, the acquired signal is a square wave. The RC subtract
mode however, has been distorted due to the filter. RC subtract allows ampli-
fication for systems with large drift but involves a correction factor to offset
the high-pass filter. The correction factor will be dependent on the time con-
stant of the high-pass filter and the period of data acquisition. For our nor-
mal conditions a period of 3.3s (0.3 Hz translation frequency), 40 um/s
translation speed, 10 s time constant of filter along with data selection of the
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Fig. 4.4. Comparison of the waveform distortion that occurs between “sample hold” (upper)
and “RC subtract” (lower) mode. No distortion occurs for a square wave input during sample
hold acquisition mode. The highpass filter used during RC subtract mode does cause waveform
distortion that needs to be accounted for when determining the differential concentration

last 70% of the half cycle (more below) we calculate that the signal is 7%
smaller than a square wave with similar rise time.

The primary reason for the added level of amplification is to make use of
poor resolution digital systems. A dynamic range of £10 V provides only 4.9
mV/bit resolution for a 12-bit system, and 0.3 mV/bit for a 16-bit system.
Therefore, amplification is necessary before digitization to provide adequate
bit resolution at or below 1 uV. Now that 24-bit A/D cards exist, signal reso-
lution of 1.2 UV can be attained over a dynamic range of £10 V.
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4.3.8 Data collection

In order to accurately measure the analyte concentration at two points in a
gradient with an electrochemical sensor in self-referencing mode, gradient
disruption by the electrode must be minimal and the movement time and
response time of the electrode must be significantly faster than the excursion
period. Gradient disruption will be minimal if a sufficient amount of time is
allowed to pass for the gradient to be reestablished after sensor movement, as
movement of the sensor may disturb the gradient. The slow movement of the
probe, usually, 40 um/s, does not cause turbulence that can be detected visu-
ally. Also, the Reynolds numbers calculated for the speed of movement of
either the small tip, 1-4 um diameter, or even up the shaft where the diame-
ter reaches 50 um are in the range of 10™* - 1073, respectively, indicating that
only laminar flow occurs around the tip of the sensor. However, if some dis-
turbance does occur, how much time must pass to allow the gradient to be
rebuilt? Considering the reestablishment of a K* gradient over the excursion
distance of the probe, 10 um, we find that it will only take about 8.3 ms, for
K* to diffuse this short distance. This indicates that an ionic gradient would
be rebuilt in a few tens of milliseconds. As long as turbulent flow does not
occur, most small analyte gradients will be rebuilt very quickly.

A second issue to consider is that the sensor must be allowed to remain at
each pole of excursion for a period of time long enough for it to acquire a
steady state signal. This will inevitably depend on the response times of the
sensors. As discussed above most sensors can reach 95% of their final value
within 40-250 ms in physiological solutions. However, contaminants of ISEs
can slow the electrode response and cause underestimation of concentration
differences. Figure 4.5 shows the voltage response of a H*-selective electrode,
self-referencing near a H* sink, in low Ca?* Dickinson’s Medium, a culture
medium used for growing pollen tubes (Messerli and Robinson 1997). A
batch of these electrodes was characterized with the perfusion system and
shown to possess an average response time of 223+37 ms with an average
Nernstian response of 27.8+0.5 mV between pH 5.5 and 6.0 for a tip size of
1-2 um listed in Table 4.1. The positional information has been added to the
bottom of each graph to show the position and movement of the probe dur-
ing translation. Figure 4.5 shows that the sensor reaches equilibrium at each

L.
’

Fig. 4.5. Voltage response of a H*-selective electrode collected continuously during translation
between two position near a H sink. The measurements were acquired in low Ca?* Dickinson’s
medium. The three graphs correspond to the period of translation listed in the upper right of
each trace. The voltage response of the H-selective electrode is shown at the top of each graph.
The electrode equilibrated quickly with the new position, similar to the response time of the
sensor collected in the flow streams listed in Table 4.1. The waveform at the bottom of each
graph corresponds to the position of the electrode in the gradient as it changes with time.
Translation of the electrode between the two poles is not instantaneous and must be taken into
consideration when collecting a differential concentration measurement
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Fig. 4.6. Models of the voltage response for H*-selective electrodes with different response
times and collection periods. The bars at the top and bottom of each graph correspond to the
30% of the half cycle that is ignored as it accounts for translation and equilibration (gray) while
the average of the remaining 70% (black) is used to determine a concentration measurement.
The top graph was generated based on a sensor response time of 223 ms with an excursion time
of 250 ms (translation speed 40 pm/s), similar to conditions used by Messerli et al. (1999). The
response time is sufficiently fast and these collection parameters allow nearly 100% collection
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pole with translation periods of 4, 3 and even 2 seconds because it can reach
steady state very quickly. For our typical operating period, 3.3 s, we allow
30% of each half cycle, 0.5 s, for translation and electrode equilibration and
then collect the average of the remaining 70%, 1.16 s, to use to determine the
concentration. Figure 4.6A shows a model used to calculate the collection
efficiency of an acquisition scheme using 250 ms movement time, 223 ms
electrode response time and an excursion period of 3.3 s (0.3 Hz) similar to
our normal operating parameters. For these parameters the system possesses
99.9% efficiency in collecting the concentration at either pole because the
electrode has nearly reached equilibrium before the data has been collected.
However, if an electrode was used with a slower response time and/ or a
shorter oscillation period, with a similar data collection scheme, a significant
underestimation of the concentration difference could result.

A recent example of this may have occurred leading, in part, to a 100-1000
fold discrepancy in H* influx at the tips growing pollen tubes (Feijé et al.
1999; Messerli et al. 1999). It must be considered that the cells generate dif-
ferent H* fluxes under the different extracellular pH used. However, we also
find that there is a technical basis for some of the discrepancy. The parame-
ters for the H* selective electrode used by Messerli et al. (1999), are listed
above and modeled in Fig. 4.6A. However, with similar diameter electrodes
we found that the electrode setup used by Feijé et al. (1999), using their same
backfill and pollen tube growth medium along with a 10-15 um length H*-
selective solvent possess a response time of 572-738 ms for different 0.5 pH
steps between pH 5.5-6.5, see Table 4.1. For these studies Feijé et al. (1999)
used an oscillation frequency of 0.5-1 Hz and a similar 30:70%, movement
and equilibration: data collection scheme. Figure 4.6B and C show models of
the output response based on the average response time 675 ms over the
5.5-6.5 pH range, during 0.5 Hz and 1 Hz oscillating frequency, respectively.
The collection efficiency for the slower response time H* electrode at 0.5 Hz
is 83.3% of maximum and is only 53.0% of maximum for 1 Hz. For this
model, instantaneous translation has been used as no translation speed was
listed. Of course the probes are not moved instantaneously and therefore the
calculated efficiencies will be significantly lower. The voltage response to a
pH change of 5.5-6.5 is only 37.3 £ 0.5 (n=4) indicating that the conditions
used by (Feijé et al. 1999) most likely contained an interferent. The slow
response times we measured also indicates the presence of an interferent. The
conditions used by Feijo et al. (1999) created a subNernstian H* electrode
with a slower response time giving rise to possible underestimation of the H*

<
-

Fig. 4.6. (Continued) efficiency of concentration. The middle and lower graph correspond to
the average response time of the H*-selective electrode determined in the culture medium used
by Feijé et al. (1999) (675 ms) along with the shorter collection periods that they used 2 s (middle
graph), 1 s (bottom graph). The medium causes the electrode to respond more slowly such that
it does not reach equilibrium before data collection occurs. This leads to only 83% and 53% effi-
ciency, using the same 30%:70% collection scheme
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concentration difference. This case study exemplifies the need to determine
the response time and voltage response of the electrode in the medium used
and to adjust the collection frequency of the system to accommodate slower
sensors. We also encourage investigators to report the voltage/current
response and response times of their sensors in order to provide a more solid
foundation for independent verification of published results.

4.4 Self-referencing as applied to plants

Among the goals of the plant cell physiologist are the mapping of the move-
ment of ions, metabolites and signaling molecules through the plasma mem-
brane and the determination of the distribution of those ions and molecules
within the cell. This section will examine and contrast various physiological
techniques with an emphasis on self-referencing microelectrodes for accom-
plishing these goals, as applied to plant cells, and will evaluate those tech-
niques in terms of sensitivity as well as spatial and temporal resolution.

4.4.1 Ca? fluxes in an alga: comparison of radiotracers and a
self-referencing Ca?" electrode

Perhaps the most direct comparison to information obtained with self-
referencing measurements is that obtained by the use of tracers, particularly
radioactive tracers. Pertinent to the present issue is the use of radioisotopes
of small ions to monitor the movement of the ions into or out of cells. Useful
tracers exist for Na*, K*, Ca®, CI, SO;-, and Mg*". Often, a radioisotope of
Rb* has been used as a surrogate for K*, as it is longer lived and does not emit
gamma rays as “’K does. If the flux of an ion into cells is to be measured, the
cells are bathed in the tracer at a known specific activity and the amount of
the ion that accumulates in the cells in a short time is measured. The length
of time of the pulse is constrained on one side by the requirement that the
intracellular pool not be significantly labeled so that loss of tracer through
backflux will not occur, and on the other side by the need to accumulate a
measurable amount of tracer in the cells. It is also possible to load cells with
the tracer and then measure the efflux of the labeled ion from the cells. While
flux measurements on single cells can be done in the case of certain giant
cells, many cells usually must be used to get sufficient accumulation of
radioactivity for measurement. Another caveat is the binding of ions to the
cell wall; this is especially a problem for divalent cations.

The comparison of fluxes measured with tracers and self-referencing probes
can best be illustrated by the case of the Ca?* fluxes in the recently-fertilized
eggs of the brown alga, Silvetia compressa. Both techniques have been applied
to these cells in an effort to understand the role of Ca?* in the establishment of
developmental polarity in response to unilateral light. Using **Ca, it was shown
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that the flux of Ca?" into the cells was about 0.15 pmol cm™ s7}, and changed
little during the light-induced polarization process (Robinson and Jaffe 1973).
By inserting 25,000 cells in a nickel screen, the two hemispheres of the cells
could be isolated and flux measurements at the two poles could be measured.
It was found that in response to unilateral light, the Ca*" influx became
strongly asymmetric, with Ca®" entering the shaded, future growth pole, and
differentially left the future thallus end (Robinson and Jaffe 1975). These
measurements led directly to the prediction that the formation of intracellular
Ca?* gradients is an early, essential step in development of polarity.

Recently, the self-referencing Ca** electrode has been employed to measure
net Ca?* fluxes in polarizing Silvetia zygotes, affording a direct comparison
with the tracer flux data (Pu and Robinson 2003). As noted above, the sensi-
tivity of the self-referencing ion probes declines as the background concentra-
tion of the sensed ion increases. In the case of the marine algae, the normal
concentration of Ca*" in the sea water is about 10 mM. That proved too high
for flux measurements, so it was necessary to culture the cells in 1 mM Ca?".
The cells polarized and germinated normally in the reduced Ca** medium. The
electrode measurements showed that a highly localized region of net Ca?
influx arose during the photopolarization process and was a highly accurate
predictor of the locus of the future growth pole. In an individual cell, net influx
was measured for a period of one to two hours and had a peak of about 15
pmol cm™ s7!. Net efflux could not be measured anywhere on the cell.

These experiments illustrate both strengths and weaknesses of self-
referencing measurements. The locus of net Ca?* influx and its timing could
be identified with far more precision using the electrodes, compared to the
tracer flux measurements, which required averaging over thousands of cells.
However, alterations in the normal medium had to be made in order to carry
out the electrode measurements. The electrodes did not detect the predicted
asymmetry in efflux, presumably because it is not highly localized like the
asymmetric influx. It should be mentioned that a marine cell poses the great-
est challenge for self-referencing ion measurements as the background con-
centration of ions (except protons) is high.

The self-referencing measurement of ion fluxes is vastly more versatile
than tracer fluxes. The ability to generate localized flux information using
tracers depended on the unique qualities of the fucoid eggs, and the develop-
ment of specialized techniques with little applicability to other biological sys-
tems. The tracer flux measurements also required 15 min to complete while
the electrodes have a time resolution of a few seconds.

4.4.2 Evaluation of self-referencing of ion-selective electrodes on pollen
tube ion dynamics

Perhaps no other plant system has been the subject of the application of so
many different physiological techniques as the pollen tube. The techniques
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include radiotracers, autoradiography, self-referencing current and ion flux
measurements, voltage and patch clamp measurements and imaging. Thus,
the literature on pollen tubes offers a rich array of possibilities for comparing
the strengths and limitations of the self-referencing technique to other
approaches as well as its ability to complement other approaches. The popu-
larity of the pollen tube as model system stems both from its intrinsic impor-
tance in sexual reproduction and the fact that it represents an extreme case of
morphological polarity. Pollen tubes can grow as fast as 5 um s and they
achieve this by adding new membrane and cell wall material in a precisely
choreographed pattern at the growing tip. There is a strong temporal com-
ponent, in addition to the spatial one, as growth is oscillatory.

A central role for ions in tip growth was indicated when it was found that
Ca?* is an essential component of any medium in which pollen tubes could
germinate from the grain and grow (Brewbaker and Kwack 1963). In another
early use of the self-referencing voltage probe, it was found that net current
of about 0.5 A cm™ entered the growing tip of lily pollen tubes (Weisenseel
et al. 1975; Weisenseel and Jaffe 1976). Evidence that Ca** played a control-
ling role in this current led to the efforts to detect local Ca** entry using 1 min
pulses of **Ca followed by low temperature (—60°C) autoradiography of
intact pollen tubes (Jaffe et al. 1975). All of the tubes showed accumulation of
labeled Ca?* at the tip, and in some cases, intense accumulation was seen.

There has been a resurgence of research on the physiology of pollen tube
growth in which self-referencing techniques have played a key role. Ratiometric
imaging revealed that there is an obligatory gradient of cytoplasmic Ca*" in
growing pollen tubes (Rathore et al. 1991; Miller et al. 1992), with elevated Ca*"
at the growing tip. Self-referencing Ca?* electrode measurements showed that
there is net Ca®* influx at the growing tip of 1-10 pmol cm™ s7, and that net
influx ceased when growth and Ca?* gradients were disrupted (Kiihtreiber and
Jaffe 1990; Pierson et al. 1994).

The subsequent finding that growth of pollen tubes is oscillatory (Pierson
et al. 1995, 1996) added a temporal dimension to the measurements and it
was shown that the Ca?* concentration at the tip also oscillated with the same
frequency as growth and nearly the same phase (Holdaway-Clarke et al. 1997;
Messerli and Robinson 1997). However, a major discrepancy between the
imaging data and the self-referencing Ca** influx data was evident. The oscil-
lations in electrode-measured influx lagged the oscillations in intracellular
Ca? by about 11 s out of a period of about 40 s (Holdaway-Clarke et al. 1997),
a finding that was independently confirmed (Messerli et al. 1999). This dis-
crepancy points out one drawback of the self-referencing electrodes as
applied to plants: they cannot distinguish between ions moving into some
extracellular sink, such as the cell wall, and true transmembrane flux. Thus,
it has not yet been possible to elucidate the connection between the electrode-
measured fluxes of Ca?* and the oscillatory changes in cytoplasmic Ca** in the
growing pollen tube.
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The fluxes of two other ions have been measured in growing pollen tubes
using the self-referencing technique, K* and H'. Messerli et al. (1999)
detected large inward oscillations of K* at the growing tip. The peaks of these
pulses averaged nearly 700 pmol cm™ s™! and lagged the growth peaks by
100°. Clearly, this influx of K* is sufficient to have osmotic consequences and
may provide a major source of solute for maintaining turgor pressure during
rapid volume expansion.

The situation regarding H* fluxes is controversial. Messerli et al. (1999)
detected large oscillatory proton influx at the tip (peak influx about 500 pmol
cm 257! for tubes growing at pH 5.5) with smaller influx at least 50 pm behind
the growing tip. On the other hand, Feijé et al. (1999) reported much smaller
proton fluxes at the tip (about 0.1-1 pmol cm™ s™') and a very different pat-
tern that included proton efflux in a zone 20-40 wm behind the tip, at least at
a medium pH of 6.5. Part of the difference in the magnitudes of the H* influx
is attributable to the use of a correction factor for the presence of proton
buffer in the medium used by Messerli et al. (1999), but that cannot entirely
explain the difference. More recently, additional factors have been brought to
light that have been discussed above. Specifically, the H*-selective solvent
under the conditions used by Feijé et al. (1999), responded in a subNernstian
manner to changes in pH. Additionally the self-referencing frequency was
faster and the response time was slower, leading to further possible signal
loss. This will have caused Feijé et al. (1999) to greatly underestimate the pro-
ton fluxes. It also points to the importance of rigorous electrode calibration
in the use of self-referencing electrodes.

Finally, there is a report of large Cl~ efflux from tobacco and lily pollen
tubes (Zonia et al. 2002). A critical re-evaluation of that report shows that
poor selectivity of the ion-selective solvent (Sigma-Aldrich/Fluka 24899) for
the anionic form of the MES buffer that was used, as well as the lack of any
Cl™ requirement for growth of lily pollen tubes undermines that claim
(Messerli et al. 2004). The sensitivity of the Cl™-selective solvent for the
anionic form of MES makes the electrodes indirectly sensitive to the steep pH
gradients that exist near the pollen tube tip. These findings underscore the
need for careful characterization of electrodes. Much of the published data
and manufactures’ claims are valid for the media in which animal cells are
maintained, but plant cell culture media are quite different and the electrodes
require careful evaluation of selectivity in the actual medium used.

The use of the patch clamp technique in various configurations allows the
activity and properties of ion channels to be studied. The use of patch clamp
requires the removal of the cell wall and necessarily the loss of turgor pres-
sure. Most patch clamp measurements of pollen grains or tubes have utilized
the whole-cell configuration with the loss of spatial information (e.g.
Griessner and Obermeyer 2003), making direct comparison with extracellu-
lar self-referencing measurements difficult. Recently, a successful effort was
made to preserve a degree of spatial information in single channel recordings
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of patches pulled from defined locations on grain protoplasts or protoplasts
from the pollen tube tip (Dutta and Robinson 2004). While three different
channels were found on the grain, the only channel that was detected in the
tip protoplasts was a stretch-activated (SA) Ca?* channel with properties sim-
ilar to the SA channel found in the grain. Two types of K* channels were
found on the grain but no K* channels were ever observed on the tip proto-
plasts. Thus, there is a sharp discrepancy between the patch clamp results and
the self-referencing K* measurements, which show net K* entry of 700 pmol
cm 57!, Possible explanations are that the measured K* influx is not through
a channel but a pump, perhaps a K*/H* cotransporter, or the channel local-
ization may be lost due to the disruption of its links to the cytoskeleton in the
patch. Whatever the explanation, the self-referencing measurements must be
regarded as definitive, net K* influx does occur, and its mechanism remains
to be found. This illustrates the advantages of a non-invasive technique.

4,5 Conclusion

The development of methods for measuring analyte flux with high spatial and
temporal resolving extracellular electrochemical sensors has added a vital
new dimension to the study of plant physiology. This noninvasive approach
has enabled the study of ion transport under normal growing conditions with
turgor pressure and cell walls intact. While most of the work has involved
monitoring uptake and release of H* and inorganic ions with potentiometric
sensors, the advances in microscale amperometric detection have enabled the
study of a whole new class of analytes, including O, and reactive oxygen
species. This approach offers considerable promise for the future; for exam-
ple, the detection of auxin fluxes with subcellular resolution in order to
understand how polar auxin transport is organized. As with other physiolog-
ical tools, continuous characterization of the strengths and weaknesses must
occur to prevent misinterpretation of the results. The required characteriza-
tion can be complex and often take the investigator in unexpected directions.
In this review, we have attempted to highlight both the obvious and the more
subtle problems with using electrochemical sensors particularly in a time-
dependent modulation approach. However, when used properly with good
speed and selectivity, the self-referencing approach has opened and will con-
tinue to open new avenues in plant research.
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5.1 Ion dynamics in plant development

Ion fluxes across membranes are known to have important biological roles.
They exert their effect by two means: generating electrical fields and chang-
ing the local ion concentrations, thus affecting physiological processes that
are dependent upon them.

Electrical fields exert force on charged particles, from molecules to
organelles, and this has been proposed to lead to the movement of membrane
proteins or cytoplasmic vesicles by field orientation, electrophoresis or elec-
tro-osmosis. On the other hand, cells react to the ions that carry these cur-
rents, many of which act via signal transduction pathways. If these ions have
a catalytic or regulatory function, the biochemical consequences of any
change in their concentration can be enough to trigger a response (Harold
and Caldwell 1990; Feij6 et al. 2004). Furthermore, accumulating evidence has
shown that polarity, morphogenesis and many developmental steps in plant
cells are defined by an intricate network of processes that often include ion
distribution and concentration as major correlates. These phenomena are
available for experimental manipulation and measurement during which one
can seek evidence for causal relationships.

5.2 Molecular basis of ion fluxes in plants

Ionic equilibrium in plant cells is achieved, on the one hand, by the mainte-
nance of an electrochemical gradient by proton ATPases on the plasma mem-
brane (P-ATPases) and, on the other hand, by the flux of other ions, namely
potassium, calcium and chloride through ion channels and transporters.
Turgor and volume regulation, two crucial parameters in plant physiology
and development, are good examples of processes that are strictly dependent
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upon ion regulation. Intracellular pressure in plant cells is achieved and
maintained by the intracellular accumulation of ions and solutes, and their
partition and sequestration in different osmotic biochemical forms in the
vacuole (e.g. formation of salts or polymers). The turgor pressure thus cre-
ated is required for cell expansion, elongation, gas exchange, transport of
ions and solutes, etc.

Pivotal in the regulation is also the activity of the vacuolar proton ATPases
(V-ATPases), much different from their plasma membrane counterparts both
in structure and mechanism. Vacuolar pyrophosphatases (PPases) are a third
active transport party in the system. The coordinated action of these three
pump systems maintains the cytosol at a fairly constant and neutral pH, while
keeping both vacuole and external apoplast acidic.

These pumps are the active source of energy for a number of channels and
transporters (e.g. Sanders and Bethke 2000; Taiz and Zeiger 2002; Blatt 2004),
many now well characterized as expressed in a number of tissues, evidenced
by transcriptomics (e.g. Pina et al. 2005).

The particular ionic environment created by these conditions is cause and
consequence of the ion fluxes across the cell’s membranes, requiring tight
regulatory mechanisms that keep calcium concentration low, potassium high
and a pH neutral, among other homeostatic regulations (reviewed by Feijé
et al. 1995; Holdaway-Clarke and Hepler 2003).

The study of plant ion dynamics is therefore of the utmost importance,
and several laboratories have taken advantage of non-invasive microelec-
trode techniques, in particular scanning ion-selective probes, to approach it.

5.3 Scanning probe: technical advantages and disadvantages

In the past, we have reviewed the application of both voltage sensitive and
ion-selective probes for the scanning of membrane domains underlying the
development of plants, with special emphasis on a very specialized cell, the
pollen tube (Shipley and Feijé 1999; Fig. 7C, D). To date, the pollen tube is
probably the best-studied system in terms of ion fluxes, and the matter has
been reviewed both for its occurrence and biological meaning (Feijé et al.
2001, 2004; Holdaway-Clarke and Hepler 2003). The reason for this specific
cluster of applications lies in the absence of real alternatives to an extracellu-
lar scanning probe for use with plant cells. The analysis of ion fluxes in living
cells has been accomplished through the use of invasive techniques such as
impalement and patch clamp. These approaches usually allow one independ-
ent sample location per cell. Further sampling proceeds at the risk that prior
sampling had an effect on the cell. Although results from these techniques
have been remarkably important for the characterization of ion channel
properties and activity in plant development, they are compromised by seri-
ous disadvantages. Since access to the plasma membrane is necessary for the
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formation of a tight seal between the membrane and the patch pipette (giga-
ohm seal), the plant cell wall has to be either enzymatically digested or
mechanically removed, creating protoplasts. Both processes can alter plasma
membrane properties, namely activity of membrane proteins, and more
importantly induce a condition of stress that will likely hinder many under-
lying physiological processes. Moreover, the success rate of giga-ohm seal
formation in plant protoplasts is generally low, which is probably caused by
incomplete cell wall removal or immediate regeneration of a new cell wall.
The use of extra-cellular vibrating or stepping probes, totally non-invasive
methods, adds an important edge to the study of living cells.

Non-invasive scanning probes have gone through a series of transforma-
tions in use by diverse research groups.

One of the first vibrating calcium-selective electrode recording system was
built, for the initial use of Jaffe and Levy (1987), as a direct coupled (DC)
device by A.M. Shipley and C. Scheffey at the National Vibrating Probe
Facility (MBL, Woods Hole).

The head stage used an AD515L chip with a 10 X gain fed to an AD524 ampli-
fier set to 100 x gain with a DC offset control to cancel the Nernst potential on
the ion-selective microelectrode. All measurements were referenced to an Ag-
AgCl wire in a 3 M KCL salt bridge placed in the solution, millimeters away
from the artificial calcium source. The microelectrode was vibrated at fre-
quency of 0.5 Hz using a bench-top square-wave oscillator signal damped with
an R/C network to smooth the vibratory movement of the microelectrode.

This original design was programmed in Pascal by Scheffey and it used a
60 Hz sampling routine to filter out line noise. This system measured the
actual DC voltages (Nernst potential) across a ion selective liquid ion
exchanger (LIX) column in the tip of a glass microelectrode positioned with
a manual micromanipulator. Later a capacitively coupled (AC) device, intro-
duced as described by Kiihtreiber and Jaffe (1990), which “vibrated” between
and paused at two extremes of a straight path. The system was controlled by
a PC based Visual Basic computer program, DVIS written by W. Kuhtreiber.
Vibration was via Burleigh piezopushers driven by an oscillator circuit. This
AC design does not measure the actual voltage at the points of measurement
and has efficiency properties based on both the LIX used and the circuit’s
capacitor that accumulates the voltage change. Using a capacitor, the effi-
ciency of the system varies depending on the magnitude of voltage measured.
This “self-referencing” AC system uses a continuous oscillation and the probe
takes a few oscillations for overcoming hysteresis, a phenomenon whereby a
circuit’s current properties depend upon its past history, and become stable.
Then the software accumulates a rolling average of the cyclical measurements.
When a capacitor starts out it is uncharged; as it is oscillated in a field then its
first oscillation starts with no charge and a few cycles of oscillation (discharge
in one direction and recharge in the opposite direction) must occur before the
charge on the capacitor has a symmetrical history comparing opposite polls of
oscillation. Thus, at least the first hemi-oscillation must be dropped as not
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equivalent to the next hemi-oscillations. In addition the early approach of
using a rolling average creates statistical and instrumental strategy problems.
Notably, the first available stable datum from this approach comes on the k+1
oscillation, where k is the rolling average base number. This error-laden pro-
tocol contributed to several important papers on tip growing systems
(Kiihtreiber and Jaffe 1990; Schiefelbein et al. 1992). At this point, a division
in measurement philosophy occurred with part of the groups returning to the
DC device because of its potential as a more comprehensive approach and
reliable measurement efficiency. Table 5.1 lists the dynamic efficiencies esti-
mated for the DC coupled electrodes listed which were achieved by using the
continuous stepping approach, SIET. These efficiencies were improvements
over those achieved with the AC devices and were listed elsewhere
(www.bio.umass.edu/biology/kunkel/nvp_cali.html). Unfortunately, this
table of efficiencies was assumed to apply to all oscillating ion-selective
probes and often AC device results were published without benefit of accu-
rate efficiency estimates. This is a major problem for the AC devices, since
there is no adequate approach to establishing the AC system’s dynamic effi-
ciencies. In the few measurements of the dynamic efficiency of the calcium
LIX using the AC devices driven at identical Hz at the National Vibrating
Probe Facility, the dynamic efficiency was substantially lower than with the
DC amplifier. Using the DC device and software improvements to the DVIS
software, it was possible to eliminate rolling averages that created correla-
tions between adjacent measurements, making it a bad experimental design.
Rolling averages were replaced with statistics on independent unit measure-
ments and this approach was used in further tip growth studies (Holdaway-
Clarke et al. 1997; Feijé et al. 1999; Cardenas et al. 2000). Since the idea is to
detect specific ion concentration as a function of DC voltage change on a LIX
microelectrode, it is crucial to accurately detect the microelectrode’s DC volt-
age at each extreme of the movement excursion. Fundamentally, these systems
are concentration meters that derive ion flux or movement as a function of the
local ion concentration difference measured between two positions close to a
membrane. To accomplish this, the SIET (scanning ion-electrode technology)
system was developed (Shipley and Feijé 1999). A major change in measure-
ment protocols with this DC device allows for faster, multidimensional- and
multi-probe measurements. ASET (automated scanning electrode techniques)
software, developed by E. Karplus, (Science Wares, E. Falmouth, Mass., USA)
established the sampling-rule approach to measurement. The sampling rule
defines a set of unit measurements that can be as simple as a stationary meas-
urement at one point with one probe, or as complicated as three-dimensional
flux measurements involving stepping in the micrometer range of differential
distances to measure differential concentrations with multiple probes,
whether voltametric, amperimetric or both. Statistics on sampling is accom-
plished by replicating sampling rule unit measurements using standard exper-
imental designs and controlling the pattern of unit measurements via
interactive software-defined patterns of sampling sites. Complications of hys-
teresis are avoided in the DC sampling rules because the symmetry of oscillatory
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Table 5.1. Dynamic calibration of ion selective micro-electrodes. All dynamic efficiencies were
determined using DC methods. Dynamic efficiencies while continuously oscillating (Step eff%)
were determined using the older 3DVIS software initially written by WielKuhtreiber and mod-
ified for 3D measurements by J.G. Kunkel. Dynamic efficiencies based on sampling rules (Rule
eff%) were determined using the newer ASET software from ScienceWares. For convenience to
the reader, we list the technical parameters of each ion listed (diffusion coefficient at infinite
dilution, D ; valence, i and Nernst slope) as well as the LIX used and its 90% response time. The
Hz quoted refers to the stepping frequency used in the older 3DVIS software. The bicarbonate
diffusion coefficient is listed for the carbonate LIX because at physiological pHs the carbonate
travels mainly in the bicarbonate form

Ion Do i Nernst LIX 190 Hz Step Rule

slope eff% eff%
K* 19.6 1 58 FL:X IB <ls. 0.3 70% 85%
H* 93.7 1 58 FL:H IT1A ~0.6 s 0.3 80% 100%
Ca*? 7.9 2 29 Fl:Ca ITIA <5s 0.3 50% 80%
Mg* 7.1 2 29 Fl:Mg IV <30s 0.25 30% na
Cl- 20.3 -1 -58 1E:170 na 0.5 85% 100%
CO;? 139 -2 -29 IE:310 na na na 40%

(differential) data does not intrude on the collection process. As a result, a
substantial improvement of the dynamic efficiency is achieved for the DC
sampling rule approach for all LIXes tested, as indicated in Table 5.1. It must
be emphasized that establishment of the dynamic efficiency of the electrodes
must be determined case-by-case within the context of a given sampling rule
(cf. Table 5.2). Dynamic efficiency will vary with the length of waiting time for

Table 5.2. A sampling rule for a dual probe system. Point name: probe position names as shown
in Fig. 5.1, e.g. “H"(l)” refers to H* probe in location 1; dX, dY, dZ: displacements (um) in X,Y,Z
dimensions respectively to get to their corresponding point name; WaitSec defines a waiting time
in seconds at the point name; AvgSec seconds averaging at 1000 measurements per second. The
probe tips were placed 40 um apart in the Y dimension. The movement to each new location is
accomplished in less than 0.1 s and is included in the WaitSec parameter so that the entire time
for the dual probe 3-D unit sample to be taken is the sum of WaitSec and Avgsec=9.2 s

Point name dx dy dz WaitSec AvgSec
H+(1) 0 -20 0 0.8 0.5
Oy, 0 20 0 0.5 0.5
H+(2) 10 -20 0 0.8 0.5
O, 10 20 0 0.5 0.5
H*(3) 0 10 0 0.8 0.5
02(3) 0 30 0 0.5 0.5
H+(4) 0 -20 10 0.8 0.5
(6) 0 20 10 0.5 0.5

2(4)




114 Joseph G. Kunkel, Sofia Cordeiro, Yu (Jeff) Xu, Alan M. Shipley and José A. Feijé

LIX wobble to subside, length of probe integration of the signal, the proper-
ties of the LIX used and other factors. For instance, the strength of the buffer
can dramatically influence the apparent flux of protons (Faszewski and
Kunkel 2001). The 100% dynamic efficiency achieved with the DC sampling
rule approach (Table 5.1) applies only to low- or un-buffered samples. With
low buffer levels secretion of enough protons to clear the local culture media
of effective buffer must occur, otherwise the buffer extinguishes protons as
they are secreted and the probe has effectively no difference in concentration
to measure (Kunkel et al. 2001). Use of traditional bicarbonate buffered cul-
ture media such as Holtfretter’s solution will result in a substantial loss of
efficiency (efficiency=63%) in measuring protons. Doubling the bicarbonate
buffer in the Holtfreter’s, results in a reduction in efficiency to 43%
(Faszewski and Kunkel 2001). This example points clearly to the need of
examining probe manuscripts with respect to their reliable dynamic calibra-
tions for the specific conditions used.

The SIET approach is especially suited to development involving growth
or morphogenesis of a cell or tissue. This is because the microelectrode can
be non-invasively moved around the extracellular medium surrounding a
specimen, thus allowing large spatial coverage, as well as tracking a modulat-
ing or growing point.

These non-invasive extracellular methods provide complimentary infor-
mation to add to intracellular methods using fluorescent reporting molecules
(e.g. Holdaway-Clarke et al. 1997). In their most ambitious applications with
adequate calibration, non-invasive ion probes can be used to integrate the
relatively steady ionic fluxes emanating from a region or unit surface area of
a cell or cellular membrane (Cardenas et al. 1999, Fig. 8F). Often a probe has
been used in a semi-quantitative way to observe relative ion flux spatial pat-
terns focusing on temporal oscillatory patterns without calculating flux at
other than the probe position in one dimension or extrapolating the flux to
the cell surface (Holdaway-Clarke et al. 1997; Cardenas et al. 1999; Feijé et al.
1999; Zonia et al. 2001, 2002; Fig. 5.8E). Ion-selective probe calibration is
essential to quantitative applications in which the properties of a particular
region of a cell are of interest (Cardenas et al. 1999, Fig. 5.8F), or where the
measurements are of importance in relating components of a model to one
another (Feijo et al. 2001). The calibrations include simple calibration of the
probe according to the Nernst equation [1]:

V = V,— (RT/zF) - In (H/HA) (1)

as well as determining the efficiency of the dynamic process of measuring the
voltage difference between two points. In the later efficiency determination,
there is a trade-off between allowing any probe wobble to come to rest after a
move to a new location, the speed of the LIX to respond to the new location, the
length of data collection, repetition of the measurement and how many other
points one wants to measure in an experiment. Patterns of measurements that
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include long movements between their starting positions require longer wait
states to allow LIX wobble to subside. LIX wobble does not cause a decrease
in efficiency; rather, it creates random noise resulting in outlier data. For that
reason, more weight must be given to wobble suppression (via longer wait
states) versus longer integration time. It is always possible to trade lower effi-
ciency for faster measurements. The DC approach has an advantage over the
AC approach in this respect. The AC approach has a symmetrical but additive
loss of efficiency at both ends of the measurement cycle. As detailed earlier
(Kunkel et al. 2001), the DC approach reduces the loss of dynamic efficiency
by starting at an origin at which there is little or no loss of efficiency, cutting
the loss of dynamic efficiency at least in half at each measurement site. DC
measurement devices and protocols are a faster and more accurate measure-
ment system than the AC approach. The DC approach also provides the user
with a high gain device that can be used in a stationary way to measure flux
oscillations in real time, which the AC system cannot do because of its lim-
ited frequency mode of measurement.

Stationary ion-selective microelectrodes can also be used to infer cellular
activity but it is only applicable when large enough signals are being recorded,
usually on large enough organs to generate sufficient detectable currents (e.g.
roots). Vibrating or rather, as described above, stepping a microelectrode
between two positions and measuring the DC voltage difference between the
positions of the microelectrode greatly increases sensitivity and corrects for
microelectrode drift as long as the stepping is much faster than the drift. This
is particularly important when studying single or isolated cells that generate
smaller currents than whole tissues or organs.

Unfortunately, the extracellular microelectrode used can only measure the
ion concentration at points outside the cell wall of plants. However, the use
of specific inhibitors for ion channels or transporters that putatively convey
membrane fluxes provides clarification of the relative contribution of fluxes
across the plasma membrane.

In a number of situations, intracellular ion concentration and its modula-
tion by fluxes across the plasma membrane are potentially one of the earliest
diagnoses of any changes that a cell displays. Therefore, the SIET has become
a useful tool for the study of biological phenomena in which spatial and tem-
poral resolution are an issue.

For reasons outside the scope of the present manuscript, the very same prin-
ciple we describe here, with different instrumental interpretations, is used
associated with various acronyms, namely MIFE (see Chapter 3), SERIS (see
Chapter 6), and SIET here. In essence they all use the same basic relationship,
the Nernst equation [1], which relates electrical potential to ionized compound
concentrations. However, the DC and AC approaches diverge in technical
design that sets limits or advantages for each. Self-referencing AC systems such
as SERIS are based on the measurement of ion-selective microelectrode voltage
differences (Nernst potentials) through a capacitor at opposite extremes of an
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oscillation. The SERIS system does not directly measure the voltage on the
microelectrode at each point but rather records the results in a software aver-
aging algorithm accumulating the difference (delta V) between the two points.
Though SERIS can measure the presence of a flux of an ion, it is unable to accu-
rately measure the actual strength of the flux. The SERIS approach calibrates
the electrode at low gain (DC X 10) mV sensitivity, but makes the delta micro-
volt measurement (gain X 1000) via a capacitor. Since efficiency of the LIX elec-
trode is not measured at microvolt levels, it is unable to measure the flux
accurately. In the AC SERIS protocol the local concentration of an ion is
assumed to be close to the background media’s composition (Kiihtreiber and
Jaffe 1990), which is a logical first guess but may not be accurate in situations
where the cell is actively pumping the ion of interest. This is particularly true
when dealing with H* secretion, where the local buffer concentration must be
low enough for the cellular pumping to overcome it (Kunkel et al. 2001). SIET
also allows sampling rules to be created for 1-, 2-, or 3-D measurements using
one ion-selective microelectrode or sequential or interleaved measurements
(Table 5.2) of multiple ion-selective microelectrodes in one or more dimen-
sions (Faszewski and Kunkel 2001). SIET probes can also be interleaved with
polarographic (amperimetric) microelectrodes by a sampling rule (Table 5.2)
that extends the molecules measured beyond the current review’s scope to non-
ionic small molecules such as oxygen and nitric oxide (for an example of appli-
cation see Prado et al. 2004).

This capability of measuring multiple ions is also critical to accurate esti-
mation of certain ion fluxes. For instance, the LIX nominally used for meas-
uring bicarbonate is primarily sensitive to carbonate which at physiological
pH is a minority of ions present in the carbonate/bicarbonate equilibrium. In
order to accurately measure the total carbonate/bicarbonate concentration
one must also simultaneously measure local pH that is involved intimately in
the equilibrium. In addition, many tip growth studies have common factors
that allow correlation of the relative timing of internal and external ion move-
ments (Holdaway-Clarke et al. 1997; Feij6 et al. 1999; Roy et al. 1999). The
sampling-rule approach is highly compatible with correlating the measure-
ment of ion-selective probe data with interleaved cellular and intra-cellular
data obtained from image analysis (Holdaway-Clarke et al. 1997; Feijé et al.
1999; Antoine et al. 2000, 2001, see below).

5.4 Capabilities of scanning microelectrode technology

In order to establish the capabilities of particular scanning microelectrode
setups and analyze the data collected, we routinely use artificial ion sources or
well defined model systems such as the growing pollen tube whose cylindrical
shaft and hemispherical growing tip is easy to define geometrically. In that way,
we can objectively test the limits of a new protocol or measurement system.
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5.4.1 Artificial point source device

Measuring artificial sources or sinks similar to the types of currents measured
in living material is a recommended first step when using this technology.
Artificial ion point sources or sinks can be made using a glass capillary pulled
in multiple stages to have a bee-stinger shape (Kiihtreiber and Jaffe 1990). This
will produce an infinite source or sink solution nearby the tip that represents
the point source. This should have a tip diameter of 5-10 um and be filled with
low percentage agarose (around 0.5%) to stabilize the filling solution of the ion
or molecule of interest, which should be 3 orders of magnitude higher or lower
in concentration than the bathing media, thus producing a passive diffusion
gradient. The agarose does not hinder the diffusion of the molecule through
the tip but will stop bulk flow of the filling solution. An electrogenic flux can
be simulated by a DC circuit through this source, provided that the source
components are simple enough to allow the ion of interest to be a predictable
component of the current. The predicted pattern of diffusing oxygen into a
recessed platinum electrode surface can be seen in Fig. 5.1A, which illustrates
a sagittal section through the artificial source tip and sphere of predictable
oxygen concentration, according to the equations of Schneiderman and
Goldstick (1978). The results of measuring the flux emanating in the three
directions, x, y and z, from a point source in a grid of points in a YZ plane tan-
gent to the sphere of molecules diffusing from a point source tip such as in
Fig. 5.1A is plotted in various ways in Fig. 5.1B, E, F. Planar contour plotting
functions of grid data (Fig. 5.1E) are available in many computational software
packages such as MathCad, Matlab, or R. The characteristic reversals of flux
components, as the probe passes high and low in the Z dimension, emanating
from the source tip can also be seen in linear plots, Fig. 5.1E, of the J, data from
Fig. 5.1D. A more intuitive stereo view of total flux vectors, Fig. 5.1B, C,
requires use of software packages such as Mage, able to represent points in
space and provide stereo pairs. It is important to be aware of the total flux vec-
tors involved at each point measured when plotting one or two-dimensional
representations (e.g. Fig. 5.8 A-C) of those vectors. In some cases a vector can
represent a small local 1-D component of a larger 3-D flux associated with an
adjacent localized point source or sink. Familiarity with the measurement
phenomena, solid geometry and distance, inherent in Fig. 5.1 is critical to
understanding fluxes measured from natural sources.

For testing multiple-probe arrays, one can devise gradients of each mole-
cule of interest emanating from a single point source. For instance, to create
a joint point source for protons and carbonate and point sink for oxygen, one
can craft a small capillary with gaseous CO, forced to the tip presenting a
small gaseous interface that releases CO, which associates with the water to
form a point source of bicarbonate, carbonate and protons. In addition, the
pure CO, bubble provides an infinite sink for dissolved oxygen. This artificial
source has been used for testing multi-probe pairs such as HCO; and protons
(Faszewski and Kunkel 2001) or protons and O,.
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Fig. 5.1. Point source in theory and practice. A The computed pattern of oxygen diffusing into
a capillary tube with a recessed platinum surface which serves as an oxygen sink. B Stereo image
pair of calcium flux vectors emanating from a point source. C Stereo image pair of proton flux
vectors emanating from a pair of point sources 1.5 mm separated. D Dynamically measured
microvolt differences (AuV) measured at graded radial distances from a point source. The
expected AUV was computed by extrapolation between known linear voltage versus 1/r points
and multiplied by an estimate of the dynamic efficiency to attempt to fit a red line of expected
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5.5 Calibrations of probes using particular sampling rules

Each LIX microelectrode has an efficiency of flux measurement dependant
upon the time it takes to settle to a new voltage level at a new ion concentra-
tion. Calibration of a DC system in solutions of known concentration is a
meaningful measurement of LIX responsiveness, and relates directly to how
the electrode will be used in measuring gradients. When presented with a
steady state ion flux from a point diffusion source (Fig. 5.1A), optimization
requires waiting long enough at a given sample position with sufficient gain
to record an accurate ion concentration measurement, and then moving to
another position and re-measuring. The flux between the two points can be
calculated from the values of dC and dx of equation [6] as explained below.
Steady state sources are rare in live matrials, arguing for short waiting peri-
ods at each measurement point. The SIET system can record LIX microelec-
trode noise and drift, allowing the design of protocols to minimize them.

The two types of calibrations that must be made on each probe type before
they can be used are both based on the Nernst equation: [1] one is the static
calibration similar to calibrating a pH meter (Fig. 5.2A), estimating the slope,
A, of the voltage versus log [H*] plot using two standard solutions, a and b,
[2, 3] (the same equations are valid for any other ion).

pH,— pH,= log [H*L— log [H*]b= (mV,— mV,) /A, (2)

A = AmV/ApH, (3)

or a multipoint calibration by estimating the slope of the linear regression
[4],

V =B+ A-log|H"|/eff,~ B+ A-log[H'], (4)

using three or more of the standard solutions as seen in Fig. 5.2A.

The slope, A, and intercept, B, determined for the probe based on the set
of standard solutions can be used to estimate future concentrations (cf. [5])
measured by that electrode within the range of the standards used:

[H*] =10 (A - veif)B 104 - VB (5)

Experience shows that future replacement electrodes made with the same LIX
and electrolyte backfill can be checked for an appropriate voltage with a single
point calibration, namely the bathing solution in use. Thus the estimation of the

Fig. 5.1. (Continued) AuV to the observed-AuV (blue x). The guessed efficiency was adjusted to
give a best fit (red line). E Contour plot of the dX, dY and dZ components of fluxes of protons
eminating from a point source measured at an YZ plane about 10 microns from the tip source.
F Linear plots of the dY data from E plotted against the Y location. G Observed flux (blue x)
computed from the dynamic efficiency and observed AuV from D. Upper and lower 95% con-
fidence intervals (black dashed lines) on the expected J (red diamonds) are computed from the
variance of the observed about the expected AUV from D
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Fig. 5.2. H" and O, probes calibrations and sampling rules. A Construction and static calibra-
tion of a H* probe. Media composition for calibration was the same as pollen culture media
except the pH was adjust to various values by adding either KOH or HCI. B Construction and
calibration of an oxygen probe. The same media was bubbled with N, for over 30 min to achieve
0 UM oxygen concentration, while bubbled with air (18% O,) for 30 min assumed to be 100%
saturated (268 uM). C Sampling rules that control the movements of both H* and O, probes. At
each measurement point in “physical space”, both probes will make measurements from (1) =
(2) = (3) = (4) = (1) in “chemical space”

concentration at the origin of a unit measurement, Co, is made using a static
calibration curve similar to [5], for which there is close to 100% efficiency as
there is with a pH meter. The other more critical calibration, in that it is less
likely to be close to 100% efficient, is a dynamic calibration necessary for ade-
quately estimating Cx, the concentration measured after the quick move to
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position x. It depends on the LIX used and imposed sampling parameters
such as the length of the LIX column, the wait before measuring and the
length of the measurement phase, which jointly give rise to the probe
dynamic efficiency (Fig. 5.1D). When divided into the observed microvolt dif-
ference, it allows prediction of the true microvolt difference critical to calcu-
late the accurate flux (Fig. 5.1G).

]:D.d%X:D.(CX_C%X (6)

Thus the loss due to dynamic inefficiency would show itself in the estima-
tion of the C_ component of dC. The probe is allowed to sit at the measure-
ment point for a wait-state long enough for the probe to reach close to its
optimum voltage (i.e. ~100% efficient) where C is calculated using equation
[5]. Then the probe is moved dx units to its position for measuring, C , where
it is often necessary to take the voltage reading, V , (Fig. 5.2C) before the
probe has come to equilibrium resulting in a loss of efficient measurement of
V , underestimating the voltage. This inefficiency systematically underesti-
mates the flux. One wants to take the V. measurement at dx quickly in order
to avoid any drift in the probe’s voltage, and also quick to allow more meas-
urements so to better represent the true dynamics of a living source. With a
stable point source, the voltage at each point, r, away from the source can be
measured with the probe in static, 100% efficient, positions. Then, V versus
1/r is plotted, a curve is fit to it and the expected voltage difference for the
small extra move is calculated by interpolation between the measured points.
In the same time frame as the static measurements are made, the voltage dif-
ference for a rapid dx move can be directly measured dynamically in real
time. The difference between the measured and calculated voltage difference
provides an estimate of the dynamic inefficiency of that sampling rule. This
artificial source dynamic efficiency estimate provides the efficiency to use in
correcting future experimental measurements of voltage differences. For a
rapidly responding LIX such as the proton LIX there is almost no dynamic
loss in efficiency in the measurements of the secondary voltages at dx, dy or
dz and thus a 100% efficient estimate of a 3-D flux can be assumed (Table
5.1). This high dynamic efficiency is not true for the older continuous AC
vibrating or SERIS methods, in which efficiency is lost at each end of the
microelectrode oscillation, leading to further losses of efficiency for the pro-
ton electrode (Kunkel et al. 2001).

The concentration of ions diffusing from a point source such as displayed
in Fig. 5.1, depend on diffusion alone and can be modeled as a hyperbola:

C,= Cy+ Krr, (7)

where C is the concentration at radius r and K is a proportionality constant
which includes the diffusion coefficient; C, is the background concentration.
Unfortunately, r is not the distance to the point source, but rather a hypo-
thetical point up inside of the point-source-shaft that corresponds to the
infinite source end of the hyperbola at which r is zero. This point can be esti-
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mated, providing a straight-line theoretical curve of expected concentra-
tions or microvolt differences at given diffusion radii. It is in such a context
of expected UV differences that one can estimate the dynamic efficiency, eff .
This dynamic efficiency is used in an equation [8] for estimating dC:

dC=C,—C,, 4= C,— lo(mVr + W Vdiff/1000 * effd ) — A) B (8)

which can then be used to compute the flux using equation [6].

Despite the apparent mathematical sophistication, most of these equations
have been introduced in simple worksheets of intuitive and simple usage and
can be implemented by any inexperienced user in a matter of few hours.

5.6 Point sources used to test the resolution of
microelectrodes

To establish the resolution of a measurement protocol and distinguish
between point sources multiple sources can be created at fixed distances
measured with a grid pattern (Fig. 5.1C; see also Somieski and Nagel 2001).

Measuring two molecular type sources (e.g. protons and oxygen) simulta-
neously presents a similar problem of resolution. The standard polarographic
oxygen electrode (Fig. 5.2B) applies a steady voltage to its exposed platinum
tip in order to make its measurement. The applied voltage of the oxygen elec-
trode can interfere with an adjacent H*-specific electrode (Figs 5.3, 5.4A). We
quantified this interaction by measuring the oxygen electrode current and the
H* electrode voltage with the two microelectrodes at different distances.
While the oxygen electrode current (Fig. 5.5) is independent of the proton
electrode, the proton electrode is affected by being less than 40 um from the
oxygen electrode tip.

Using a specific SIET sampling rule (Table 5.2) we were able to maintain
a 40 um distance between the two microelectrodes and sample an artificial
source of protons and sink of oxygen to obtain a simultaneous measure of
proton and oxygen flux (Fig. 5.4B-D). In that demonstration (Fig. 5.4B) the
two contour plots of the data appear offset from one another due to the fixed
distance between the two microelectrodes. By using a compensating adjust-
ments via the sampling rules which sequentially steps the two microelec-
trodes to a common location while maintaining their physical distance (>35
Um apart) we are able to measure the oxygen and proton flux around the
artificial source (Fig. 5.4) and the pattern of currents can be shown to be
coincident. We subsequently applied this pairing of microelectrodes and
sampling rule to a growing pollen tube tip (Fig. 5.6), and demonstrate the
similar distribution of proton secretion and oxygen utilization in the region
posterior to the growing tip known to be rich in mitochondria. This high-
lights the importance of studying model sources whenever multiple probes
are used.
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Fig. 5.3. Schematic diagram of multiprobe setup. H* and O, selective probes are plugged into
pre-amplifiers (one a SIET and one polarographic). Both probes are mounted on a common 3D
micromanipulator (Ist 3D), by a motion controller. The pollen tube in its culture dish are held
on a motion controlled stage held by a second 3D micro-manipulator (2nd 3D) controlled by a
second motion controller which allows the rapidly growing tip to be maintained in the center of
the stage. The probe amplifiers, two motion controllers and the camera are adjusted and con-
trolled by the computer program ASET. A small drop of concentrated germinating pollen was
spread evenly on the bottom of the Petri dish, which was coated with 10% poly-lysine. The 3 ml
of liquid culture medium is added or changed in the Petri dish by gravity addition and main-
tained at a constant level by a suction skimmer

5.7 Different plant systems investigated

The SIET has been extensively used in a number of systems, from brown
algae to higher plants, multi or unicellular systems but its use in single or iso-
lated plant cells is of particular importance, since the currents generated are
generally smaller in magnitude and therefore impossible to detect with sta-
tionary electrodes. This technique has allowed considerable advances in
understanding some of these systems and therefore, we will focus on results
obtained in single or isolated cells like pollen tubes (Fig. 5.7C-E; Fig. 5.8A),
root hairs (Fig. 5.8D-F) and higher plant fertilization, studied through an in-
vitro fusion system in maize (Fig. 5.9).
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Fig. 5.4. No interference between H/O, probes using sampling rule with probes 40 um apart.
A Artificial dual source. A micropipette filled with CO, acts simultaneously as an H* source and
0, sink. B Contour plot of micro-volt differences and pico-amp differences obtained from H*
and O, probe readings respectively. C total uV-difference = (AuV >+ A,uVy2 + AuV?2)'2 obtained
from H* probe. D total pA-difference = (AuA?: + A,LlAj+ AuA?)'? obtained from the O, probe. In
both C and D, the total uV-difference or uA-difference was plotted onto the coordinate space of
the probes reference position correcting for the 40 um separation. In B, the contours are drawn
with respect to the probes physical positions showing the 40 um separation

5.8 Pollen tubes

The largest body of data acquired with extracellular, non-invasive techniques
in single cells of higher plants was obtained on pollen tubes. These cells repre-
sent one of the most remarkable examples of polarized growth in nature. Since
the early developments of the vibrating probe, they have been thoroughly used
as a model and illustrate beautifully the potential of the technique.

Pollen tubes were first used by the group of L. Jaffe (Weisenseel et al. 1975)
to demonstrate the use of the vibrating voltage probe, using germination
media of ionic simplicity and low salt concentration, which yielded a high sig-
nal-to-noise ratio, and were able to demonstrate the existence of large elec-
trical currents traversing pollen tubes, with the grain acting as the source of
current and the tube as the sink. In parallel, Jaffe’s group showed a common
pattern in fucoid eggs undergoing tip growth, which were already known to
drive electrical currents through themselves (Jaffe 1966, 1968). This similar-
ity, albeit with huge physiological and genetic differences, suggested a causal
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Fig. 5.6. H* efflux and O, influx in Z-axis plane over alkaline band region. Pollen tubes
800-2500 pm in length were selected for measurements. H*/O, fluxes, as AuV, and AuA , at the
surface of a pollen tube were measured by moving the electrode to within 2 im from the tube
surface. Background references were taken at least 500 im away from any pollen grains or tubes
and the value was subtracted from the surface measurements. The inset image is a screen shot
showing the H*/O, probes and a growing pollen tube with growth rate of 14.634 um per min.
This figure is a typical plot of five independent experiments
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Fig. 5.7. A, B Ion-selective vibrating microelectrode recording of fluxes at the surface of an egg
cell of maize before fusion (male gamete at the top right side). The microelectrode moves
(“vibrates”) between two positions, one away from the cell (A) and one close to the cell (B) repet-
itively and the delta V values are recorded. All microelectrode measurements are referred to an
AgAGCl type reference electrode in the bath located far away (tens of millimetres) from the spec-
imen. C, D Vibrating ion-selective microelectrode recording fluxes at the germinated pollen grain
(C) and at the sub-apical flank of a growing pollen tube (D) of Lilium longiflorum. The ion-selective
microelectrode positioning and repetitive movement is accomplished by a computer-controlled
three-dimensional micro-stepping motor translation assembly providing sub-micrometer spatial
resolution. E Chloride flux profile along a growing pollen tube of Lilium longiflorum between 200
and 400 um long. The arrows in the scheme indicate the location of the measurements at the cell
surface and correspond to the plot below. Positions I and 2 correspond to the apical domain and
clear zone and 3 and 4 to the tube flank closer to the pollen grain
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Fig. 5.8. A Extracellular proton flux profile on a growing pollen tube. The efflux region roughly
corresponds to the domain occupied by the clear zone. A close correlation is observable between
the cytosolic alkaline band (data not shown) and the patterns of proton efflux, suggesting that the
elevation of pHc in the clear zone may correspond (at least partly) to an active proton efflux in the
same area. (Adapted from Feijé et al. 1999, with permission from The Rockefeller University press.)
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Fig. 5.8. (Continued) B, C Measurement of H*-fluxes around elongating tobacco cells. B Young
cell at the start of elongation, together with its pattern of proton fluxes, where the length of the
arrows (scaled as indicated on the figure) is representative of the magnitude of the flux. C Older,
well-elongated cell together with its pattern of proton fluxes. Bar=50 um. (Adapted from Vissenberg
et al. 2001, with permission from the Society for Experimental Biology.) D Measurement of ion
fluxes in root hairs of Arabidopsis (in this case a tip-1 mutant plant). E, F Extracellular Ca?* fluxes
in P. vulgaris root hairs responding to Nod factors. E Bar graph of nearest approach measure-
ments at approximately 1 um from the root hair apical surface. Control root hair cells exposed to
chitin-oligomers (structurally similar to Nod factors but biologically inactive) for 5 min had an
average Ca”" influx at 1 um from the tip of approximately 13 pmol cm= s7! (1n=9). Hairs exposed
to Nod factors for 5 min on average had a higher Ca?" influx of approximately 28 pmol cm™ s}
1 um from the tip (n=18). Error bars are SEM. F Estimation of the Ca®* sink area at the tip of P.
vulgaris root hairs responding to Nod factors. The graph shows step away measurements of Ca?*
influx in the X direction, J_(in pmol cm™s™") at distances x, from the root hair tip in a control hair
exposed to the inactive chitin-oligomer (filled squares) and two hairs treated with Nod factors
(hollow squares and circles). Lines are theoretical plots obtained with the values shown in tabular
form of parameters corresponding to (a), the radius (m) of the Ca?* sink at the tip and Jo, the flux
of Ca?* at the tip surface (i.e. when x=0). The best fit was obtained by iteration; minimizing a chi-
square statistic while changing the influx, Jo (pmol cm? s'), and radius (a) parameters individu-
ally. In the control root hair (measured in the presence of the chitin-oligomer), the best fit was
obtained with a radius of 2.01 m (dotted line), while in the two examples responding to the Nod
factors, the best fit corresponded to a sink radius of 3.93 and 5.66 m, respectively. We made meas-
urements at five step-away positions for each root hair. Filled arrowheads indicate average influx
values 1 um from the tip of root hairs treated with either inactive chitin-oligomers or Nod frac-
tors, as shown in (a), number of cells measured shown in parentheses. (Adapted from Cérdenas
et al. 1999, with permission from Blackwell Science Ltd.)
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Fig.5.9. A Ca’" flux measurements during maize IVF. A typical recording is shown (n=61) illus-
trating the onset of a Ca?* influx after fusion. Time 0 is chosen arbitrarily as the time of gametic
fusion, as asserted by direct microscopic observation. The arrow shows the detectable onset of
a Ca?* influx after fusion. A clear Ca?" influx was always detected in the egg membrane, with a
delay to fusion dependence on the relative position of the probe and fusion site (black arrow in
the plot). I, 2, 3 and 4 refer to the time when the pictures (bottom) were taken. The following
events are depicted: (1) egg cell before fusion (male gamete position is shown by a white arrow);
(2) egg cell after fusion, just when contraction has started; (3) strong egg cell contraction; and
(4) egg cell reshaping (adapted from Antoine et al. 2000, with permission from the National
Academy of Sciences). B Simultaneous measurement of Ca*" flux and [Ca®'] . , during maize IVF.
(1) typical experiment (n=7). Time zero is set at the time when gametes have adhered (vertical
line). Fusion is followed by the onset of a Ca*" influx (blue line; average Ca* influx of —1.19+0.01
pmol cm™ s7') and by a transient increase in [Ca*] ., (red line). In this particular experiment,
the onset of the rise in [Ca®'], , occurs when the influx stabilizes close to the maximum (arrow),
and the peak [Caz*]C " is coincident with the peak of influx (double arrow). Nevertheless, this is
not the rule for all the experiments; usually these two features behave without any visible corre-
lation. BPL basal pre-fertilization level. (2) Sequence of typical raw images from which the line in
1 was computed. The first image shows sperm-egg cell adhesion (arrowhead). The sperm
becomes visible after fusion because of Fluo-3 diffusion into it (arrowheads). Traces in (1) were
computed by averaging the total egg—cell or zygote fluorescence as shown in B (AF/FO=(Ft-
F0)/F0). (3) Different cytological events during maize IVF in standard conditions (7>100)
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and general role for electrical currents in initiating and maintaining tip
growth.

Their observations might have been tainted by the fact that the microelec-
trode vibration can affect the gradients that it is recording. The vibration fre-
quency of the vibrating voltage microelectrode (200 cycles per second or
more) was one of the major problems affecting this study. To obviate the
movement that the cells would undergo due to stirring created by microelec-
trode vibration, these initial recordings were done using a cellophane mem-
brane to immobilize the cells, which would otherwise be freely floating in the
liquid germination media and impossible to track. This membrane does not
create an electrical barrier and the recording is therefore not affected by it.
However, the added distance due to the thickness of the cellophane does not
match the geometry of the actual cell, creating a deformation in the electrical
field as measured over the membrane.

Despite the possible artifacts, the observation that the steady currents
formed a dipole in growing pollen tubes and that this was common to other
cell types sharing a tip growth mechanism, was a conceptually important
step. The determination of a current source and sink lead to the idea that in
the developmental process of pollen tubes, membranes tends to form
domains, one of which is an ion-leaky state in the sink region and the other
is an ion-pumping domain in the source region. Also, it was speculated that
an electrical current would therefore traverse pollen tubes, creating a loop. In
turn, this could generate a movement of isolated cellular constituents that
could be pulled forward by the current, since it was assumed that most are
small and free enough to move through the cytoskeleton. This concept of
membrane domain formation, together with the hypothesis of elec-
trophoretic movement, was proposed as a way in which electrical currents
could have important physiological consequences. The molecules in the
cytosol are, however, buffered by such substantial Brownian motion energy
that the actual induction of their translational movement in free solution by
the ion current potentials is unlikely. A more likely hypothesis is that ion
potentials could provide the orientation that provides the direction for actin
or tubulin based cytoplasmic motility engines used for navigation. Another
conceptually important aspect of this pioneering study was the presence
of electrical currents predicting the tube germination site. This implied that
electrical currents could be the basis of a morphogenetic process such as the
onset of tip growth. At those early times, the currents were weak and likely

Fig. 5.9. (Continued) Gametes were isolated from the inbred line A188. a Gamete adhesion
(arrowhead shows the sperm). b Fusion; the sperm can be seen penetrating the egg cell (arrow-
head). ¢ Mild contraction of the egg cell. d Reshaping of the cell; the organellar mass has taken
a peripheral position, polarizing the zygote. D Two-photon microscopy section of the vacuolar
zone in a typically Fluo3-AM loaded egg, showing that the vacuole and large organelles are not
significantly sequestering the probe. Scale bar in bd, 20 m.) (Adapted from Antoine et al. 2001,
with permission from Nature Publishing Group.)
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mark the spot where an important process is to happen but are less likely to
be the motive force (the quest for causal roles of currents, or ions as they
move, remains at the centre of ion flux studies!).

The vibrating voltage probe did not, however, provide any information
about the ionic nature of the currents. If at all, this could be inferred by
changes in the composition of the medium used which can by themselves
affect the physiology of the cells. Weisenseel et al. (1975), based on the
dependence of current on the ionic composition of the medium, suggested
that most of the inward current consisted of potassium (K*) ions entering the
whole pollen tube uniformly. At the growing tip, they speculated that calcium
(Ca?") could be part of the current loop. To further examine the ionic nature
of the currents, Weisenseel and Jaffe (1976) performed more media ion-
substitution experiments. They implicated protons (H*) as an important part
of the outward current at the grain and K* as the major component of the
inward current at the tube. But the development of the vibrating Ca?* specific
ion-selective probe (Kiihtreiber and Jaffe 1990) uncovered an apparent con-
tradiction with these conclusions since a Ca?* influx was measured at the tip
which could, by itself, account for most of the inward current. The accuracy
of the results obtained with the ion-selective vibrating probe precluded pre-
vious vibrating voltage probe data from being quantitatively correct. The
authors analyzed fucoid eggs, pollen, Dyctiostelium discoideum, amoebae,
Sarcophaga follicles and fertilized ascidian eggs. In all of these systems, they
detected Ca?* currents with possible roles in development.

An important constraint of the vibrating ion-selective probe technique is
that the Ca*" specific LIX microelectrode performs better under low media
calcium while not all biological material (e.g. marine) will behave normally
under these conditions. Pierson et al. (1994) later confirmed Ca?* influx at the
growing tip of pollen tubes and related the extracellular Ca*" influx to a tip-
focused intracellular Ca?* gradient through the activity of putative membrane
channels.

Due to the importance attributed to Ca?' in signaling, the first few years
after the development of vibrating ion-selective microelectrodes were
devoted to Ca** flux studies.

An important feature of the growth of pollen tubes of most species studied
lies in the fact that tip growth is at some point oscillatory. Following
Weisenseel et al.’s (1975) observation that total currents at the tip of growing
pollen tubes were pulsatile after a certain tube length, Holdaway-Clarke et al.
(1997) showed that Ca** was a part of this pulsatile component. Ca?* influx
oscillates and this correlates with the growth oscillations. Yet Ca*" influx is
delayed by 13 s relative to the growth pulse and seems to be secondary to
growth oscillation. The reasoning that allows this inference is based on the
strength of the cross-correlation when the phase of the oscillating compo-
nents is shifted relative to one another (Holdaway-Clarke et al. 1997).
Reasons for this delay have been proposed to reside on buffering capacity of
the cell wall (Holdaway-Clarke et al. 1997) or a mechanism involving turgor
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pressure (Messerli et al. 2000). Messerli and Robinson (2003) further tried to
test these two models, by changing the growth medium’s ionic composition
and recording changes as a function of ion fluxes. They concluded that none
is sufficiently robust to account for the experimental data.

When measuring ion fluxes and assessing the space and time correlation
to growth, it is important to correlate these with the cytosol concentrations of
the ion being studied. We have studied the contribution of protons to the tip
growth process (Feij6 et al. 1999), and demonstrated a tight correlation
between the intracellular distribution pattern and the fluxes across the mem-
brane. The pattern involves an influx of protons at the growing tip corre-
sponding to an acidic domain in the cytosol and an efflux in the region that
corresponds to the clear zone and to an intracellular constitutive alkaline
zone (Fig. 5.8A). Whether the two are mechanistically related remains a mat-
ter of debate.

Messerli et al. (1999) reported oscillations in H*, K* and Ca?* fluxes at the
growing tip, all lagging the growth pulses but failed to detect the efflux region
of protons on the clear zone. However, the use of substantial amounts of
buffer concentration in the medium by these authors (5 mM MES bulffer,
compared to 0.05 mM MES) is known to affect the measurement of H* gradi-
ents in a sufficient manner to mask these effluxes beyond detection (Kunkel
et al. 2001). H* effluxes on the sub-apical area of pollen tubes had been pre-
viously measured in pollen tubes (Feijé et al. 1999), and correlated with the
distribution of proton-pumping ATPases (Certal et al., unpublished data).

This later example argues that careful medium design for recording with
particular microelectrodes is needed whenever applying ion-selective micro-
electrode measurement systems. Media should be ionically as simple as pos-
sible, especially with regard to the ion being measured, in order to increase
the signal-to-noise ratio to record small signals. This technique records a
specific concentration at each point of the measurement algorithm in the
extracellular medium. A change in concentration implies a flux. When deal-
ing with H", it is essential to think about the buffer used and its concentration
and to test how this affects the measurement. Ideally, buffer concentrations
should be kept as low as possible, so as not to interfere, since buffers will
absorb protons and therefore, deflate the extension of concentration gradi-
ents (Kunkel et al. 2001).

Messerli et al. (1999) acknowledge that buffering has an effect on the meas-
urement and they correct the flux values obtained according to previously
determined correction factors (Arif et al. 1995; Demarest and Morgan 1995),
however, do not account for the possibility that this not only affects the mag-
nitude of H* fluxes but it might also alter the extracellular gradients such that
some fluxes are no longer measurable. Kunkel et al. (2001) showed that sev-
eral complications result from using pH buffers in the medium where proton-
specific LIX microelectrodes are used. Facilitated diffusion enhances the
measured H* flux due to proton equilibration with the buffer. The buffer
absorbs local H*, allowing them to escape the source more rapidly than by
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simple diffusion, enhancing proton fluxes. The major conclusion from this
study is to keep the culture media as simple as possible and reduce any buffer
components to as low titer as possible.

Zonia et al. (2001, 2002) subsequently showed, for the first time, that chlo-
ride (Cl")efflux cycles at the growing tip, coupled- to and in-phase with cycles
of growth, indicating that CI- dynamics is an important component in the
network of events that regulate pollen tube homeostasis and growth. The rest
of the tube exhibits Cl™ influx (Fig. 5.7E). Pharmacological studies revealed a
correlation between ClI- efflux at the growing tip and growth, and that CI~
appeared intimately associated with the control of water flow. Care was taken
to avoid affects by the chemicals used in this study on the Cl-selective micro-
electrodes. Among the Cl~ channel inhibitors that have an effect on pollen
tube growth, only DIDS was used since it was found not to interfere with sen-
sitivity or selectivity of Cl™-selective micro-electrodes. Moreover, the authors,
upon realization of this unexpected result, performed the necessary controls
to ensure the validity of the Cl~ flux calculations. Tests were conducted in
which the dynamic responses of Cl™-selective microelectrodes measuring an
artificial Cl~ flux source were calculated to be 3 orders of magnitude higher
than the other anions tested. Knowing that other anions can interfere with the
measurement of Cl™ anions, they calculated Cl~ concentration in an alterna-
tive manner using a colorimetric assay. The results were consistent with those
obtained with the Cl™-selective microelectrodes.

Messerli et al. (2004) argue that the fluxes measured were in fact changes
in the concentration of the anionic form of the pH buffer (MES) and not
changes in Cl” concentration. In this study, the authors characterized the
ionophore cocktails previously used by Zonia et al. (2002) and claim that the
selectivity and possibly interference from other anions and chemicals used
for chloride channel blocking would preclude the results previously obtained.
However, using the buffer concentration that Zonia et al. (2002) use, Messerli
et al. (2004) shows only a 3.38% reduction in potential responses to chloride
concentration for a background concentration of chloride between 0.1 and
1.0 mM and 9.98% for a background concentration between 1 and 10.0 mM.
Furthermore, on discussing their quantitative conclusions, these authors fre-
quently confuse the results obtained by Zonia et al. (2002) from tobacco with
the results from Lily.

This later controversy shows that when dealing with indirect evidence
(such as extra-cellular concentration recordings to infer membrane fluxes),
care needs be taken to ensure the validity and accuracy of the measurements.
In this case, technical controls by Messerli et al. (2004) actually confirm the
applicability of the technique under the conditions used by Zonia et al.
(2002). Nevertheless, the controls performed show that each ionophore cock-
tail (LIX) used to produce an ion-selective microelectrode can not be applied
universally and this example provides a model for the sorts of cautions that
must be observed when testing a new ionophore cocktail or when a medium
composition change or pharmacology is designed.



Use of Non-Invasive Ion-Selective Microelectrode Techniques 133

While it is generally agreed that healthy pollen tube growth is linked to
coordinated entry of Ca?* and other ions at the growing tip, the coordination
of entry or exit in other regions is less documented. Best understood is per-
haps the H* secretion in the region of the alkaline band, which may be asso-
ciated with the mitochondrial rich zone and functionally related to secretion
of H" accumulated in the cytosol from active mitochondrial respiration (Feijé
et al. 1999). In addition, inactivation of pollen growth by incompatibility
reactions has been linked to Ca?* entry along the pollen tube shaft (Franklin-
Tong et al. 2002).

5.9 Root hairs

Root hairs are highly specialized tip growing cells (Fig. 5.8D). Ca** dynamics
was studied using the Ca**-selective vibrating probe by Schiefelbein et al.
(1992), who detected a Ca*" influx at the tip of growing root hair cells, but no
fluxes at the sides or at the tip of non-growing root hair cells. Nifedipine, a
Ca?* channel blocker, confirmed the link between growth and the Ca?** flux
since its application inhibits both. Later, Felle and Hepler (1997) confirmed
this Ca?* influx by imaging cytosolic Ca’* concentration. H* secretion by root
tips has also been demonstrated by imaging external pH indicators (Jaillard
et al. 1996) and this technology promises to allow flux calculations and appli-
cability for studies of more localized cellular phenomenon (Tang et al. 2004).

Nod factors, which are lipochitin-oligosaccharides produced by bacteria in
response to flavonoids present around roots, induce many processes associated
with root nodule morphogenesis on host plants. Root hairs respond rapidly to
these molecules and among the most rapid responses described are those
involving changes in membrane potential and ions such as Ca*, CI" and H*
(reviewed by Cardenas et al. 2000). Allen et al. (1994) first detected changes in
the extracellular Ca** flux outside the root hairs after exposure to Nod factors
using a Ca**-selective vibrating probe. Cardenas et al. (1999) further deter-
mined that these changes occur within the first 5-10 min of Nod factor appli-
cation (Fig. 5.8E,F). A sharp increase in the Ca** influx level (from 12.7£0.7 to
28.4+2.8 pmol.cm™.s7!) at the tip of root hair cells occurs concomitantly with
an increase of the membrane area over which the influx occurs and with an
increase in the concentration of the intracellular free ion. Technically, this
study clearly showed the importance of using a protocol that estimates both the
intensity and the area of current production, since the NOD induced increase
of total Ca?* flux at the root hair tip (Fig. 5.8F) is composed of both an increase
in intensity as well as the area over which the flux occurs. This objective can be
accomplished by either a scan of the source area close to the cell or doing a
step-away measurement of the declining signal with distance (Fig. 5.8F).

As for H*, although fluxes have been implicated in root hair growth and
Nod factor response, only stationary ion-selective microelectrodes have been
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used and the results were apparently contradictory. The pH around the root
hair remains acidic, but becomes less so in response to Nod factors. Since
intracellular pH increases, this alkalinization could be expected to corre-
spond to an acidification of the extra-cellular medium so it is not clear why
the intra- and extracellular changes occur in the same direction. Felle et al.
(1998) justifies this by considering different buffering capabilities of the intra
and extra-cellular compartments. Cardenas et al. (2000) also argue that,
based on data from stationary ion-selective microelectrodes and scanning
H*-selective microelectrodes along the whole root, the complexity of H* reg-
ulation is likely to be the result of a system more elaborate than just two com-
partments with different buffering properties.

5.10 Fertilization in higher plants

More recently, the SIET contributed to a major breakthrough in plant devel-
opment, when a study by Antoine et al. (2000) made a direct measurement of
an influx of extracellular Ca?* induced by gamete fusion in maize (Fig. 5.9).
The extracellular fluxes measured at the surface of isolated egg cells, with or
without adhesion of a male sperm cell were close to zero and stable over time.
However, after gamete fusion, a Ca?* influx was triggered close to the site of
sperm entry with a delay of 1.8 £ 0.6 s (Fig. 5.9A). This influx spread through-
out the whole cell, progressing at a rate of 1.13 um.s™'. After this wave front
propagation, the Ca’" influx intensity remained sustained, monotonic and
homogeneous over the whole egg cell (average influx of 14.92 pmol.cm™2.s™!
lasting an average of 24.4 min). This characteristic influx, and the necessary
channel opening, was shown to be the first embryonic event following and trig-
gered by gamete membrane fusion. The cytological modifications observed
after fertilization correlate well with the spread of the Ca?* influx and the latter
changes in cytosolic Ca** concentration may work as a trigger and possibly a
space and time coordinator of many aspects of egg activation. It was shown
that the Ca?" influx has a determinant contribution, since application of a
Ca?* jonophore mimics some aspects of egg activation. Furthermore, the
nature of the channels involved was assessed with the use of gadolinium
(Gd*"), which inhibited the influx, possibly implicating mechano-sensitive
channels. In all species studied, gamete fusion triggers an increase in cytoso-
lic Ca** concentration. This is accepted as part of the initial steps to egg acti-
vation, but the source and regulation of this Ca’" signal and the way it is
transduced inside the zygote are controversial. It was already known that
after gamete fusion there was a rise in cytosolic Ca?* (Digonnet et al. 1997),
sufficient for egg activation, but the relationship between this and the wave
front spread of Ca*" influx from the fusion site was unknown. Antoine et al.
(2001) addressed this question by simultaneously recording Ca®" fluxes
and cytosolic Ca** concentration, using a setup that combines the SIET and
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ion-ratiometric widefield imaging. Under these conditions, it was possible to
discriminate between the contribution of the cytoplasmic Ca’*" and Ca®
influx. This unique technical combination allowed for the conclusion that the
Ca?* influx precedes the cytoplasmic Ca** elevation by 40-120 s, thus impli-
cating the existence of separate mechanisms for both of these Ca®" signals
(Fig. 5.9B). Further pharmacology and buffer suppression of the cytoplasmic
Ca?* showed that its elevation is essential for egg activation, as measured by
the initiation of cell wall deposition. However, the extracellular influx does
not seem to be a necessary condition for egg activation. The inhibition of this
influx does, however, prevent the sperm incorporation and consequent
karyogamy, showing that both mechanisms should be combined to achieve
eventual fertilization. Furthermore, it was shown that a Gd*-independent
calcium influx is always present in the sperm plasma membrane after fusion,
which might implicate a second type of calcium channel involved in the early
activation steps of zygote formation.

5.11 Conclusions

It is clear that the scanning ion selective technique, SIET, is a powerful tool
for cell biological research that has been effectively applied to various plant
systems. Application of this technique requires a logical and methodical
development of confidence in the tool by using model steady state sources on
which to test out and calibrate the probes, after which the application to liv-
ing systems can provide a rich data structure that can lead to breakthroughs
in the understanding of cell growth and development if and when they have
an ionic basis.
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6 Use of Double Barrel Micropipettes to
Voltage-Clamp Plant and Fungal Cells

ROGER R. LEwW

6.1 Intracellular measurements in intact, turgid cell
compared with protoplasts

In a paper published in 1977, Racusen et al. documented a startling property
of higher plant cells: The membrane potential of a higher plant cell responds
to the extracellular osmolarity, depolarizing under hyper-osmotic treatment,
up to and including the point of plasmolysis. The effect was reversed by
removing the extracellular osmoticum. Isolated protoplasts exhibited very
depolarized potentials compared with intact turgid cells. Osmotic effects on
the electrical properties extend beyond changes in the membrane potential.
The conductance, a measure of the voltage dependence of ionic current flow
across the plasma membrane, also changes in response to either hyper- or
hypo-osmotic treatment (Lew 1996). Indeed, at least in Arabidopsis thaliana
the electrical changes coincide with changes in the net ionic fluxes that con-
tribute to turgor recovery after hyperosmotic treatment (Shabala and Lew
2002). These electrical changes are an important part of the cell’s response to
osmotic stresses, but their significance is even greater, because of the impli-
cations for the use of patch clamp to measure ionic properties of plant and
fungal cells.

6.1.1 Protoplasts are required for patch clamp

Patch clamp (Hamill et al. 1981) revolutionized the study of ion transport in
cells, including animal, fungal, algal and higher plant cells. The two major
discoverers, Erwin Neher and Bert Sakmann, were awarded the Nobel Prize
in 1991. The power of the patch clamp technique was 2-fold. First, it allowed
individual ion channels to be measured in situ, in their natural states in the
membrane. Second, with the whole cell mode, it enabled the experimenter to
extend the range of possible measurements: to examine the voltage and time
dependence of ionic currents and use this information to identify the specific
ions contributing to the current. With patch clamp, a wealth of information
has been uncovered about the molecular foundations of ionic transport in
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cells. However, when the patch clamp technique is applied to walled cells, the
wall must first be removed to expose the plasma membrane to the patch
pipette. To avoid lysis, the cell must be held in a solution of osmolarity high
enough to induce plasmolysis. This is necessary whether the wall is removed
by enzymatic digestion or some other technique, such as laser ablation. This
means that the advantage of patch clamp, to examine the voltage and time
dependence of ion transport across the plasma membrane, is offset by the
non-physiological condition of the cell, plasmolyzed and probably attempt-
ing turgor recovery. Certainly not growing, certainly in an abnormal physio-
logical state, the plasmolyzed state of the cell is a technical problem that
obscures the relevance of patch clamp measurements. The ideal way to over-
come this is to perform measurements of the voltage and time dependence of
ionic currents in intact, turgid, possibly even growing cells. But how can this
be done in an intact cell?

6.2 Voltage clamping intact turgid cells

Voltage clamp is the technique of choice to measure the voltage and time
dependence of ionic currents across the plasma membrane. In essence, the elec-
tronics are designed to inject a current sufficient to maintain the voltage of the
plasma membrane at a specified level. Data for a number of different clamped
voltages are compiled to create a current versus voltage relation, or current is
monitored at a single voltage over time to measure time dependence, or both
may be combined. It is useful to measure the cell membrane potential concur-
rent with current injection into the cell to confirm the fidelity of voltage clamp-
ing. There are three ways to voltage clamp intact turgid cells: discontinuous
voltage clamp, dual impalements, and double barrel micropipettes. In all instan-
ces, the intent is to measure the voltage and time dependence of the plasma
membrane ionic currents separate from any contribution of the micropipette
itself. The micropipette resistance is a significant problem, because the resist-
ance at the tip of the micropipette is often similar in magnitude to the resistance
of the plasma membrane. This can cause an inability to separate the voltage and
time dependence of ionic currents through the micropipette tip from the ionic
currents through the plasma membrane.

6.2.1 Discontinuous voltage clamp: a single barrel used for both current
injection and voltage monitoring

Finkel and Redman (1984) described the discontinuous single microelectrode
voltage clamp technique. The technique has been used successfully in intact
higher plant cells. The basic idea is that the time dependence of electrical cur-
rents at the microelectrode tip is very different from those of the plasma
membrane because the capacitance of the micropipette tip is much lower
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than the capacitance of the cell membrane. This will cause a much faster time
response, T, defined as resistance (R) X capacitance (C): T=R X C. By rapidly
switching between current injection and voltage measurements, it is possible
to separate temporally the contribution of the micropipette from the contri-
bution of the plasma membrane, as longas T, <T_,. A set of papers using
the discontinuous single electrode voltage clamp technique illustrates the
technique and problems. Forestier et al. (1998) explored the use of the tech-
nique to identify slow anion currents in guard cells. The advantage of the
technique was that measurements could be done in intact cells. Since guard
cells are turgor-active, that is, change their turgor in response to different stim-
uli to control stomata aperture in the epidermis of the leaf, intact cells offer
much greater insight into ion transport required for turgor changes compared
to the turgor-less protoplasts necessary for patch clamp. In the discontinuous
single electrode voltage clamp technique, it is necessary to compensate elec-
tronically for the capacitance of the electrode. Roelfsema et al. (2001) raised
doubts about the applicability of the discontinuous single-electrode voltage
clamp technique in small cells, such as guard cells, because the low capacitance
of small cells would be similar to the capacitance of the electrode (T, 4.~ T
thus, a clear separation of the contribution of the electrode and cell would be
difficult. Raschke et al. (2003) confirmed the results of Forestier et al. (1998),
noting that it is crucial to use micropipettes which possess a linear current-
voltage relation to assure that their capacitance can be compensated electron-
ically. That is, the resistance must be voltage independent to assure R X C is
constant for all clamped voltages. Although others have used this technique,
the three papers cited above give a flavor of the doubts associated with the
method. There are two issues: whether it is electronically possible to compen-
sate for the electrode capacitance (or more accurately, time response, R x C)
consistently, and whether the properties of the microelectrode tip are the
same before and during insertion into the cell. In fact, Etherton et al. (1977)
explored the latter question by directly comparing membrane resistance
measurements obtained using two electrodes impaled separately into the
same cell with single electrode impalements. They expressed the concern that
the properties of the single electrode change upon impalement, rendering
the technique questionable. Guard cells do not lend themselves to multiple
impalements, so the discontinuous voltage clamp technique remains a useful
technique to avoid the protoplasting required to patch clamp the cell, with
caveats regarding the quality of the data. Supporting evidence, such as
inhibitor effects (Forestier et al. 1998; Bouteau et al. 1999), bolsters interpre-
tation of the data.

6.2.2 Dual impalements
Etherton et al. (1977) assumed that dual impalements with a voltage moni-

toring electrode and a current-injecting electrode were the “standard by
which the accuracy” of single electrode techniques “could be judged”. Since
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the two processes, voltage monitoring and current injection, are separate,
this is a likely assumption. One concern exists, that multiple impalements
may affect the resistance of the plasma membrane due to membrane damage
caused by the impalements, but Lew (2000) presented evidence discounting
this possibility, at least in root hairs, by showing that multiple impalements
do not cause a decrease in the potential, expected if the impalement site is
the site of significant ionic leakage. Multiple impalements are technically
difficult. The cells must be accessible, and good imaging is very helpful, to
ensure the micropipettes are impaled into the same cellular compartment.
Indeed, the “standard” to identify where the tips are located is fluorescent
dye injection (Holdaway-Clarke et al. 1996). Because only a single impale-
ment into the cell is required, double barrel micropipettes offer technical
advantages, while retaining separation of the voltage and current-injecting
microelectrodes.

6.2.3 Double barrel micropipettes

A number of researchers have used double barrel micropipettes over the years.
Michael Blatt and others used them to perform voltage clamping of the fila-
mentous fungus Neurospora crassa (Blatt and Slayman 1983, 1987). Blatt
subsequently used the technique in guard cells (Blatt 1987), and wrote a
primer on double barrel micropipettes and other electrophysiological
techniques (Blatt 1991) which I recommend highly for new and experienced
electrophysiologists.

6.3 Double barrel micropipette fabrication

The fabrication of double barrel micropipettes involves a sequential set of
steps that are best performed by fabricating a batch of micropipettes at the
same time. Borosilicate capillaries with internal filaments are first cut to an
appropriate length (about 7 cm). We use 1 mm OD, 0.58 mm ID tubing. The
two capillaries are inserted into a micropipette puller in which one of the two
clamps on either side of the heating filament can be rotated (Fig. 6.1). When
the heating filament has softened the glass, the capillaries are rotated by 360°
to create a twist in the glass. Then standard pulling protocols are used to pull
the micropipette. Once pulled, a small amount of fast-setting epoxy is applied
just above the twist to strengthen the fused joint between the two capillaries.
Finally, one of the barrels is heated and pulled away to form a Y-shape. This
eases insertion of one of the barrels of the micropipette into a holder, and
insertion of a chlorided silver wire into the other barrel. Photographs of some
of the fabrication steps are shown in Fig. 6.2.

Typically, we fabricate eight to ten of the double barrel micropipettes at
the same time, First, all are pulled. Then epoxy is applied. When hardened,
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Fig. 6.1. Construction of a double barrel micropipette. Step 1: heat two capillaries held together
in clamps above and below a heating element which heats the two capillaries in a localized
region. Step 2: when the glass has softened, the two capillaries are twisted by rotating one of the
clamps 360°. Step 3: the two capillaries are pulled to form the sharp tip, and removed from the
pipette puller. Step 4: a drop of fast-setting epoxy is applied to the joint between the two barrels
at the fused twist to strengthen the joint. Step 5: one of the capillaries is softened by localized
heating and pulled away to produce a Y-shape

one barrel is pulled away to form a Y. Then they are stored in a covered dish
until used. Fabrication takes about 1-2 h.

One problem that can arise is crack formation in one of the glass barrels,
probably during the twisting if the glass has not softened enough during heat-
ing. The cracks are not visible (except as a stress crack under magnification),
but reveal themselves when the micropipettes are being tested for tip resist-
ance and crosstalk just prior to impalements. At this time, the crack causes an
extremely low resistance in one of the barrels, far less than the 20 MQ norm.

Filling of the micropipette barrels with electrolyte is done as with a single
barrel electrode. Usually, a small amount of electrolyte is injected into the
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Fig. 6.2. Stages in the construction of a double barrel micropipette. The upper panel shows the
two capillaries, twisted together in the second panel, pulled in the third panel, and after final
fabrication in the fourth panel. Bar=2 cm

blunt end of capillaries; 10 min later, the tip will have filled due to capillary
action because of the internal filament. Even the glass twist will have filled.
Backfilling of the bent barrel requires a fine gauge needle, so that it can be
easily inserted past the bend right up to the twist.

6.3.1 Limitations

There are limitations to the use of double barrel micropipettes due to
crosstalk and the localized nature of the current injection and voltage moni-
toring

6.3.1.1 Crosstalk between barrels

In a double barrel micropipette, the glass wall separating the two barrels is
twice the thickness of the outer glass walls (Fig. 6.3). However, it is possible
that some current will “leak” across the wall. The response of both barrels to
a current injected through one barrel is shown in Fig. 6.4. There are voltage
deflections in the second barrel. Initially, there is a capacitance spike due to
capacitative coupling between the two barrels, followed by a steady state
deflection of very small magnitude. The deflection, expressed as percent cou-
pling [100 X (AE,/AE))], is about 1-2%.

6.3.1.2 Maximal current injection

As a consequence of the crosstalk between the two barrels, double barrel
micropipettes are not suitable for measurements requiring large current
injections. A 2 nA current causes a very small voltage deflection in the second
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Fig. 6.3. Scanning electron microscopy of double barrel micropipette tip. The left panel shows
the tip shape. The right panel shows the tip apertures. Note the double thickness of glass
between the two apertures. Bars 4.3 and 0.5 um, as shown

barrel, but a LA current will cause a deflection large enough to affect meas-
urements in walled cells, whose membrane potentials range from —50 to —200
mV. Thus, double-barrel micropipettes are not suitable for measurements
where A currents are required, such as the green algae Chara and Nitella,
although larger micropipette apertures may be a solution.

6.3.1.3 Space clamping

Another problem associated with large cells is the incomplete “spread” of volt-
age throughout the cell. When voltage clamping, the cell may not attain the
specified voltage, this is incomplete space clamping. It is a problem for double
barrel microelectrodes, because current injection and voltage monitoring occur
in the same region within the cell. Incomplete space clamping should not be a
problem for small, electrically isolated cells (such as guard cells). However,
with large cells, or when there is electrical coupling between cells, the problem
is pervasive. Under these conditions, quantitation requires multiple impale-
ments, and correction depends upon assumptions about current spread and
cell geometry. There is no simple authoritative solution. Examples of space
clamping problems are shown for different cell types later in the chapter.

6.4 Use: electronics and computer control

There are many resources describing electronics and computer control of
experiments. Purves (1981) is a classic, still timely today. Ogden (1994)
includes very useful contributions on microelectrodes, voltage clamping
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Fig. 6.4. Electrical properties of the double barrel micropipette. The upper panel shows the
voltage response of the two barrels (E, and E,) to a 2 nA peak to peak current injected into the
first barrel (E,). The large voltage deflection in the first barrel causes a large voltage deflection
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techniques and computer control. For versatility, digital oscilloscopes are used
to monitor experiments and print a copy of recordings. For computer control,
we use analog/digital converters for measuring voltage and clamping currents,
digital/analog converters for controlling the clamped voltage, digital input/
output to switch voltage clamping on, and timers to control the duration of the
voltage clamp; all are supplied by a Labmaster board from Scientific Solutions
(Solon, Ohio, USA). The required software is written in C, compiled and run on
a DOS computer. While this may seem anachronistic, the advantage for us is
complete control of the experimental environment, including the CPU cycles of
the computer. The technical specifications for hardware control have not
changed, so newer systems offer little advantage. For new or experienced elec-
trophysiologists, writing the software programs may be too daunting. If this is
so, turnkey systems are available from many vendors at a significant cost. The
latest development is the inclusion of a DSP (digital signal processor) chip in a
stand alone system for performing measurements and voltage clamp.

6.4.1 Electrometers and voltage clamp circuit

Any electrometer with a sufficiently high input impedance (>10" Q) will
work. It is important to assure that the time responses of the voltage and cur-
rent injecting headstages are the same, thus the input impedances should be
matched. A voltage clamp circuit is connected to the electrometers. A schematic
of the electronic circuit is shown in Fig. 6.5.

6.5 Examples of measurements

Examples of measurements in walled cells can include any situation where
current injection and voltage measurements must be kept separate. It is
important to emphasize that like any technique, double barrel micropipettes

Fig. 6.4. (Continued) due to the resistance of the micropipette tip, 25 MQ in this example. Some
of the current “leaks” across the glass barrier between the two barrels, causing a much smaller
voltage deflection in the second barrel (E,, about 1 mV). Note that there is a spike at each step
transition in the current injection, caused by the capacitance of the glass barrier between the
two barrels. The measurements were performed with 3 M KCl filling the barrels, and 150 mM
KCl in the external solution to mimic the ionic conductivity of the cytoplasm. Grounding was
performed using a chlorided silver wire (no agar salt bridge was used to minimize stray resist-
ance that would cause a larger voltage deflection in E,). The resistive network is shown in the
lower left panel. By measuring the resistance of each barrel, and the amount of ‘coupling’
between the barrels (100 x (AE,/AE))) (shown in the lower right panel, data are jittered for clar-
ity), it was possible to estimate the value of the resistance of the glass barrier between the two
barrels. The value ranged from 500 MQ to 100 G€, the median value was 3 GQ. This is consis-
tent with the known resistivity of borosilicate glass, about 10'> Q X cm. With an estimated bar-
rier thickness of 100 nm, the calculated resistance would be 10 GQ
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Fig. 6.5. Voltage clamping schematic. A If we specify V. . the operational amplifier will drive
whatever current is necessary into the feedback system (the cell and feedback resistor Ry, ., ) to
maintain V_, at V B A more detailed equivalent circuit. The TTL , is a switch relay

Command® 1/0
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may not be sufficient to resolve the electrical properties of a cell. Some of
these issues are outlined in the following examples.

6.5.1 Input resistance

By injecting a known current through one barrel, the magnitude of the voltage
deflection in the other barrel can be used to calculate the resistance of the cell.
If the geometry of the cell is known, than the specific resistance can be calcu-
lated. An example of a measurement is shown in Fig. 6.6. The example is from

electrode
tests

50 mV

electrode
tests
VOLTAGE (mV) 50 sec
|
cell wall out of cell
potential irppalemem

Dark Treatment

slow
sealing

?1 | A

|
' ||

=

1

ﬂ o

CURRENT (1 nA pulses)

fhaeating

Fig. 6.6. Example of input resistance measurements from a mesophyll cell of Ceratopteris
richardii. Both voltage (top trace) monitored with one barrel of the double barrel micropipette
and current (lower trace) injected through the other barrel are shown. Prior to and after the
experiment, electrode tests were conducted to assure there was no electrical crosstalk between
the voltage monitoring and current injecting electrodes. Current injection through the voltage-
monitoring electrode causes a voltage deflection as expected, but current injection through the
current-injecting electrode caused no visible deflection in the voltage-monitoring electrode.
Immediately following impalement, confirmed visually, a transient negative spike is followed
by a slow sealing event that is characterized by a gradual hyperpolarization to a stable poten-
tial. After impalement, current injection through one barrel of the double barrel micropipette
causes a voltage deflection in the other barrel due to the resistance of the plasma membrane.
This confirmed that the impalement was successful. The response of the cell to changes in pho-
tosynthesis are documented in this experiment. Removal of the pipette from the cell results in
a rapid depolarization to a value similar to what was observed before the cell was impaled

<
-

Fig. 6.5. (Continued) controlled by the computer to turn on the voltage clamping circuit. The V.,
is measured at the electrometer (V,, . ). The current is injected via the Iy, . -input of another
electrometer. The feedback resistor in this example is very high (125 M(Q) and assures a fast
response by the operational amplifier so that V  is rapidly clamped with high fidelity
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a mesophyll cell of a Ceratopteris richardii gametophyte. In these cells, dye
injected into the cell was distributed throughout the cytoplasm and did not
migrate into adjacent cells, indicating that the impalement was cytoplasmic,
and that cell-to-cell coupling was minimal. Having measured the mesophyll cell
dimensions, the specific resistance could be calculated: about 1.5 kQ X cm?.

6.5.2 Current-voltage relations

An example of a current-voltage measurement using voltage clamping is shown
in Fig. 6.7, using trunk hyphae of the fungus Neurospora crassa. The measure-
ment illustrates not only the voltage clamp technique, but also the issue of
space clamping. A hyphal compartment was impaled with a double barrel
micropipette, and an adjacent compartment (separated from the first by a sep-
tal pore) was impaled with a single barrel micropipette. Although voltage
fidelity was observed for the voltage clamp in the first compartment, current
leakage through the plasma membrane causes an attenuated voltage clamp in
the second compartment. As a result, the clamping current overestimates the
“real” clamping current in the first compartment. Cable theory can be used to
correct for current attenuation in fungal hyphae (Gradmann et al. 1978).

6.5.3 Cell-to-cell coupling

An example of the use of double barrel micropipettes to measure electrical
coupling through plasmodesmata is shown in Fig. 6.8. The example is adja-
cent root hairs on an Arabidopsis thaliana root. Analogous to fungal hyphae,
electrical connections between cells results in significant current passage into
adjacent cells, resulting in an overestimate of the clamping current in voltage
clamp measurements.

6.6 Summary

Electrophysiological analyses of ion transport in walled cells are essential to
our understanding of the life of the cell. Ion transport plays crucial roles in
regulating the intracellular milieu of the cell, in signal transduction, osmotic
regulation and cellular growth. A detailed characterization of the electrical
properties of the cells relies upon multiple techniques, among them, voltage
clamping is very useful. Voltage clamping with double barrel micropipettes is
especially important given the “physiology problem” associated with patch
clamp measurements on plasmolyzed protoplasts. Technical constraints and
accessibility of the cell make voltage clamping a challenging endeavor, but
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A V2 V1 |1

32 ym

(BBIJm »l 16 ym

Voltage (mV) -200

-300

Fig. 6.7. Current-voltage measurement. The example is for a hyphal trunk of the fungus
Neurospora crassa. A schematic of the two impalements, and hyphal geometry are shown in
A. Note the presence of septal pores, which allow for the free movement of cytoplasm between
each hyphal “cell” unit. Voltage clamping using the V, and I, microelectrodes was for the range
—300 to —100 mV. The clamp duration was 50 ms, the voltage at V, and V,, and the clamping
current (I ) were obtained by averaging the last five data samples before the end of the clamp.
Note that the real voltages, rather than the computer specified clamped voltage were measured.
Because of current attenuation as it passes along the hypha, the voltage at V, was less than the
voltage at V. Thus space clamping was incomplete. To correct for current attenuation, the
equation I_=I x In(AV /AV,) was used (Rall 1977), where I is the total current, I is the cable
corrected current, AV is the clamped voltage minus the resting potential at V , and AV, is the
clamped voltage minus the resting potential at V.. The current density, A cm™' can be calculated
from I /(2 x Ax), where Ax is the distance between the two electrodes (68 um in this example),
and yields values in the range —0.74 to 0.021 HA cm™
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Fig. 6.8. Example of cell-to-cell coupling measurement. This example is for two root hairs adja-
cent to each other on a longitudinal file of an Arabidopsis thaliana root. A As marked, cell, is
impaled with a double-barrel electrode, followed by a separate impalement into cell,. A 5nA
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pulse through the current-injecting electrode in cell, results in a voltage deflection in both cell,
and in cell,, due to coupling through plasmodesmata. B A higher magnification segment of the
traces shown in A. C A diagrammatic representation of cell-to-cell coupling through plasmod-
esmata. Regulation of cell-to-cell coupling between root hairs was described by Lew (1994)

double barrel micropipettes offer increased technical ease, simplifying the
challenges faced by the researcher when working with intact cells. However,
it should be clear from the examples presented in this chapter that double
barrel micropipettes are not an absolute solution, but instead another step in
our efforts to discover the roles of ion transport in cellular functions.
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7 New Solid State Microsensors in Plant Physiology

STEFANO MANCUSO,' ANNA MARIA MARRAS?

7.1 Introduction

Solid state microelectrodes are being increasingly used in many areas of plant
physiology, ranging from classical electrophysiology studies to new applica-
tions such as scanning tunneling microscopy or atomic force microscopy.
When the size of the sensors is decreased from the millimeter to the microm-
eter scale, many changes occur in their behavior and use. These changes lead
to dramatic improvements in the quality of physiological data and make
achievable experiments previously impossible. The major areas of improve-
ment include increased temporal resolution, increased sensitivity and the
ability to make spatial resolved measurements.

Electrochemical methods have significant advantages over the other tech-
niques to monitor local concentrations of a chemical compound near plant
tissues. In fact, microelectrodes (amperometric or voltammetric) can be posi-
tioned close to the cells and provide a means to estimate the local concentra-
tion. Electrochemical sensors for use in plants should display high selectivity
and sensitivity, long-term calibration stability, and possess a small size. In
addition, if assessing concentrations at different distances from a tissue, as in
the case of the self-referencing technique (see chapters by Smith et al.; Fejio;
Shabala in this book for exhaustive details on the self-referencing technique),
it is essential that the tips of the microelectrodes have a planar geometry so
that precise concentrations at precise distances away from the source/sink,
can be determined with good spatial resolution. Another factor of crucial
importance in the use of the microelectrode as a vibrating probe is a fast
response time. Indeed, the sensor remains in the two measurement positions
for times not longer than few seconds (usually, less than 5 s, often 2-3 s).
Ideally, the electrode response time should permits measurements to be
made on a subsecond time scale.

In the following pages, four different new solid state microsensors to be
used in plants research will be discussed:

! Laboratorio di Neurobiologia delle piante, Department of Horticulture, Polo Scientifico, University of Florence,
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1. The IAA-selective microelectrode
2. The O,-selective microelectrode
3. The NO-selective microelectrode
4. The Cu®*-selective microelectrode

7.2 The IAA-selective microelectrode

Auxin (indole-3-acetic acid) has its name derived from the Greek word aux-
ein, meaning “to increase”. Indole-3-acetic acid (IAA) is a well-known regu-
lator of plant growth and development, which is active in submicromolar
amounts and is associated with a variety of physiological processes, including
apical dominance, tropisms, shoot elongation, induction of cambial cell divi-
sion, and lateral root initiation. The IAA content of plant tissues is believed
to be regulated by several processes. Currently, the most popular view is that
auxin is a hormone-like substance. However, there are several auxin features
and actions that can be much better explained if one considers auxin to be a
morphogen-like agent (Bhalerao and Bennett 2003) and even a neurotrans-
mitter-like substance (Baluska et al. 2003a,b, 2004). IAA is well known also to
be transported from cell to cell in a complex process based on vesicular traf-
fickings (Baluska et al. 2003a; Geldner et al. 2003). The direction of polar
auxin transport is essential for both spatially controlled cell expansion as well
as for orientation of planes of division in meristematic cells. No other plant
molecule is as important for driving pattern formation and shaping of the
whole plant.

Researchers studying IAA both in roots and other plant organs need to
measure dynamic IAA concentrations locally, directly and continuously.
However, the detection and determination of IAA in plant tissue are notori-
ously difficult, due to its presence in minute amounts, its inherent tendency
to be decomposed by heat, light and oxygen, as well as to the presence of a
wide variety of molecules which modify IAA biochemically.

Because the traditional methods commonly used to measure IAA levels,
such as GC (Hunter 1986; Hedden 1993; Sanchez et al. 1996) enzyme-linked
immunosorbent assay (ELISA) and radioimmunoassay (RIA) (Weiler 1984),
are either discontinuous or have other drawbacks, it is impossible to deter-
mine local in vivo concentrations of IAA in a real time. In fact, these
approaches integrate IAA measurement over the entire tissue surface and
provide an averaged measurement over a period of time.

Recently, our laboratory has developed a carbon nanotube-modified
amperometric microelectrode that serves as very reliable sensor of IAA
(Mancuso et al. 2005). To produce this sensor, we used a platinum micro-
electrode as a substrate electrode immobilizing carbon nanotubes (CNTs).

Carbon nanotubes are cylindrical carbon molecules with a structure simi-
lar to the fullerene, but where the fullerene molecule’s symmetry is spherical,



New Solid State Microsensors in Plant Physiology 157

that of a nanotube is cylindrical, with one end typically being capped with
half a fullerene molecule. CNTs are molecular scale wires with high electrical
conductivity, high chemical stability, and extremely high mechanical
strength. They exhibit unusual strength and unique electrical properties, and
are efficient conductors of heat (Liu et al. 1998; Baughman et al. 1999). There
are two main types of nanotube: single-walled nanotubes (SWNT) and multi-
walled nanotubes (MWNT). The exceptional properties of CNTs make them
useful in a high number of applications ranging from nanoelectronic to
biotechnology. Lately, there has been a growing interest in using CNTs in the
realization of chemical sensors owing to their ability to promote electron
transfer reactions.

7.2.1 Preparation of the IAA-selective microsensor

To prepare the IAA-selective microelectrode, we started preparing a plat-
inum microsensor as for the fabrication of an oxygen selective microelec-
trode. The detailed procedure is reported in Mancuso et al. (2000). Next, a
platinum wire 10 mm long and 0.2 mm in diameter was soldered to a silver
connecting wire of the same diameter. This assembly was then mounted in a
glass capillary (2 mm o.d., 1.12 i.d.; World Precision Instruments, Sarasota,
Fla., USA) such that approximately 3 mm of the platinum wire protruded
from the capillary tip. The microwire was secured in position by melting the
glass tip of the capillary around the wire. Etching of the protruding wire to
form a sharp tip was accomplished galvanically submerging the wire for 5 s
in a mixture composed of KNO, + 5% KHCO, melted at 600°C. A current
flow of 1.3 A was applied between the microwire and a platinum laminar
anode of about 1 cm? With this system, with a little practice, we easily
obtained tips with a diameter of around 7-10 um. Microwire insulation was
achieved using an anodic electrodeposition paint (Glassophor ZQ 84-3225,
BASF, Germany). The probe was completed with a platinum wire 10 mm long
and 0.5 mm in diameter acting as auxiliary electrode and with a reference
half-cell Ag/AgCl/KNO, 0.1 M+ NaCl 0.08 M. The cell was arranged in a
three-electrode polarographic configuration which maintained the working
microelectrode at a polarizing voltage of 0.7 V, ensuring a condition of diffu-
sion limiting current for IAA oxidation. MWNTs were purified by refluxing
them in a 2 M nitric acid solution for 10 h, then washed in twice distilled water
and dried at room temperature. The MWNT suspension was prepared by dis-
persing the MWNTs in 2 ml of DMF (N,N-dimethyl formamide). The solution
was then sonicated for 30 min to aid the dissolution. The bare platinum elec-
trode was immersed in a 0.03 M MPS (3-mercaptopropyl) trimethoxysilane
solution for 6 h, then taken out and washed carefully with twice distilled water
to remove physically adsorbed MPS. The modified electrode was prepared by
dropping 5 ul of MWNTSs suspension on the surface of the MPS/Pt microelec-
trode and left to dry.
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7.2.2 Calculation of the diffusion coefficient for IAA

The TAA-selective microelectrode was used in a self-referencing mode. IAA
fluxes on this way can be calculated using Fick’s first law of diffusion:

D(C—G,)
J= A

where ] is the flux rate (mol cm™ s71), D is the diffusion coefficient for IAA
(0.677 x107° cm* s7! at 25°C), C, and C, are the concentrations at the two
measurement positions and Ax is the distance of measurement (cm).

The diffusion coefficient of many chemicals is tabulated in the usual hand-
books of chemistry. However, not all the diffusion coefficients, as in the case
of TAA, are available.

To overcome the difficulties arising from the lack of a tabulated diffusion
coefficient the same procedure we used for the calculation of the diffusion
coefficient of IAA can be followed. The diffusion coefficient D of IAA in dilute
aqueous solution was estimated using the empirical relationship:

D=kxM

wherein k is a temperature-dependent constant and M is the molecular mass
which should be smaller than 1000 and corrected, if applicable, for the mass of
the solvation shell (Fisher Weiss 1996). To estimate k, a calibration curve was
constructed using the experimentally determined (at 25°C) diffusion con-
stants compiled by Longsworth (1957) for a set of compounds (n=47) includ-
ing amino acids, oligopeptides, mono- and oligosaccharides (Fig. 7.1). Linear
regression (r=0.967; standard deviation with respect to regression=0.037 x 107%),
afforded k=(8.97 £ 0.07) X 10™. Using these parameters, the diffusion coeffi-
cient of IAA (M=175.19) was calculated as (0.677 + 0.006) X 10~ cm? s7L.

7.2.3 Example of use of the IAA-selective microelectrode

Carbon-nanotube-modified and self-referencing IAA-selective microelec-
trode allow non-invasive recordings of IAA fluxes at intact root apex reveal-
ing that cells differ dramatically in their abilities to transport IAA. In the root
apex, the most dramatic IAA influx was recorded at the distance of about 1-2
mm from the root cap junction (Fig. 7.2). These unique root cells terminate
their mitotic activity and traverse a so-called transition zone which is critical
for several sensory properties of root apices counting monitoring of gravity
and light (Balugka et al. 2004, 2005). In the same figure, it is possible to see
the effect of aluminum on the IAA influx profile, in a conditions of IAA sat-
uration transport (external concentration 15 UM IAA). The treatment with 90
pmol of Al strongly suppressed IAA influx in the transition zone already after
10 min, supporting the fact that it is the transition zone the primary site of the
aluminum action in the root apex (Sivaguru et al. 1999).
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Fig.7.1. Linear regression representing the dependence of the diffusion coefficient (y,=D;x 10°)

on the inverse square root of the molecular weight [x,=(mol. wt)~2] for a set of 47 compounds
used to compute the diffusion coefficient of IAA
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Fig. 7.2. Diagram illustrating the IAA influx profile along a single root of maize (Cv. Gritz) and
the effect of aluminum in a conditions of IAA saturation transport (external concentration 15
UM TAA). Al 90 UM was supplied in a solution containing KCl and CaCl, at 200 uM each for 10
(M) and 30 (V) min. @, control (—Al). Differential current from an IAA-selective microelec-
trode placed 2 um from the root surface and used in a self-referencing mode. The sensor was
vibrated between two positions 10 um distant at a rate of 0.1 Hz. Positive fluxes represent a net
IAA influx. Data shown are means of 10 replicates. Error bars represent SE
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In conclusion, the ability to perform non-invasive and real-time recordings
of TAA fluxes over intact plant root apices provide us with critical tool for
deepening our understanding how IAA drives gravity- and light-navigated
growth of plant organs such as roots. In the first experiment we analyzed
robust root apices of maize. Recently, we were able to refine the technique so
that it was possible to measure IAA fluxes also around the tiny roots of
Arabidopsis (Santelia et al. 2005). Roots of Arabidopsis with their diameter
only around 100 pm are extremely suitable for in vivo confocal microscopy,
allowing visualization of structures throughout their tissues. Moreover, pow-
erful genetics and impressive amount of mutant collections will give us excel-
lent prospects to decipher in details how IAA regulates gravity- and
light-sensitive growth of plant organs and whole plants. Last but not least, this
technique might also prove to be useful for the just emerging application of
IAA in the cancer therapy.

7.3 The O,-selective microelectrode

The experimental measurement of cellular O, level in the plants is fundamen-
tal when discriminating normal physiological function from abnormal or
stressed states. Small differences (decreases or increases) in the physiological
partial pressure of oxygen (pO,) can induce stress and/or the formation of
reactive species with deleterious effects. In studies on oxidative stress, there is
more and more recognition that there is a need for systems that can detect
very subtle variations of pO, in tissues, especially in vivo, in order to study the
relevance of physiological situations. Several commercially available O,
macro-sensors can be used to obtain estimates and to characterize oxygen
fluxes in higher plant cells. However, these all integrate fluxes over the entire
surface of the tissue, and provide a flux representing an average value over the
period of measurement. Consequently, these techniques have a spatial and
temporal resolution not adequate for studying the oxygen metabolism at the
single-cell level. Microelectrodes also have been used for many years, inva-
sively, for direct measurements of tissue oxygenation in animal and plant
studies (Armstrong 1994; Ober and Sharp 1996). However, it is essential to
demonstrate that the variations of pO, measured are related to physiological
processes, and are not related to disturbances coming from the presence of the
oxygen sensor inside the tissue. Thus, although the measurement of oxygen is
a key factor in plant cell biology, there is a lack of methodologies able to report
continuously, non-invasively, and accurately the pO, in tissues.

7.3.1 Preparation of the O,-selective microsensor

In recent years, the manufacture and use of electrodes with characteristic
dimensions in the micrometer to nanometer range is becoming more widespread
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and common (Penner et al. 1990). There are a variety of techniques which
now allow the production of very tiny electrodes. Many of these procedures
arise from the development of tips used for scanning tunneling microscopy
(STM) or scanning electrochemical microscopy (SECM) in solution (Bard
et al. 1989; Frateur et al. 1999) and are interesting to us because they are typ-
ically constructed from platinum or platinum-iridium microwires, the same
material used for the manufacture of oxygen cathode. The wires are usually
electrochemically etched to a sharp point, and then coated with an insulating
material, except at the very apex of the tip, thus providing a very small
exposed electrode area.

Recently, Land et al. (1999) succeeded in measuring oxygen fluxes in an
isolated neuron and in the filamentous alga Spirogyra greveilina taking
advantage of the vibrating-electrode technology combined with the use of a
membrane-tipped, polarographic oxygen microelectrode of the type devel-
oped by Whalen and co-workers (1967).

Recently we described a simple, inexpensive and highly successful proce-
dure for the construction of platinum electrodes with dimension in the range
of micrometers (see the paragraph about the preparation of IAA-selective
microsensors for further details on the preparation of platinum microelec-
trodes) to be used as O,-selective electrodes (Mancuso et al. 2000).

An important step in the production of platinum microelectrodes in the
range of the few microns is the verification of the tip dimension. However, the
use of appropriate microscopy for this task can be time- and money-consum-
ing. In the absence of direct observations, the mass-transport-controlled lim-
iting current i, , measured from the plateau region of the sigmoidal
steady-state polarogram, can be related to the effective electrochemical radius
of exposed metal using the following equation (Pendley and Abruna 1990):

ijm= 4nFDC’r

where F is the Faraday’s constant, 7 is the number of electrons transferred per
redox event, D is the diffusion coefficient of the reactant (cm? s™'), C" is the
bulk concentration of the reactant (mol cm™) and r is the radius of the sec-
tion of the tip. A tacit assumption implied in the use of this equation is that
the electrode has a disk geometry. The assumption of other exposed metal
geometries (such as a hemisphere or a cone) would yield electrode radii that
would be 20-30% smaller than those obtained.

7.3.2 Example of use of the O,-selective microelectrode

The use of these microelectrodes coupled with the vibrating-probe technique
gave us the means to monitor oxygen dynamics associated with single cells
located at the surface of plant tissues, allowing the study of spatial and tem-
poral differences and/or relationships which can not be detected by standard
O, measurement systems (Mancuso et al. 2000; Mancuso and Boselli 2002;
Mancuso and Marras 2003).
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One of the most interesting feature of the use of an oxygen-selective
microelectrode with the vibrating probe system is the possibility to obtain
“topographical” images of the O, fluxes coming in and out from the tissues.
For example in Fig. 7.3 it is possible to see the evolution of oxygen produced
by a region of 120 120 um of an illuminated leaf. The two peaks in the image
correspond to the oxygen photosynthetically generated diffusing through two
different stomata. The efflux values associated to these peaks are at least
3 times greater than the averaged background value.

Topographical images of the oxygen uptake by the different regions of the
roots can be also of interest in root physiology studies. Figure 7.4 shows the
influx of oxygen in a root apex of maize. Interestingly, in spite of some dif-
ferences in the quantitative characteristics, all plants showed the same spatial
organization in net O, influxes, with the transition zone of the root apex rep-
resenting the largest sink for O, in root.

With an oxygen-selective microsensor used with the vibrating probe tech-
nology, a combination of topographic and electrochemical information at
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Fig. 7.3. 3D map showing oxygen evolution from two different stomata of an illuminated leaf
of Olea europaea. The data was recorded oscillating the electrode as a square wave at 0.1 Hz
between two points, 10 um apart. The electrode was moved in the x direction collecting data
every 2 um. After finishing one pass, the microelectrode was moved 5 um in the y direction and
then returned in the opposite x direction
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Fig. 7.4. Contour map (left) and vector map (right) showing oxygen influxes in a root apex of
maize. The data were recorded oscillating the electrode as a square wave at 0.05 Hz between two
points, 10 um apart. The electrode was moved in the x direction collecting data every 100 um.
After finishing one pass, the microelectrode was moved 50 um in the y direction and then
returned in the opposite x direction. Both maps were constructed using the position data of the
microsensor that were recorded by the data acquisition system together with the current out-
put. Scattered X,Y,Z data were interpolated by using the software Surfer (Golden software,
Golden, Colorado, USA)

micrometer scale is then available. This makes the system an efficient tool to
study biological phenomenon involving oxygen diffusion. Among these the
mechanism behind stomatal movements, i.e. the regulation of guard cell tur-
gor by calcium, the response of stomata to CO, and the heterogeneity of the
stomatal aperture over the leaf surface, together with the study of the hypoxia
stress are among the most obvious possibilities.

7.4 The NO-selective microelectrode

Research on NO in plants has gained considerable attention in recent years as
an increasing evidence of the role of this molecule in plant growth and devel-
opment (Gouvea et al. 1997; Leshem 1996) as well as a plant defense signal
against pathogen infection (Delledonne et al. 1998; Durner et al. 1998) was
demonstrated.
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Numerous good reviews on the biological function of nitric oxide as a sig-
naling molecule and on its role during plant defence against pathogen attack
have been published in recent years (Beligni and Lamattina 2001; Delledone
et al. 2001; Wendehenne et al. 2001; Neill et al. 2002; Lamattina et al. 2003;
Romero-Puertas and Delledonne 2003; Delledonne 2005).

Thus, NO is currently considered a vital bioregulatory molecule, and
researchers studying NO need to measure its concentration locally, directly,
and continuously to investigate NO production in vivo and in vitro. The
difficulties in the detection and monitoring of NO are due to its short half-
life (less than 30 s), which permits diffusion only over a short distance in
a limited area and in a limited time period.

The methods commonly used to measure NO, such as the chemilumines-
cence method (Braman and Hendrix 1989), electron paramagnetic resonance
spectrometry (Wennmalm et al. 1990) and the Griess method (Green et al.
1982), are discontinuous, indirect or have other disadvantages such as the
impossibility of determining the local concentration of NO in real time. The
use of microelectrodes might be the answer to these problems, being a direct
and continuous NO measurement method with high spatial and temporal
resolution. Indeed, amperometric detection of NO is currently the only sen-
sitive technique available that is able to satisfy the real-time and in vivo meas-
urement requirement of many NO related studies.

Several types of electrochemical NO electrodes have been reported in the
literature (Shibuki 1990; Malinski and Taha 1992; Friedemann et al. 1996;
Haruyama et al. 1998; Mitchell and Michaelis 1998; Jin et al. 1999; Mao et al.
2000; Kato et al. 2005). NO is oxidized anodically at bare and modified solid
electrodes, the formation of the nitrosonium ion (NO") in the first step and
NO? as a final product being well characterized in the literature (Dutta and
Landolt 1972; Malinski and Taha 1992). In an attempt to increase the selec-
tivity and sensitivity of the determinations, several approaches have been
reported on the modification of the electrode surface with electropolymer-
ized films of nickel porphyrin (Malinski et al. 1993), by the deposition of
o-phenylenediamine layers (Friedemann et al. 1996) and the electrodeposi-
tion of palladium and iridium oxides (Xian et al. 1999).

The sensitivity of the nitric oxide sensors depends largely on the reactive
surface area of the microelectrode. An electrode with a small surface area will
show less sensitivity if compared with one with a larger surface area. In addic-
tion, the detection limit of an electrode is at least as much important as the
sensitivity. Noise problems, for example, may not be a problem in relatively
high NO concentrations, whereas in low NO concentrations measurements
can be hindered by too much noise. Fortunately, recent commercial NO
microsensors can detect NO at levels of 1 nM or less, and are consequently
appropriate for many experimental tasks.

In addition, the selectivity problem have been well addressed in the last
years. An NO sensor is of no practical importance unless immune from the
interferences of other species present in the measurement solution. Many
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species present in normal nutrition solutions are oxidized at the same voltage
used to detect NO (normally, in the range between 0.4-0.8 V). To enhance the
selectivity and to prevent response from other species, including ascorbate,
nitrite etc., the working surface of the electrode need to be modified with
some organized layers. Indeed, a variety of membranes (e.g. cellulose acetate,
Naflon, chloroprene, polycarbazole) have been used to modify the surface of
such working microelectrode via electropolymerization of appropriate
monomers or classical dip coating procedures. To further improve the selec-
tivity multilayers of different membrane materials have also been applied
(Malinsky and Taha 1992; Trevin et al. 1996). NO sensors coated with these
multilayer membranes exhibited increased selectivity and sensitivity for NO,
and, in addition, were shown to be immune from interference caused by a
wide range of potentially interfering species (Zhang et al. 2000).

Microsensors have been used to examine NO production in plants
(Leshem and Haramaty 1996; Yamasaki and Sakihama 2000). These papers
demonstrate that such microelectrode sensors can be used to give valid meas-
ures of NO. However, the major justification for measuring NO signaling
directly by microsensors arises from the necessity for accurate spatial and
temporal resolution.

Figure 7.5 shows a schematic drawing for a NO microelectrode we recently
used for the recording of NO fluxes in specific regions of the root apex. The
dimensions, selectivity, and the response time (< 0.5 s) allowed us to use this
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Fig. 7.5. Schematic drawing (not to scale) of a carbon fiber microelectrode NO-sensitive, show-
ing the surface modification of the exposed carbon surface by O-phenylenediamine and Naflon
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electrode in a self-referencing mode on root of maize. With this probe, we
detected NO fluxes as small as 50 fmol cm™ s7! in different region of the root
apex. In addition, in Fig. 7.6 it is possible to see that immediately after the
onset of hypoxia, NO left the transition zone of the root apex with a mean
peak efflux of 925+102 fmol NO cm™ s™! (Mancuso et al., unpublished).

In conclusion, electrochemical NO sensors provides an elegant and con-
venient way to detect NO in real time in plant samples. In addiction, currently
they provide the only system to measure nitric oxide continuously, accurately
and directly within tissues. The increasing approval of such microsensors
will help to further understand the role of this interesting and ubiquitous
molecule in plant physiology.

7.5 The Cu?*-selective microelectrode

Several techniques have been used to obtain estimates and to characterize
fluxes of macro- and micronutrient ions in higher plant cells. Intact tissue tech-
niques have often relied on bulk-solution methods, such as radioisotope-flux
techniques or solution-depletion measurements (Cataldo et al. 1983; Mullins
and Sommers 1986). These techniques, however, are disadvantageous in terms
of spatial and temporal resolution and are, usually, used to study ion uptake on
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Fig. 7.6. NO emission from the transition zone of the root apex of Vitis vinifera after hypoxia
treatment. The NO flux was measured by using an NO-selective microsensor in a self-referencing
mode, by vibrating the probe as a square wave at 0.05 Hz between two points at 2 and 12 um
from the root surface
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entire roots or root systems over quite long periods. The use of solid state
microsensors associated with the vibrating probe technique, also enables the
detection of some less studied micronutrients as copper.

Some years ago, we developed a Cu/CuSe microelectrode with the aim of
using it to measure net fluxes of copper(II) ions in Olea europaea roots by the
vibrating probe method (Papeschi et al. 2000). For the fabrication of the
microelectrode a copper wire 75 um in diameter insulated with a thin layer of
lacquer was utilized. It was soldered at one connector and mounted in a glass
capillary (2 mm o.d., 1.12 mm i.d.) used just as support. The tip of the wire
was cut perpendicularly with a sharp surgical knife at a distance of about
3 mm from the capillary and the resulting copper disk was coated with a film
of CuSe by cathodic deposition from a 0.1 M sodium selenite solution
adjusted to about pH 6.0 with sulfuric acid. The reactions occurring on the
copper disk were thought to be:

2H"+ 2e"= H2(ads)
2H,(ads) + HSeO; + H"= Se + 3H,0
Se + Cu = CuSe

The pH value had significant influence on cathodic deposition: under pH
4.5, the formation of H, bubbles prevented selenium from reacting with the
copper surface, taking it away from the metal in a powder form. In the range
of pH 6.5-8.0, red flakes of selenium, that were unable to interact with the
metal disk, were observed. Over pH 8, only gas development was recorded.
The optimal pH for the coating was concluded to be between 5.0 and 6.0

The performance characteristics of the Cu/CuSe disk microelectrode in
terms of its selectivity towards cupric ions, Nerstian response, limit of detec-
tion and response time were studied before its application in detecting tem-
poral and spatial localization of copper (II) fluxes along Olea europaea roots.
First the calibration of the microelectrode was performed using unbuffered
copper solutions made by serial dilution from a 0.1 M stock solution of
Cu(NO,), in water with a background of 50 uM Ca(NO,),; subsequently, the
response time was evaluated recording on chart the electrode potential
changes occurred after small and appropriate aliquots of copper ion had been
added to the well stirred 50 uM Ca(NO,), solution containing the electrode.
Results showed response time to be shorter than 0.5 s. It was a crucial point
for the use of the microelectrode with the vibrating probe technique.

Finally, the selectivity of the Cu/CuSe microelectrode with respect to five
cations (Na*, K*, NH, Ca*", Mg*"), usually contained in nutritive solutions
used in plant physiology, was verified by the mixed solution method, which
is based on the sequential additions of the primary ion to a fixed aliquot of
interferent ion. The selectivity of Cu/CuSe microelectrode in the presence of
the primary (Cu?') and the interfering ions was described by the selectivity
coefficient according to the Nicolskii-Eisenman equation:
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where: E is the membrane potential, Ei0 is the standard potential of primary
ion, a, a, is the activity of primary and interfering ions, respectively; z, z, is
the charge of primary and interfering ions, respectively; K, is the selectivity
coefficient; R is the ideal gas constant; T, the absolute temperature and F, the
Faraday’s constant.

The results obtained by using this microelectrode in a self-referencing
mode, allowed us to detect copper(II) fluxes with a great spatial and time res-
olution. In Fig. 7.7 is shown the profile of the Cu?** fluxes in a root apex of
olive. A maximum uptake at around 1.5 mm from the root apex is evident. In
addiction, when monitoring the fluxes for periods as long as 2 h, we were able
to demonstrate a clear rhythmic pattern in the flux of copper(II) in the region
of maximum uptake.

7.6 Future prospects

The use of electrodes with dimensions of a few microns has many advantages
in plant physiology research. The acceptance and diffusion of such electrodes
is increasing inside the plant cell biology community and it is predictable that
in the next few years, techniques based on micro- or nano-size selective elec-
trodes will become standard in many laboratories. When new techniques
become more widely applied, many new potential applications emerge, some
of which reveal deficiency of the existing technology and thus, are powerful
drive for further innovations. We see several areas of interest: new sensors,
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Fig. 7.7. Cu** fluxes in root of Olea europaea. Left: copper(Il) flux profile along the root apex.
The position and magnitude of the fluxes are indicated by arrows: arrows directed toward the
root indicate influx and arrows directed away from the root denote efflux. Right: oscillatory
behavior of Cu?* flux around the region 2 mm from root apex (from Papeschi et al. 2000)
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smaller and faster in the response; sensor arrays for detecting several com-
pounds, or the same analyte in different positions, at the same time; novel
sensors for new chemical of interest. These new advances will give unparal-
leled spatial and temporal resolution around single cells or structures that
will be of invaluable help in supporting new and emerging fields of the plant
physiology, namely the plant neurobiology.
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8 Electrophysiological Characterization of Plant
Cation Channels

VADIM DEMIDCHIK,! ANATOLY SOKOLIK,*> VLADIMIR Y URIN?

8.1 Introduction

Cation channels are macromolecular protein pores in bio-membranes that
catalyze passive cation influx and efflux (MacKinnon 2004). They do not use
ATP energy to transport cations as opposed to active transporters such as
pumps and carriers. Since cation channels are not limited by the rate of meta-
bolic interactions, they saturate at much higher concentrations than active
transporters and demonstrate low Q,, coefficients (<2.0). Cation channels
consist of several transmembrane alpha helices that are also called trans-
membrane spans or transmembrane domains. These transmembrane
domains form a pore region with a selectivity filter that selects cations over
anions. Rearrangement of transmembrane domains causes pore opening
(activation) or closing (deactivation). Different cation channels have differ-
ent activators and inhibitors, including membrane voltage (V ), H*, divalent
cations, G-proteins, ATP, cyclic nucleotides, hormones, ROS, amino acids,
stretching and gravity. Specific chemical sites in the channel macromolecule
are responsible for interactions with activating and inhibiting factors. Some
cation channels have fixed anion surface charges outside and/or inside of the
channel entry. These charges increase a local cation concentration and mod-
ify voltage-dependence, gating and selectivity of the channel (Green and
Anderson 1991; Miedema 2002). Protons and divalent cations effectively
screen surface charges and cause significant changes in the channel function.
Cation channels are sensitive to a range of specific and non-specific blockers.
Experiments with blockers, or so-called pharmacological analysis, are neces-
sary for the selection between several groups of channels. For example,
tetraethylammonium (TEA™) is a specific blocker of K* channels that does not
affect other cation channels (reviewed by Demidchik et al. 2002a). Blockers
can be of “natural” origin, such as Ca**, Mg**, Zn?* or H*, or xenobiotics, for
example Ba®*, TEA*, Cs', lanthanides, dihypropiridines, phenylalkylamines
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among others. Analysis of blockage provides important information about
molecular determinants of the channel (Hille 1994).

Cation channels play multiple physiological roles in plants. They catalyze
nutritional uptake of N (taken up as NH,*), macronutrient and micronutrient
cations such as K*, Ca?*, Nat, Fe?*, Cu**, Ni**, Co?**, Zn** and Mn?*. Cation
channels are responsible for the generation of negative resting V_ and action
potentials. This is necessary for maintaining structural and functional
integrity of the membrane, signaling processes and polarity. Cation channels
are directly involved in osmotic balance and regulation of the turgor. This
property of cation channels underlies stomata opening and closing. Calcium-
permeable cation channels trigger Ca®* signaling in plants that is involved in
tissue and organ coordinated growth, development and stress responses. ROS,
amino acids, purines, elicitors, hormones, gravity, different stresses and
stretching act through activation of cationic channels. Having multiple physi-
ological roles in plants, cation channels have been a subject of extensive study.
Different physiological and molecular techniques have been employed for
examination of physiology and structure of cation channels. Unfortunately,
the crystal structure of plant cation channels remains unknown.

Significant progress has been achieved in our understanding of the molec-
ular nature of cation channels in the last decade (reviewed by Davenport
2002; Demidchik et al. 2002a; White et al. 2002; Véry and Sentenac 2003).
Many genes encoding plant cation channels have been identified and charac-
terized molecularly. Analyses of knock-out plants and plants over-expressing
K* channels showed for the first time physiological consequences of the lack
or abundance of the particular channel. Nevertheless, molecular studies do
not provide information regarding physiological characteristics of cation
channels in intact cells. Electrophysiological techniques should be employed
to establish channel properties in in vivo conditions. Here, we briefly review
some of the most important electrophysiological techniques and provide
examples of their use for studies of cation channels in plants.

8.2 Overview of electrophysiological techniques

The main question of the physiology of cation channels is how cations are
transported through the channel and how this transport is regulated by inter-
nal and external factors. To investigate this, electrical currents or net fluxes
mediated by cation movement through the channel should be measured.
There are two main types of electrophysiological recordings in plant cells:
extracellular and intracellular recordings. Techniques for extracellular electro-
physiological recordings include extracellular electrodes and “microelectrode
ion flux estimation” (MIFE®). Intracellular recordings can be performed by
impaling a cell with one or more fine-tipped electrodes (so-called “impale-
ment techniques”), or by sticking a cell to the glass micropipette (so-called



Electrophysiological Characterization of Plant Cation Channels 175

patch-clamp technique). Intracellular recordings allow measuring V_ and/or
membrane current (I ). All these techniques have played significant roles in
the characterization of plant cation channels. They have many advantages and
disadvantages that are discussed below. Plant cation channels can also be char-
acterized electrophysiologically by incorporation of purified channels into
the planar lipid bilayers that mimic the cell membrane. This technique is not
discussed here because it is reviewed elsewhere (Tester 1990; White 1998).

8.2.1 Extracellular recordings

In recording with extracellular electrodes, an electrode is placed in the extra-
cellular medium and field-potentials contributed by the action potentials of
many small cells or one giant alga cell are measured (Zawadzki 1980). This
technique is useful for examination of generalized electrical responses of
higher plant tissue or large cells, for example giant alga internodes. Despite
their frequent use in early works, extracellular electrodes have not found
much application in recent studies. For example, Favre et al. (2001) have
applied extracellular electrodes for studying action potentials induced in
Arabidopsis thaliana leaves by wounding and externally applied high con-
centration of KCl.

Another extracellular technique, namely MIFE®, has revolutionized the
field of non-invasive plant membrane biology during the last decade (Shabala
et al. 1997; Shabala 2000; Newman 2001; Babourina et al. 2002; Demidchik
et al. 2002b, 2003; Hush et al. 1992; reviewed in this issue by Shabala). In this
technique extracellular ion-selective microelectrodes “vibrate” (move for-
ward/backward) with a period of few seconds near the surface of plant tissue
or protoplast, with the simultaneous recording activities of several ions.
Measuring ionic activity at two points at given distances (usually at about 50
and 100 uM from the tissue surface) provides a difference in ionic activity
near the cell surface. Using the magnitude of this difference and taking into
account the geometry of the surface, a special software calculates net ionic
flux across the membrane surface. In contrast to extracellular electrodes
MIFE® provides information about the ion selectivity of fluxes and numeric
data on these fluxes. MIFE® can be applied to different types of tissues
(including different root and leaf tissues), protoplasts (Shabala et al. 1998),
root hairs (Babourina et al. 2001) and pollen tube (Tegg et al. 2005).

Apart from its many advantages, MIFE® also has limitations. Firstly,
MIFE® does not allow recording ion activities higher than 0.2-1 mM. For
example, this limitation renders impossible measurement of the toxic Na*
influx under salinity conditions when [Na*] is too high. Secondly, MIFE®
recordings require a pause of about 2 min after addition of test substances to the
assay chamber for mixing of solutions. This limitation is crucial when fluxes
show fast kinetics of activation. Demidchik and Shabala (unpublished) have
recently tried to decrease this pause and have developed a new MIFE®-based
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approach to study fast changes in plant cation fluxes. They have minimized
the volume of the assay chamber, changed the system for addition of solu-
tions and decreased the time of mixing. This reduced the pause after mixing
by several times. Thirdly, some dyes for MIFE® electrodes are not very selec-
tive between cations. For example, Na*-selective dye also senses K*.
Therefore, corrections should be made if several cations are present in the
assay solution. Fourthly, using MIFE® is strictly limited by surfaces that are
directly exposed to the bathing medium. This technique does not allow meas-
urements of fluxes in internal tissues that are covered by several layers of
cells.

A pioneering combination of MIFE® with patch-clamp technique has been
recently developed in Australia (Tyerman et al. 2001). This novel approach
allows simultaneous measurements of cationic conductance and corresponded
fluxes that makes it possible an accurate identification of ion-specificity of the
conductance. Work on coupling MIFE with other electrophysiological (two-
electrode voltage-clamp) and cellular (confocal imaging) techniques is now in
progress in our laboratories and in the laboratory of Dr. Sergey Shabala.
Successful combinations of these techniques will open new horizons in non-
invasive technologies for the membrane biology of plants. Combination of
MIFE®, two-electrode voltage-clamp and confocal microscopy will be particu-
larly important for studying membrane systems that lack activities in patch-
clamp configurations, for example plant neurotransmitter-activated receptors
(Demidchik et al. 2004).

8.2.2 Intracellular recordings

8.2.2.1 Measurement of membrane potential by impaling with single
electrode

Ideas of selective permeability to cations of the plant plasma membrane were
developed in the beginning of the twentieth century by Osterhout in Harvard
University (Osterhout 1908). This was followed by the first measurements of
the plasma membrane potential in sea green alga Valonia macrophysa using
impalements with sharp glass microelectrodes (Osterhout et al. 1927). In the
next 30-40 years, membrane potentials were examined in Valonia, Halicystis,
Nitella, Chara, and Nitellopsis (reviewed by Osterhout 1958; Hope and
Walker 1975). In these experiments, giant plant cells were impaled with one
electrode and V_ was measured between this electrode and indifferent elec-
trode in the bathing solution. Studies of V_ in different conditions played sig-
nificant roles in the plant physiology, particularly for understanding membrane
selective permeability, electrogenic processes and action potentials. These stud-
ies predicted existence of cation channels in plant cell membranes. These days,
measurement of V_ remains a useful tool in plant electrophysiology. For
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example, using this technique, Ehrhardt et al. (1992) discovered Nod-factor-
induced depolarization of the plasma membrane of plant root cells that later
on was shown to be an effect of activation of inwardly rectifying K* channels
(Kurkdjian et al. 2000; Ivashikina et al. 2001). Measuring V_ response to
purines, Lew and Dearnaley (2000) have found depolarizing effect of these
substances on the root plasma membrane. In 2003, Demidchik et al. showed
that purine-activated cation channels that are similar to animal purinoceptors
probably catalyze this depolarization effect. Dennison and Spalding (2000)
found that glutamate depolarizes the plasma membrane of Arabidopsis root
cells. This finding has led to the discovery of plant glutamate-activated
cation channels (Demidchik et al. 2004). Impalement with sharp microelec-
trodes was a basis for development of intracellular ion-selective electrodes—a
powerful experimental tool allowing measurements of activities of different
cations in the cytosol and other cellular compartments (reviewed by Miller
et al. 2001).

8.2.2.2 Two-electrode voltage-clamp technique

Measurement of V_ changes can indirectly show that cation channels exist in
the cell membrane, but it does not inform on properties of cationic currents
flowing through these channels. The nature of plant cationic conductances
remained unclear until the first application on plants of two-electrode volt-
age-clamp technique by Findley (1961) and Hope (1961). This technique was
previously successfully used in animal physiology by Hodgkin and Huxley
(1952) for creation of “ion channel theory”. Two-electrode voltage-clamp
technique “clamps” or maintains V_ at a value the experimenter specifies.
Voltage control is established using feedback through an operational ampli-
fier circuit (see details in Halliwell et al. 1994). The main value of the voltage-
clamp technique is that it allows one to measure the amount of ionic current
crossing a membrane at any given voltage at a given time. Using two-elec-
trode voltage-clamp, Belarusian and Russian physiologists characterized for
the first time plant K* channels (Sokolik and Yurin 1981, 1986), Ca?* channels
(Plaks et al. 1979, 1980; Lunevsky et al. 1983) and non-selective cation chan-
nels (NSCC) (Yurin et al. 1991). Results that were obtained in experiments
with giant alga cells have been summarized and reviewed by Tester in 1990.
A particular success in characterization of cation channels in alga was
achieved due to the development of a very efficient voltage-clamp method that
required only one electrode impalement (Sokolik and Yurin 1981, 1986; see
Demidchik et al. 1997 for details). Impaling with one electrode decreased the
damage of cells and significantly increased a percentage of successful prepara-
tions. In this method a second electrode was placed in extracellular space in 100
mM KCl solution (as in the cytosol) near nodes, which were isolated electrically
from the middle of the cell by white petroleum jelly. The plasma membrane in
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nodes has very low resistance. Therefore, extracellular electrodes are in con-
tact with the cytosol, providing high quality voltage-clamping. An exciting
development of this electrophysiological method was combined voltage-clamp
and “turgescent” perfusion of the alga cell (Plaks et al. 1979, 1980) that allowed
the study of tonoplast cation channels in vivo (without damaging cytoplasm).
In this method, the perfusion of vacuole sap was carried out without rupture of
the plasma membrane and cytoplasm. This was achieved by impaling glass
microneedles into the vacuole through both nodes. Solution flow between two
microneedles allowed changing the vacuole solution.

Two-electrode voltage-clamp technique is much less invasive than patch-
clamp technique because it does not damage cell wall, membranes and the
cytosol. However, this technique has not been extensively used for character-
ization of cation channels in higher plants. The main reasons of this include:
inconvenience of using small cells, preparation problems in highly organized
and specialized multi-cellular tissues and organs, impossibility to manipulate
the intracellular solution and electrolyte leakage from the electrode to the
cytosol that was significant in cells smaller than giant alga. Experimental con-
ditions allowed using two-electrode voltage-clamp for studying cation chan-
nels only in a few higher plants. For example, this technique was used for the
characterization of K* channels in guard cells (Blatt 1988; Langer et al. 2004)
and root hairs (Lew 1991). In experiments on large cells of higher plants, for
example root hairs, another significant limitation is current dissipation along
the length of the cells (Meharg et al. 1994). This result in distortions of the
current-voltage (I-V) curve, including consistent underestimation of the
membrane current, linearization of the I-V and masking of conductance
changes in the presence of transported substrates.

Current recording by two-electrode voltage-clamp technique has been
recently coupled with the measurements of cytosolic Ca®* activity in applica-
tion on guard cells (Levchenko et al. 2005). Three-barreled electrodes were
used: two barrels clamped voltage and third barrel loaded fluorescent dye
FURA into the cytoplasm. Recordings were carried out on intact leaves that
were not excised from the plant. This novel technique has a great potential for
studying plant cation channels, particularly Ca?* channels. This technique
has already shown that data on ABA regulation of Ca’" channels in proto-
plasts derived from guard cell should be revised (Levchenko et al. 2005).

Two-electrode voltage-clamp is also extensively used for characteriza-
tion of plant cation channels heterologously expressed in Xenopus laevis
oocytes (reviewed by Dreyer et al. 1999; Miller and Zhou 2000). Probably
the most successful functional expression in Xenopus oocytes was carried
out in the case of Arabidopsis K™ channels (reviewed by Véry and Sentenac
2002).

In the late 1980s, two-electrode voltage-clamp was replaced by patch-
clamp technique that brought electrophysiological measurements to a new
quality by allowing the testing of protoplasts derived form small cells and
different plant tissues.
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8.2.2.3 Patch-clamp technique

Patch-clamp technique was developed in the 1970s by Erwin Neher and Bert
Sakmann, who received the Nobel Prize in 1991. With this technique a glass
micropipette with large diameter at the tip (> 1 um) forms a high resistance
contact (so-called gigaohm seal) with a protoplast derived from plant cells.
Only one electrode measures voltage and injects current to clamp the voltage
at constant level. Types of patch-clamp modes are shown in Fig. 8.1. They
include: cell attached, whole cell, inside-out and outside-out modes that have
advantages and disadvantages as shown in Fig. 8.1. Inside-out and outside-
out modes are also called excised patches. Whole-cell and outside-out modes
are the most frequently used patch-clamp configurations for studies plant
cation channels. Patch-clamp can also be used in combination with imaging
techniques (Taylor et al. 1997; Pei et al. 2000) and MIFE® (see above).

The first experiments with patch-clamp technique on plant cells were car-
ried out in parallel by German and Israeli laboratories in middle eighties

2. Whole cell mode.

Advantages: Cytosolic medium is controlled.
Extracellular medium can be changed. Large
current from all channels is recorded.
Disadvantages: The protoplast is perforated so
some cell contents are diluted.

1. Cell attached mode.

Advantages: Single channels can be recorded
and properties of channels are not changed.
Disadvantages: Media cannot be changed.

——F

suction,
electric pulse
or sound

destroying
a cell

suction

Four main
patch-clamp
modes

3. Inside-out mode.
Advantages: Recordings can be carried out
from individual channels. Extracellular medium

is controlled. Cytosolic medium can be changed.

Disadvantages: High risk that channel properties
are modified.

Fig. 8.1. Patch-clamp modes

4. Qutside-out mode.

Advantages: Recordings can be carried out

from individual channels. Extracellular medium
can be changed. Cytosolic medium is controlled.
Disadvantages: High risk that channel properties
are modified.
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(Moran et al. 1984; Schroeder et al. 1984). Two types of cation channels were
characterized in these early studies. After these pioneering works, many lab-
oratories worldwide employed patch-clamping for studying cation channels.
Our modern knowledge about cation channels in higher plants is based on
patch-clamp studies that were carried out in the last 20 years (reviewed by
Hedrich and Schroeder 1989; Tester 1990; Tyerman and Schachtman 1992;
Barkla and Pantoja 1996; Tanner and Caspari 1996; White 1998; Tyerman and
Skerrett 1999; Zimmermann et al. 1999; Demidchik et al. 2002b; Véry and
Sentenac 2002, 2003; White and Broadley 2003; Scholz-Starke et al. 2005).
Data accumulated in patch-clamp studies led to the functional classifica-
tion of plant cation channels. They can be divided into three main groups.
The first identified group is K* channels that includes two large classes of out-
wardly and inwardly rectifying K* channels, or so-called KOR and KIR,
respectively. These channels are selective for K* and NH; over other cations
and catalyze passive influx and redistribution of these cations. There is also
physiological-molecular evidence that K* channels regulate stomata function
(Hosy et al. 2003). Calcium channels are the second group of plant cation
channels. This group include two main types including depolarization-
(Thion et al. 1996, 1998) and hyperpolarization-activated Ca?* channels (Gelli
and Blumwald 1997; Hamilton et al. 2000, 2001; Kiegle et al. 2000; Véry and
Davies 2000; Demidchik et al. 2002b; Stoelzle et al. 2003) (DACC and HACC,
respectively). Calcium channels catalyze hormone-, elicitor-, and cyclic
nucleotide-induced Ca?* influx, and elevated Ca?* uptake by growing cells.
There is strong experimental evidence that these channels are crucial for
plant signaling, stress responses, growth, development, mineral nutrition and
other physiological functions (White 1998; White and Broadley 2003). It is
still unclear whether plant Ca** channels are highly selective for Ca** over all
other cations (like animal Ca** channel) or not. Genes encoding classic volt-
age-gated Ca?* channels that are similar to animal counterparts have not been
identified in plants (White et al. 2002; White and Broadley 2003). Therefore,
many plant Ca**-permeable channels probably belong to non-selective cation
channels (NSCC). NSCC are the third group of plant cation channels. They
have about equal permeability for K* and Na* (P, /P, <3) and higher Ca**
permeability (P /P, >0.1-0.2) (Demidchik et al. 2002a). Plant NSCC exist in
the plasma membrane and in the tonoplast. Tonoplast NSCC are well studied
at the physiological level in many species. There are two main classes of tono-
plast NSCC: “slow-activating vacuolar channels” (SV channels) and “fast-
activating vacuolar channels” (FV channels). SV channels show slow kinetics
and activation at [Ca®*]_, > 0.5-5 uM. FV channels rapidly activate and func-
tion at physiological [Ca*"]_, (<0.3-1 uM). The laboratory of Professor Dale
Sanders (University of Yorﬁ) has recently characterized, for the first time,
tonoplast NSCC at the molecular level (Peiter et al. 2005). They have shown
that TPC1 homologue is a part of SV channel in the tonoplast of Arabidopsis
leaf cells and that this channel is involved in the regulation of stomata closing
at high extracellular Ca?* concentrations. Plasma membrane NSCC embrace
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four main classes: (1) constitutive NSCC; (2) reactive oxygen specie-activated
(ROS-activated) NSCC; (3) ligand-activated NSCC; and (4) mechanosensitive
NSCC. Constitutive NSCC are active in the plasma membrane without acti-
vating factors. For opening ligand-activated NSCC interact with a chemical
ligand. ROS-activated NSCC require H,0, or OH® for the activation.
Mechanosensitive NSCC require plasma membrane stretching for activation.
All these channels vary in their voltage-dependence, pharmacology and char-
acteristics of unitary conductances (see review by Demidchik et al. 2002a).

Apart from its many advantages, the patch-clamp technique also has some
problems. On of the main problems is that treatment of plant cells by cellu-
lytic enzymes damages native channels and their regulation. For example, the
treatment by cellulases during protoplast isolation induces a oxidative burst
in plant cells and activations of hydrolytic enzymes (Brudern and Thiel 1999;
Kennedy and de Filippis 2004). This can lead to degradation of membrane
and cytosolic proteins and to changes of cation channel properties or even
disappearance of some cation channels (Demidchik, unpublished data).
Treatment of plants with SH-reducing agents is a possible way to avoid unde-
sirable artifacts from the oxidative damage. However, it is not a “panacea”
because in natural conditions SH-groups are not maintained as permanently
reduced, so SH-reducing agents may cause artifacts too.

Another major problem of patch-clamp technique is the replacement of
the cytosolic native solution by artificial solution in whole cell mode. This
provides the control of intracellular medium but, on the other hand, it also
damages cytosolic regulation of the channels. This problem underlies the lack
of successful patch-clamp characterization of plant ionotropic receptors
(Demidchik et al. 2004). Experiments with plant purine-activated conduc-
tances have recently shown that purines cause reliable Ca?" influx (as meas-
ured by aequorin luminometry and MIFE®) in all root cells and root-derived
protoplasts; however, they are 5 times less effective in patch-clamped proto-
plasts (Demidchik et al., unpublished).

The quality of voltage-clamping in patch-clamp experiments is good if
protoplast membrane resistance is higher than resistance of the patch pipette.
The technical problem arises when the ratio between the resistance of patch
pipette and protoplast membrane increases. If the resistance of the patch
pipette is higher than the resistance of the patched membrane, the voltage is
manly clamped on the tip of the pipette but not on the membrane. This par-
ticularly affects I-V curve rectification and currents recorded under maxi-
mally depolarized or hyperpolarized voltages. The study of vacuolar cation
channels are particularly in danger of artifacts due to very low resistance of
isolated vacuoles. For example, this phenomenon explains the absence of rec-
tification in many early recordings made on tonoplast cationic conductances.
Smaller patches, diluted solutions and lower resistance of the pipette help to
avoid artifacts.

Another obvious problem of patch-clamp technique is that not all plant
cells and tissues give protoplasts suitable for patching. It is also difficult to
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select between protoplasts that are derived from different tissues. Specific
GFP labeling of plant tissues was successfully used for the selection of tissue-
specific protoplasts in Arabidopsis (Kiegle et al. 2000; Demidchik et al. 2003).
Using laser ablation in combination with plasmolysis/deplasmolysis step is
another approach to isolate protoplasts from specific tissues (Taylor et al.
1997; Véry and Davies 2000; Foreman et al. 2003). Using this method proto-
plasts were isolated from Fucus pollen tube and Arabidopsis root hairs that
allowed characterization of Ca?* channels in these species.

8.3 Conclusions and perspectives

Electrophysiological characterization of cationic conductances and cation
channels in plants has been progressing during almost 80 years. It adapted
many methods from animal physiology but also developed plant-specific
approaches, for example MIFE® and cell wall laser microsurgery for protoplast
isolation. Application of voltage-clamp techniques resulted in the characteriza-
tion of cation channels in many plant species and in different tissues and func-
tional classification of plant cation channels. Electrophysiological techniques
should be used with care and experimenters must take into account possible
artifacts and problems. The future of plant electrophysiology is in developing
new non-invasive techniques and approaches that cause less damage to the cell
and channels than patch-clamping. Combining different physiological methods
with electrophysiological techniques also have good perspectives.

References

Babourina O, Hawkins B, Lew RR, Newman I, Shabala S (2001) K* transport by Arabidopsis root
hairs at low pH. Aust J Plant Physiol 28:635-641

Babourina O, Newman I, Shabala S (2002) Blue light-induced kinetics of H* and Ca?* fluxes in
etiolated wild-type and phototropin-mutant Arabidopsis seedlings. Proc Natl Acad Sci USA
99:2433-2438

Barkla BJ, Pantoja O (1996) Physiology of ion transport across the tonoplast of higher plants.
Annu Rev Plant Physiol Plant Mol Biol 47:159-184

Blatt (1988) Potassium-dependent, bipolar gating of K* channels in guard cells. ] Membr Biol
102:235-246

Brudern A, Thiel G (1999) Effect of cell-wall-digesting enzymes on physiological state and com-
petence of maize coleoptile cells. Protoplasma 209:246-255

Davenport R (2002) Glutamate receptors in plants. Ann Bot 90:549-557

Demidchik V, Sokolik A, Yurin V (1997) The effect of Cu?*" on ion transport systems of the plant
cell plasmalemma. Plant Physiol 114:1313-1325

Demidchik V, Davenport R], Tester MA (2002a) Nonselective cation channels in plants. Annu
Rev Plant Biol 53:67-107

Demidchik V, Bowen HC, Maathuis FJM, Shabala SN, Tester MA, White PJ, Davies JM (2002b)
Arabidopsis thaliana root non-selective cation channels mediate calcium uptake and are
involved in growth. Plant J 32:799-808



Electrophysiological Characterization of Plant Cation Channels 183

Demidchik V, Shabala SN, Coutts KB, Tester MA, Davies JM (2003) Free oxygen radicals regulate
plasma membrane Ca*" and K*-permeable channels in plant root cells. J Cell Sci 116:81-88

Demidchik V, Adobea P, Tester MA (2004) Glutamate activates sodium and calcium currents in
the plasma membrane of Arabidopsis root cells. Planta 219:167-175

Dennison KL, Spalding EP (2000) Glutamate-gated calcium fluxes in Arabidopsis. Plant Physiol
124:1511-1514

Dreyer I, Horeau C, Lemaillet G, Zimmermann S, Bush DR, Rodriguez-Navarro A, Schachtman
DP, Spalding EP, Sentenac H, Gaber RF (1999) Identification and characterization of plant
transporters using heterologous expression systems. ] Exp Bot 50:1073-1087

Ehrhardt DW, Atkinson EM, Long SR (1992) Depolarization of Alfaalfa root hair membrane
potential by Rhizobium mellitoti Nod factors. Science 256:998-1000

Favre P, Greppin H, Agosti RD (2001) Repetitive action potentials induced in Arabidopsis
thaliana leaves by wounding and potassium chloride application. Plant Physiol Biochem
39:961-969

Findley GP (1961) Voltage-clamp experiments with Nitella. Nature 191:812-814

Foreman J, Demidchik V, Bothwell JHF, Mylona P, Miedema H, Torres MA, Linstead P, Costa
S, Brownlee C, Jones JDG, Davies JM, Dolan L (2003) Reactive oxygen species produced by
NADPH oxidase regulate plant cell growth. Nature 422:442-446

Gelli A, Blumwald E (1997) Hyperpolarization-activated Ca*"-permeable channels in the plasma
membrane of tomato cells. ] Membr Biol 155:35-45

Green WN, Anderson OS (1991) Surface charges and ion channel function. Annu Rev Physiol
53:341-359

Halliwell JV, Plant TD, Robbins J, Standen NB (1994) Voltage clamp techniques. In: Ogden DC
(ed) Microelectrode techniques. The Plymouth workshop handbook, 2nd edn. Company of
Biologists, Cambridge, UK

Hamilton DWA, Hills A, Kohler B, Blatt MR (2000) Ca?* channels at the plasma membrane of
stomatal guard cells are activated by hyperpolarization and abscisic acid. Proc Natl Acad Sci
USA 97: 4967-4972

Hamilton DWA, Hills A, Kohler B, Blatt MR (2001) Extracellular Ba** and voltage interact to
gate Ca?" channels at the plasma membrane of stomatal guard cells. FEBS Lett 491: 99-103

Hedrich R, Schroeder JI (1989) The physiology of ion channels and electrogenic pumps in
higher plants. Annu Rev Plant Physiol Plant Mol Biol 40:539-569

Hille B (1994) Ionic channels of excitable membranes. Sinauer, Sunderland, Mass.

Hodgkin AL, Huxley AF (1952) A Quantitative description of membrane current and its appli-
cation to conduction and excitation in nerve. ] Physiol 117:500-544

Hope AB (1961) Ionic relation of cells of Chara australis. V. The action potential. Aust ] Biol Sci
15:69-82

Hope AB, Walker NA (1975) The physiology of giant algal cells. Cambridge University Press,
Cambridge

Hosy E, Vavasseur A, Mouline K, Dreyer I, Gaymard F, Poree F, Boucherez J, Lebaudy A,
Bouchez D, Very AA, Simonneau T, Thibaud JB, Sentenac H (2003) The Arabidopsis out-
ward K* channel GORK is involved in regulation of stomatal movements and plant transpi-
ration. Proc Natl Acad Sci USA 100:5549-5554

Hush JM, Newman IA, Overall RL (1992) Utilization of the vibrating probe and ion-selective
microelectrode techniques to investigate electrophysiological responses to wounding in pea
roots. ] Exp Bot 43:1251-1257

Ivashikina N, Becker D, Ache P, Meyerhoff O, Felle HH, Hedrich R (2001) K* channel profile and
electrical properties of Arabidopsis root hairs. FEBS Lett 508:463-469

Kennedy BF, de Filippis LF (2004) Tissue degradation and enzymatic activity observed during
protoplast isolation in two ornamental Grevillea species. In Vitro Cell Dev Biol Plant
40:119-125

Kiegle E, Gilliham M, Haseloff J, Tester M (2000) Hyperpolarisation-activated calcium cur-
rents found only in cells from the elongation zone of Arabidopsis thaliana roots. Plant J
21:225-229



184 Vadim Demidchik, Anatoly Sokolik and Vladimir Yurin

Kurkdjian A, Bouteau F, Pennarun AM, Convert M, Cornel D, Rona JP, Bousquet U (2000) Ion
currents involved in early Nod factor response in Medicago sativa root hairs: a discontinu-
ous single-electrode voltage-clamp study. Plant J 22:9-17

Langer K, Levchenko V, Fromm J, Geiger D, Steinmeyer R, Lautner S, Ache P, Hedrich R (2004)
The poplar K* channel KPT1 is associated with K* uptake during stomatal opening and bud
development. Plant J 37:828-838

Levchenko V, Konrad KR, Dietrich P, Roelfsema MRG, Hedrich R (2005) Cytosolic abscisic acid
activates guard cell anion channels without preceding Ca?* signals. Proc Natl Acad Sci USA
102:4203-4208

Lew RR (1991) Electrogenic transport properties of growing Arabidopsis root hairs—the
plasma membrane proton pump and potassium channels. Plant Physiol 97:1527-1534

Lew RR, Dearnaley JDW (2000) Extracellular nucleotide effects on the electrical properties of
growing Arabidopsis thaliana root hairs. Plant Sci 153:1-6

Miller AJ, Zhou JJ (2000) Xenopus oocytes as an expression system for plant transporters.
Biochim Biophys Acta Biomembr 1465:343-358

Lunevsky VZ, Zherelova OM, Vostrikov IY, Berestobsky GN (1983) Excitation of characeae cell
membranes as a result of activation of calcium and chloride channels. ] Membr Biol
72:43-58

MacKinnon R (2004) Potassium channels and the atomic basis of selective ion conduction
(Nobel lecture). Angew Chem Int Edit 43:4265-4277

Meharg AA, Maurosset L, Blatt MR (1994) Cable correction of membrane currents from root
hairs of Arabidopsis thaliana L. ] Exp Bot 45:1-6

Miedema H (2002) Surface potentials and the calculated selectivity of ion channels. Biophys |
82:156-159

Miller AJ, Zhou JJ (2000) Xenopus oocytes as an expression system for plant transporters.
Biochim Biophys Acta Biomembr 1465:343-358

Miller AJ, Cookson SJ, Smith SJ, Wells DM (2001) The use of microelectrodes to investigate
compartmentation and the transport of metabolized inorganic ions in plants. ] Exp Bot
52:541-549

Moran N, Ehrenshtein G, Iwasa K, Bare C, Mischke C (1984) Ion channels in plasmalemma of
wheat protoplasts. Science 226:835-838

Newman IA (2001) Ion transport in roots: measurement of fluxes using ion-selective micro-
electrodes to characterize transporter function. Plant Cell Environ 24:1-14

Osterhout WJV (1908) The organization of the cell with respect to permeability. Science
38:408-409

Osterhout WJV (1958) The use of aquatic plants in the study of some fundamental problems.
Annu Rev Plant Physiol 8:1-11

Osterhout WJV, Damon EB, Jacques AG (1927) Dissimilarity of inner and outer protoplasmic
surfaces in Valonia. ] Gen Physiol 11:193-205

Pei ZM, Murata Y, Benning G, Thomine S, Klusener B, Allen GJ, Grill E, Schroeder JI (2000)
Calcium channels activated by hydrogen peroxide mediate abscisic acid signalling in guard
cells. Nature 406:731-734

Peiter E, Maathuis FJM, Mills LN, Knight H, Pelloux M, Hetherington AM, Sanders D (2005) The
vacuolar Ca**-activated channel TPCl regulates germination and stomatal movement.
Nature 434:404-408

Plaks AV, Sokolik AI, Yurin VM, Goncharik MN (1979) Chloride channel activation and exci-
tation of Nitella cell tonoplast. Rep Acad Sci Belarus 23:947-949

Plaks AV, Sokolik Al, Yurin VM (1980) Excitable calcium channels of Nitella cell tonoplast.
Izvestiya of the Academy of Sciences of BSSR, Biology section 1:121-124

Schroeder JI, Hedrich R, Fernandez JM (1984) Potassium-selective single channels in guard cell
protoplasts of Vicia faba. Nature 312:361-362

Scholz-Starke ], Gambale F, Carpaneto A (2005) Modulation of plant ion channels by oxidizing
and reducing agents. Arch Biochem Biophys 434:43-50

Shabala S (2000) Ionic and osmotic components of salt stress specifically modulate net ion
fluxes from bean leaf mesophyll. Plant Cell Environ 23:825-837



Electrophysiological Characterization of Plant Cation Channels 185

Shabala SN, Newman IA, Morris ] (1997) Oscillations in H* and Ca?* ion fluxes around the elon-
gation region of corn roots and effects of external pH. Plant Physiol 113:111-118

Shabala SN, Newman IA, Whittington J, Juswono UP (1998) Protoplast ion fluxes: their meas-
urements and variation with time, position and osmoticum. Planta 204:146-152

Sokolik AL, Yurin VM (1981) Transport activity of potassium channels in the plasmalemma of
Nitella cells at rest. Soviet Plant Physiol 28:294-301

Sokolik AI, Yurin VM (1986) Potassium channels in plasmalemma of Nitella cells at rest.
] Membr Biol 89:9-22

Stoelzle S, Kagawa T, Wada M, Hedrich R, Dietrich P (2003) Blue light activates calcium-per-
meable channels in Arabidopsis mesophyll cells via the phototropin signaling pathway. Proc
Natl Acad Sci USA 100:1456-1461

Tanner W, Caspari T (1996) Membrane transport carriers. Annu Rev Plant Physiol Plant Mol
Biol 47:595-626

Taylor A, Manison N, Brownlee C (1997) Regulation of channel activity underlying cell volume
and polarity signals in Fucus. ] Exp Bot 48:579-588

Tegg RS, Melian L, Wilson CR, Shabala S (2005) Plant cell growth and ion flux responses to the
streptomycete phytotoxin thaxtomin A: calcium and hydrogen flux patterns revealed by the
non-invasive MIFE technique. Plant Cell Physiol 46:638-648

Tester M (1990) Plant ion channels: whole-cell and single channel studies. New Phytol 114:305-40

Thion L, Mazars C, Thuleau P, Graziana A, Rossignol M, Moreau M, Ranjeva R (1996)
Activation of plasma membrane voltage-dependent calcium-permeable channels by dis-
ruption of microtubules in carrot cells. FEBS Lett 393:13-18

Thion L, Mazars C, Nacry P, Bouchez D, Moreau M, Ranjeva R, Thuleau P (1998) Plasma mem-
brane depolarization-activated calcium channels, stimulated by microtubule-depolymeriz-
ing drugs in wild-type Arabidopsis thaliana protoplasts, display constitutively large
activities and a longer half-life in ton 2 mutant cells affected in the organization of cortical
microtubules. Plant J 13:603-610

Tyerman SD, Schachtman DP (1992) The role of ion channels in plant nutrition and prospects
for their genetic manipulation. Plant Soil 146:137-144

Tyerman SD, Skerrett IM (1999) Root ion channels and salinity. Sci Hortic 78:175-235

Tyerman SD, Beilby M, Whittington J, Juswono U, Newman I, Shabala S (2001) Oscillations in pro-
ton transport revealed from simultaneous measurements of net current and net proton fluxes
from isolated root protoplasts: MIFE meets patch-clamp. Austr ] Plant Physiol 28:591-604

Véry AA, Davies JM (2000) Hyperpolarization-activated calcium channels at the tip of
Arabidopsis root hairs. Proc Natl Acad Sci USA 97:9801-9806

Véry A-A, Sentenac H (2002) Cation channels in the Arabidopsis plasma membrane. Trends
Plant Sci 7:168-175

Véry A-A, Sentenac H (2003) Molecular mechanisms and regulation of K* transport in higher
plants. Annu Rev Plant Biol 54:575-603

White PJ (1998) Calcium channels in the plasma membrane of root cells. Ann Bot 81:173-183

White PJ, Broadley MR (2003) Calcium in plants. Ann Bot 92:487-511

White PJ, Bowen HC, Demidchik V, Nichols C, Davies JM (2002) Genes for calcium-permeable
channels in the plasma membrane of plant root cells. Biochim Biophys Acta Rev Biomembr
1564:299-309

Yurin VM, Sokolik AI, Kudryashov AP (1991) Regulation of ion transport through plant cell
membranes. Science and Engineering, Minsk

Zawadzki T (1980) Action potentials in Lupinus angustifolius L. shoots. 5. Spread of excitation
in the stem, leaves, and root. ] Exp Bot 31:1371-1377

Zimmermann S, Ehrhardt T, Plesch G, Muller-Rober B (1999) Ion channels in plant signalling.
Cell Mol Life Sci 55:183-203



9 Magnetic Measurements in Plant Electrophysiology

ZVONKO TRONTEL]J," GERHARD THIEL,?> VOJKO JAZBINSEK"

9.1 Introduction

Plants show a huge range of dynamic electrical phenomena, including trig-
gered (Umrath 1929) and autonomous action potentials (AP) (Gradmann
et al. 1993), or stimulus-evoked slow transient depolarizations (Roblin
and Bonnemain 1985). This electrical activity can comprise singular events
(Umrath 1929), trains of periodic activity (Williams and Pickard 1972) or
even long lasting periodic oscillations of the membrane voltage (Gradmann
et al. 1993). Electrical activity can occur in single cells (Gradmann 1976;
Bauer et al. 1997) as well as in complex plant tissues (Bentrup 1979). Many of
these electrical phenomena resemble electrical activity in animal cells, and by
pure analogy it has been proposed that plant cells may function like nerves,
and that plants may even have the equivalent of a nervous system (Baluska
et al. 2005). Irrational views like these are only possible on the background of
a serious ignorance of the physics and molecular basis of electrical activity in
plants. Currently we neither really understand the elementary mechanisms
underlying electrical activity in plants on the same level as for example the
action potential in animal cells, nor do we have clear-cut ideas on their phys-
iological roles. In most cases also, the cellular connections and pathways that
propagate electrical activity are not yet certain. Consequently, the mechanis-
tic basis for propagation of electrical activity is also not resolved; it is still a
matter of debate whether the signal is really propagated electrically like in
nerves or the result of a traveling chemical wave.

The application of new experimental methods such as patch clamp
technology (Okihara et al. 1991; Homann and Thiel 1994) has in the past
2 decades brought some deeper insight into the molecular basis of membrane
excitation in plants. Combination of classical electrophysiology with fluores-
cent markers (Rhodes et al. 1996) or molecular sensors (Pena-Cortes et al.
1995) is now also paving the way to address fundamental questions on long
distance propagation. A new promising method to address many of these
open questions is provided by the magnetic measurements of electrical
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activity in plants. This non-invasive method presents a tool for both high-
resolution recordings on the cellular level and time resolved imaging of elec-
trical activity over a whole plant. The present review guides through the
theoretical background of the method and shows its application in a few case
studies.

9.2 On SQUID sensors

A suitable method to obtain electric current is by measuring the magnetic field
and calculating the current by applying Ampere’s law or Biot-Savart’s law.
This method has in addition the advantage of being non-disturbing—what is
more than non-invasive—it does not even touch the current source. The fre-
quency of measured current is also an important parameter. High frequency
currents can be easily detected even if they are very weak. On the other side,
weak quasi-dc or even dc currents are not easily detected magnetically.

The promising magnetic detector of weak quasi-dc currents became oper-
ational with the development of superconducting quantum interference
devices, known by the acronym SQUID. These most sensitive sensors for low
frequency magnetic fields are available since early the 1970s (Zimmerman
et al. 1970). Today, they have improved to the extent that we can also meas-
ure the very weak human brain signals and practically all other electrophysi-
ological signals in living organisms.

What is the SQUID (See for instance Tinkham 1996) and how does it work?
The quick answer is: SQUID is a very sensitive magnetic flux-to-voltage con-
verter for low frequency magnetic fields. In order to get a view into the func-
tioning of SQUID, we have to apply the rules for describing physics of the
micro-world: the quantum mechanics. We need to look at three important
facts in physics: superconductivity, quantum tunneling and magnetic flux
quantization.

The phenomenon of superconductivity was discovered in 1911 by the
Dutch physicist Heike Kamerlingh Onnes (1911). He noticed that mercury
shows no electrical resistance when cooled to the temperature of liquid helium
(4.2 K). Later on, several other metals and alloys were found to experience the
same effect when cooled to very low temperatures. The explanation of this low
temperature superconductivity [in opposition to the high temperature con-
ductivity discovered by Karl Alex Mueller and Johannes Georg Bednorz in
1986 (Bednorz and Mueller 1986) and not yet sufficiently explained] came
rather late: In 1957, John Bardeen, Leon N. Cooper and J. Robert Schrieffer
published the theory (Bardeen et al. 1957) now known as the BCS theory of
superconductivity. They have explained superconductivity as a result of the
existence of pairs of electrons, now called Cooper pairs, each of which is
formed of two electrons of opposite spin and momentum. Hence, the Cooper
pair has a zero net spin and zero net momentum. Pairing of electrons is caused
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by the attractive force. Behind is an interaction between the negative charge of
electrons and the positive charge of the ion cores in the material that is in the
superconducting phase. The binding energy of the Cooper pair is very low (in
the range of meV), but high enough to prevent each pair from moving apart
by scattering. Consequently, pairs of electrons can move through the super-
conducting material without being affected by opposing forces and supercon-
ductive material shows no macroscopic electric resistance. On the other side,
single electrons in normal conductors experience several obstacles: lattice
vibrations, impurities, defects in crystal lattice. This scattering of electron is
macroscopically demonstrated by the electric resistance.

Quantum mechanical description of superconducting current formed by
the Cooper pairs requires the knowledge of a wave function. This useful
mathematical tool to describe the micro-world of quantum systems is char-
acterized by the amplitude and the phase, similarly as in all forms of waves in
physics. Superconductors here also are something special: They need only
one wave function to describe all Cooper pairs. If no current flows, all the
pairs also have the same phase (they are phase coherent).

After the BCS theory appeared, several calculations followed and in 1962
Brian D. Josephson (Josephson 1962) predicted an effect, now called the
Josephson effect. He considered two superconductors separated by a thin layer
of an insulating material, which acts as a barrier for the current flow. What will
happen with the superconducting current if the current circuit is established
(Fig. 9.1)? It is reasonable to expect that the wave function enters the barrier
region from both sides of the superconductors, since there are Cooper pairs on
both sides of the barrier. If the barrier is thin enough, the wave functions
from both sides will overlap. And if the overlap is sufficient over the barrier
space, the phases of both wave functions are locked together. Consequently,
the Cooper pairs can experience what is called in quantum mechanics tunnel-
ing. That means they can penetrate the barrier without breaking up. This kind
of Cooper pair tunneling is the Josephson tunneling. The Josephson junction
of the two superconductors separated by the insulation barrier acts as some
sort of weak superconductor. The maximal supercurrent that flows through
this weak superconductor is determined by barrier geometry, material
and temperature. Quantitatively, the current through the junction is given

Josephson junction
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Fig. 9.1. Josephson junction in superconducting circuit
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by the first Josephson equation. This effect is called the direct-current (dc)
Josephson effect, to distinguish it from the also existing alternating-current
(ac) Josephson effect, described by the second Josephson equation.

Josephson junctions have several applications in the superconducting
electronics, however their most spread application until now is in SQUIDs.

Before describing SQUID in detail, we have to mention the last fundamen-
tal stone: the magnetic flux quantization. This is an example of quantization
which is observable in macroscopic dimension. Considering a superconduct-
ing ring or a hole in a superconductor, F. London has shown that the fluxoid
¢, defined as

o=¢+- g ds (1)

takes only values of integral multiples of the flux quantum ¢ =h/2¢=2.07-10""
Vs. ¢ is here the outer magnetic flux through the surface encircled by the
integration path, j_is the supercurrent density, m", n’, e” refer to the mass,
density and charge of a Cooper pair. Taking the integration path deeper
inside the superconducting ring, we see that there is j =0 and consequently
¢’= ¢p=ng,, i.e. the flux itself is quantized in such a case. The flux quantization
was experimentally demonstrated in 1961 (Deaver and Fairbank 1961).
Today, we use SQUID mainly in the so-called dc-SQUID configuration.
Basically, it consists of a superconducting ring interrupted by two Josephson
junctions (Fig. 9.2a). To get out of this geometrical configuration sensor,
which could be described as a flux-to-voltage converter, we have a) to cool the
dc-SQUID to the superconducting state (usually we work with classical
superconductors and we cool the dc-SQUID to 4.2 K, to the temperature of
liquid helium) and b) we have to send current (mainly of Cooper pairs of
electrons) symmetrically through it (Fig. 9.2b). According to that mentioned
earlier, the Cooper pairs will tunnel trough both Josephson junctions (weak

Voltage

Magnetic
flux

ﬂ —— Current —ﬂ

Fig. 9.2. dc-SQUID configuration: a superconducting ring with two Josephson junctions, b the
same with bias current, ¢ with magnetic flux threading the ring
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links) and afterwards proceed the flow on (Fig. 9.2b). Let us now apply a
slowly increasing magnetic field to the dc-SQUID with biased current so
that some magnetic flux will thread the ring. This magnetic field will alter the
current. Primarily, the quantum mechanical phase difference across each of
the two junctions will be changed and consequently the critical current of the
SQUID: We will observe that the current will oscillate between the maximal
and minimal value as the magnetic flux will increase trough the ring. (The
same alteration in current happens if the magnetic flux through the ring
decreases.) The current maximum occurs always when the flux trough the
ring equals to the integer number of flux quanta ¢,. The minimum of current
corresponds to the half integer values of ¢. What we measure is not the cur-
rent, but rather the voltage across the SQUID (Fig. 9.2¢). Voltage, which also
oscillates between the maximal and minimal values, is more practical for fur-
ther detection with the commonly used procedure in electronic devices,
including the lock-in-amplification and the negative feedback loop technique,
so that we finally have a zero balance detector, which enables us to measure 10~
¢, or better on the linear part of the slope between N and N+1/2 ¢,. In Fig. 9.3a
one can see schematically the current versus voltage dependence for both
extreme values of magnetic flux and voltage versus magnetic flux dependence.
The pattern in V versus ¢/¢, curve (Fig. 9.3b) reminds us to the interference
phenomena in waves, as for instance in optics. Therefore the name quantum
interference effect. Here we observe the interference of two wave functions
describing the events in both Josephson junctions of a dc-SQUID.

Knowing the energy associated with magnetic flux (5 LI’ ) we can obtain

for the SQUIDs of today’s production a sensitivity in the order of about
1072 J. That is not far from the limit following from the Heisenberg’s uncer-
tainty principle. Obviously, we have to “bring” the measured magnetic field
to the SQUID, which is cooled with the liquid He in the cryostat and is also
well protected with the superconducting shield (the Meissner effect is
exploited). We do that by inductive coupling of the measured magnetic field
with the dc-SQUID via the so called flux transformer (Fig. 9.4). We see from
Fig. 9.4 that the flux transformer can be in a form of magnetometer or gra-
diometer of different order. All these input circuits, as they are often called,

a b
N-1 N N+1
— | Magnetic flux Ny - @ - /\ /\
. . / \
G [ - oo - -Biascurrent 2 -\ /
= -f/"//”/ % e ,1/ : \ N/ \‘\
o > /i \ /
ngnatio o 2 \/ i Y
Magnetic flux 2 ¢ o ! ]
Voltage /o

Fig. 9.3. a Current vs voltage, b voltage vs ¢/, for dc-SQUID
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Fig. 9.4. a Schematic presentation of flux transformer, which consists of a detection coil (mag-
netometer) connected with the SQUID’s input coil. In noisy environment, the detection coil can
be arranged in b 1st order gradiometer or ¢ 2nd order gradiometer configuration
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are built of superconducting material and inductively coupled to the dc-
SQUID. Hence, they experience the appearance (or change) of supercurrent
if an external magnetic field is present or if it alters. This current causes a flux
in the dc-SQUID and we read it as an output signal in terms of a voltage
change in SQUID electronics. Because the magnetometer’s detection coil is
often larger then the dc-SQUID ring, we reach higher final sensitivity. The
resolution of a good system is close to 1 fT (1femtotesla=10"">T). The mag-
netometer input coil is practically applicable only in the extremely well mag-
netically shielded measuring room (Erné et al. 1981). With the gradiometer
configuration, we can further eliminate disturbances and noise if their source
is far enough from the two in opposite direction wound coils. Such an exten-
sively disturbing source can be considered as uniform at the point of the two
gradiometer coils and its contribution cancels out. The gradiometer of the
2nd order cancels out the homogeneous contribution and the 1st gradient. In
practice, we go up to 3rd order gradiometer.

So far, we have described the single dc-SQUID with the proper input circuit
and magnetic shielding. Historically, the first SQUID measuring systems were
using the radiofrequency field as the biasing source (Zimmerman et al. 1970).
This type of SQUD is called the rf-SQUID, and consists of a single Josephson
junction in a superconducting ring. The ring is inductively coupled with the
coil of an rf oscillator, which forms a resonant circuit. The driving current is
the rf current. The voltage across the resonant circuit oscillates when the outer
magnetic flux alters. Very few rf-SQUIDs are still in operation. They are less
sensitive then the dc-SQUIDs. The production of dc-SQUID is based on the
multilayer thin film technology known from microelectronics and it can be
done in a high number of samples on a silicon substrate.
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During the 40 years (Jaklevic et al. 1964) of SQUIDs history we have seen
considerable progress. Until the early 1980s, we were using single channel
measuring systems and performing scanning over the area where the mag-
netic field distribution was later re-constructed offline. In the mid and late
1980s the multichannel devices came in use and they were consisting of more
and more SQUIDs built in the system (4, 7, . .. 37) (Koch et al. 1991). The new
combinations included the electronic design of gradiometers in different par-
allel planes (Drung 1995) and also spatial 3D orientation of some magne-
tometers. This provides real 3D information by using all three components of
the measured magnetic field vector (Kotani et al. 1997).

One sector of SQUID development in the recent years went towards con-
struction of SQUID systems (usually one channel) with the highest spatial
resolution. Sometimes the expression SQUID-microscope (Baudenbacher
et al. 2002) is used for these devices. While large multichannel SQUID
measuring system covers with their detection coils an area of several 10
cm?, a high spatial resolution SQUID system covers a surface of 1/4 mm? or
less. In order to best exploit this small area of detecting coil, it has to be
brought as close as possible (maybe a few 100 m) to the plane of measure-
ment. This is a severe technical problem, since the detection coil is in the
superconducting state.

The high temperature superconductors are also the “raw” materials for the
high T_SQUIDs. Soon after the discovery of the high temperature supercon-
ducting material YBa,Cu,0,;, also called YBCO (yttrium barium copper
oxide), with & ~0.15 and with the transition temperature close to 90 K, it was
possible to manufacture good SQUIDs. This ceramic material is suitable to be
deposited in form of a thin film using the laser deposition technique. The
YBCO thin film is epitaxially grown on a substrate.

YBCO SQUIDs were constructed in different geometrics and they need a suit-
able flux transformer for better sensitivity. They reach a white noise level of
some 20-30 f T/Hz'2. They operate at liquid nitrogen (77 K) and this is an
advantage when liquid helium is difficult to purchase for some reason. However,
the high temperature SQUIDs will never reach the resolution of their low tem-
perature predecessors due to different kT (k is the Boltzmann constant, T is the
absolute temperature of cooling medium 77 K and 4 K). They will be used in
applications where the highest sensitivity and resolution is not essential.

9.3 Basic steps in analysis and modeling of sources of electric
activity connected to electric and magnetic measurements

There are different approaches to model bioelectric phenomena. They range
from single cell events to complex macroscopic electric and/or magnetic
measurements on, for instance, parts of the human body or electric events in
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particular electrically active organ. We will briefly mention the principles and
later, apply some of them to measurements on plant cells and to parts of a
plant.

9.3.1 Direct and inverse problem

Knowing the bioelectric current source(s) and the electrical properties of the
tissue around an electrically active organ, we can calculate the electric poten-
tial on some surface encircling (embodying) this organ at some distance. This
type of calculation is known as a direct problem (Plonsey 1969). The direct
problem has always a unique solution, i.e. a given distribution of currents in
an electrically active organ leads to one and only one surface distribution of
electric potential. The calculation is based on the second Green’s theorem
(Stratton 1941) and requires in three-dimensional geometry numerical inte-
gration and implication of standard methods like the boundary element
method (Brebbia et al. 1984) and the finite element method (Burnett 1987).
As an illustration we may mention the probably most known direct prob-
lem—the human heart and the electric potential on the torso (Barr et al.
1977). The potential on the human torso is connected to the potential distri-
bution on the surface of the heart (epicardium)

®p= Z Dy (2)

Here is ®;= <<I>1T,<I>§, ...<I)ITVT) a vector formed by discrete values of potential

in N, points, ®;= ( d)}i s @é, .. .@2’5) is a vector formed with the potentials values

in N, points on the epicardial surface and Z, is a matrix of geometric coeffi-
cients with the (N, X N,) dimension.

Eq. (2) enables us to calculate the potential on the torso surface from the
known distribution of potentials over the epicardium, provided that we know
the matrix Z .. This is the case in studies of animal subjects where we meas-
ure the potential on the epicardium (Ramsey et al. 1977). In human subjects
we measure the potential distribution in points (up to 200) on the torso sur-
face and we calculate the potential distribution over the epicardium. That
means that we have to solve the inverse problem. We can represent it in a
similar way as the direct problem

Dp= Zpr Pr. (3)
Here is Z,, matrix of geometric coefficients with the (N;xX N,)) dimension. The
Z,,. matrix determines the relation between ®, and ®.. It has to be noticed
that the inverse problem is an ill-posed problem. The number of
linear independent solutions is smaller in comparison to the number of
unknowns. Special care must be taken to assure that we chose a proper solu-
tion of the inverse problem (Hansen 1992).
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9.3.2 Single cylindrically shaped cell [core (volume) conductor model]

The research of a long single cell is to a good approximation a one-
dimensional case. As a consequence, several analytical solutions are possible.
Historically, first a mathematical evaluation for the core conductor model
(Clark and Plonsey 1966) was obtained. Later the extension towards the cal-
culation of magnetic field for a single axon (Woosley et al. 1985) was com-
pleted. Similar calculations for the internodal cell of Chara corallina were
done (Slibar et al. 2000). In all three mentioned works, the calculation starts
with the evaluation of the electric potential from the Laplace’s equation

AD =0 (4)

with the boundary conditions: the transmembrane potential ® is equal
to the difference of intracellular ®, and extracellular potential ®:
D,,(2) = ®;(a,z) — ®,(a,z), and the normal component of current density at
the membrane surface is continuous: n- J;(a,z) = n-J,(a,z) . Here n is normal
to the membrane surface; J, and J, are intracellular and extracellular current
densities, respectively. The meaning of all quantities is evident from Figs. 9.5
and 9.10 For ®, and @, the following expressions were obtained (Clark and
Plonsey 1966)
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and ¢ (k) is the spatial Fourier transform of the transmembrane potential
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Combining Eqgs. 5-7, the following connections were obtained (Woosley et al.
1985)
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Fig. 9.5. a Schematic of Chara corallina internodal cell (top view) indicating the location of the
stimulus, the AP and the magnetic field measurement sites. b Schematic distribution of intra-
cellular current (two current dipoles within the internodal cell) and extracellular current (thin
lines) for a propagating AP along the Chara corallina internodal cell. The contribution of the
extracellular current to the measured magnetic field is negligible in an extended bath. The mag-
netic field due to the intracellular current in the vicinity of the internodal cell is represented as
aring around the cell. The depolarized part of the cell is shown on the left side, the repolarised
on the right side

They also calculated the magnetic field B, due to the intracellular current
density by applying the law of Biot-Savart or Ampere
B,-(p,z) = fG(p,a,z—z')]iz(a,z')dz. (10)
Here JZis the intracellular current density component along the cell and G is
the Green function of a ring around the membrane at z’

a a9,  (11)

G(p,a,z—z’ >
cosV +(z—2')

-/
A _y /p2+ a’— 2ap
In the k-space, the connection with the ¢, (k) was obtained

I,(|k|a) K, (]| p)
B(|k|a)

b;(p,k) = itya0;k @, (k). (12)
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They added results for B,(p,z) and b,(p,k) due to the extracellular current
density. The total magnetic field was obtained by summing b, (p,k)+b (p;k) =
b(p,k). With the Fourier transformation we obtain magnetic field B(p,k). The
path of calculations can be presented as

—1

@,(2) FFI Plk) b(p.k) FF B(p,z), (13)

where F and F! denote the Fourier and inverse Fourier transformations,
respectively. Applications of these calculations to the internodal cell of Chara
corallina will be shown in section 9.4.

9.3.3 Covariance method—dc fields

The covariance method turned out to be suitable in extracting the dc compo-
nent of the modulated magnetic field data. This is important in studies of
electric response to injury (Curio et al. 1993; Wiibbeler et al. 1998). The
covariance of the discrete measured magnetic signal (B¥) and the modulation
signal (m) during n periods of modulation signal is by the definition

k _ 1 S k_ ok =y _ 1 k
v (B, m) = N';<Bi B >(m,- m) =S A(B) M. (14)

Here N=nf/f  is the number of measured points in the given time interval, f,
is a sampling frequency and f, is a modulation frequency. B and 7 are the
mean values of BX and m. The modulation amplitude is

M= /2av(m,m) (15)

The response of the measured subject follows from eqs (14) and (15) as

> (B BYm m)

A(Bk)z/%izl

(16)

9.3.4 Current distribution with the minimum norm estimation

This is a method that can also be used in solving the inverse problem. This
means that we can limit the space where to reconstruct the current sources
and then search for the suitable current distribution based on the estimation
of the minimal norm in the distribution of primary currents (Parker 1977;
Sarvas 1987).

Magnetic field (B,) at the position (r) of the i-th detector (e.-unit vector
corresponded to the direction of the measured magnetic field) and the cur-
rent caused by a primary current source (j ) in an infinite homogeneous
medium, may be obtained from the Biot-Savart law as
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. >< _ ’ . 1
B=B(r)-e= 4 [HXUITI)C 4y (17
14

This field can be rewritten in the form

where <Li, jp> denotes a dot product in a linear functional space J of all pri-
mary current sources and L, is the so-called lead function of the i-th detector

Li(r,)_ﬂ(r—r)Xei.

- 47 |r—r’|3 (19)

Lead function L, represents transfer between the unit current dipole in r’ and
the measured magnetic field B, in r. The current source j* in J, which can
explain the measured magnetic field, is obtained as linear combination of
lead functions

j(r')= gkak(r (20)

where N is number of magnetic field detectors. Eqs (18) and (20) lead to a sys-
tem of linear equations

N N
Bi= > wiLpLy) = 2Tywi,i=1,2,...N. (21)
k=1 K=1
If we suppose that the inverse of the lead matrix I exists, then the solution of
Eq. (21) is

W= (wl,wl,...wN)Tz F’I(BI,BZ,...BN)TZ ' 'B. (22)

The solution j* in Eq. (22) is an orthogonal projection of the primary cur-
rents in subspace in J, determined by the lead functions. It has consequently the
minimum norm out of all possible current distributions (j’€ J), which solve Eq.
(20); this gave the name to the present method (Sarvas 1987). The conditions
for the existence of a solution in Eq. (22) can be further proven. However, it has
to be mentioned here that all difficulties inherent to the inverse problem appear
also in this method. One has to know, for instance from the physiological infor-
mation, where/when the current distribution is relevant, in order to exclude
non-relevant current distributions (Himaildinen and Ilmoniemi 1994).

9.4 Case studies

Methods and models mentioned in sections 9.2 and 9.3 were also applied to
the world of plants. In the following we present, to some extent historically,
a few magneto- and electrophysiologic experiments in plants.
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To illustrate magnetic studies on electrophysiology in plants it is suitable to
start in analogy to the research on signal transmission in simple excitable sys-
tems like the giant squid axon (Wikswo et al. 1980) and the peripheral nerve
(Trahms et al. 1989). The ideal candidate for this is obviously the internodal
cell of the green algae Chara corallina.

Electrophysiologic research on electrical phenomena on internodal cells of
the giant green algae the Characeae started already in 1929 (Umrath 1929)
and was extensively followed by others (Hope and Findlay 1964; Hope and
Walker 1975) until now. Experimental work was certainly favored by the
dimensions of the Characeae internodal cells; they can be as long as 10 cm
with a diameter of about 1 mm. Any manipulation and microsurgery of such
cells was successful (e.g. Beilby 1990; Shimmen et al. 1994). Because of its sim-
ple geometry, its electrical excitability and because of the huge body of work
done on these cells it is justified to say that the species Chara corallina is the
plant equivalent to the squid axon when studying ion transport in plants.

Already in the late 1970s, Frank Blatt from the University of Michigan had
started the first measurements on magnetic field changes related to electrical
activity in Chara. However, this had to wait some more years and improve-
ment of SQUID sensors to successfully record magnetic equivalent signals to
electric measurements in Chara (Trontelj et al. 1994). In the following, we
shall mainly stay with SQUID measurements of magnetic field caused by
ionic currents in electrically excited internodal cell of Chara corallina.
Magnetic measurements will almost always be shown in parallel with electric
measurements; the latter were conducted with a technique that does not dis-
turb the SQUID sensor(s). Multichannel SQUID measurements and high spa-
tial resolution SQUID measurements will be used.

9.4.1 Measurements of action current (AC)—magnetic analogy to action
potential (AP) in Chara corallina using the multichannel SQUID
measuring system

It seems to be a very obvious idea to measure the magnetic field or a compo-
nent of it in the vicinity of a cell; in this way it is possible to obtain the value
of the intracellular ionic current in the internodal cell of Chara corallina from
measurements of AP (see chapter 2 in this book). Ampere’s law gives easy first
magnetic field estimation, assuming that we are so close to the cell that the
excited length of the internodal cell is much longer than the distance from the
cell to the sensor. Taking for the intracellular axial current I=1 LA we obtain
for d=1 mm away from the cell surface B=p I/2mr 107'° T=100 pT. This is a
measurable magnetic field but only if the SQUID input coil is not more than
a 1 mm away from the Chara corallina internodal cell. Such a close position-
ing can be achieved only with the high spatial resolution set-up (SQUID
microscope). In the multichannel SQUID system within the Dewar vessel
of about 30 cm diameter, a distance from the SQUID detection coil to the
cell is at least 3-5 cm. With this arrangement the signal is reduced due to
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(i) the increased distance and (ii) due to the fact that in this case the current
source in form of a current dipole has to be considered. The total estimated
reduction is 2 orders of magnitude, i.e. we have at the detection coil only 1 pT.
Figure 9.5 shows the geometry (schematically) of a Chara corallina cell and
the positions of two out of 37 detection coils. The drawing also illustrates the
position for the AP measurement, and the site of stimulation. Finally the
drawing shows the positions of the current dipole, which cause the depolar-
izing and repolarizing AC with the corresponding volume currents and indi-
cation of the corresponding magnetic field. Such a measuring condition
requires a very good magnetic shielding and carefully prepared measure-
ment, since we cannot count on averaging to improve the signal/noise ratio.
Successful measurement were done (Trontelj et al. 1994) in the Berlin mag-
netically shielded room (Erné et al. 1981) and here are some experimental
details: A single Chara corallina internodal cell was isolated from the adja-
cent cells and placed in artificial pond water (APW) for 1 or 2 days before
being used in experiments. One end of the internodal cell was mounted into
a Plexiglas support (Fig. 9.6), which allowed electrical isolation of this end by
means of a groove containing grease; note the junction between the APW and
KCl compartment in Fig. 9.6. The internodal cell was inserted in a horizon-
tal Plexiglas tube with large holes in the wall. The size off each hole was
~20 mm X 5 mm and all together constituted more than 50% of the Plexiglas
tube surface. Such large holes are necessary to provide undisturbed circula-
tion of the return (volume) current. The Plexiglas support together with the
Chara corallina internodal cell was then submerged in a Petri dish of 220 mm
inner diameter. Recording of the action potential was similar to that described
previously (Moriyasu et al. 1984; Clint and MacRobbie 1987). Briefly, the

The Dewar vessel bottom part with
37 SQUIDS

Chara corallina internodal cell

50 mm

Fig. 9.6. Schematic representation of recording configuration. Magnetic recording of the action
potential was carried out by 37 dc-SQUID magnetometers mounted in a cryostat filled with lig-
uid helium and positioned above the Chara corallina internodal cell. The distance between the
plane containing SQUID magnetometers and the cell was 50 mm
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Plexiglas support compartment was filled with 100 mM KCl. This compart-
ment served as the reference point for electrical measurements by a voltage
follower. Suprathreshold stimulation was obtained by a pulse generator.
The measurement set-up for electric potential measurements has a band-
width dc —50 Hz. Ag/AgCl electrodes were used and resting potential was
determined as the potential difference between the APW and KCI compart-
ment. Internodal cells of 140-210 mm length and about 1 mm diameter were
selected. With a 120-s stimulation period, some cells were responsive to sev-
eral tens of stimulations.

The magnetic field was measured simultaneously at 37 points on a hori-
zontal plane 50 mm above the Chara corallina internodal cell with a multi-
channel magnetometer system consisting of 37 dc-SQUID magnetometers.
Each of them had a 50 mm? pick-up coil area and 0.016-250 Hz band width
(Fig. 9.6) (Koch et al. 1991).

Figure 9.7a,b show the time evolution of two characteristic magnetic sig-
nals (vertical components from channels 3 and 5) out of 37 signals. The detec-
tion coils nos. 3 and 5 are positioned on different sides of the Chara corallina
internodal cell (see numbers in Fig. 9.7c). Hence an inverse polarity of both
signals has to be expected. Also there is no signal detected in all detection
coils (for instance, coils 0, 1, 4) just above the internodal cell. In this case
the magnetic field lines are parallel to the plane of the detection coil and
contribute zero to magnetic flux through the detection coil. With this
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Fig.9.7. a The time evolution of magnetic field measured with the detection coil no. 3 and b the
same, only the detection coil no. 5 is on the opposite site of the cell. ¢ The time evolution of
magnetic field (vertical component) in 37 points in a plane 50 mm above Chara corallina inter-
nodal cell. The signal amplitude just above the cell, place in the middle of the figure extending
top to bottom, is practically 0, as is expected for the current dipole travelling along the cell.
d The time evolution of action potential. The first 10 s are shown
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information in mind, the picture of all 37 magnetic channels simultaneously
measured (Fig. 9.7c) becomes understandable. The time evolution of the cor-
responding electrically measured AP is shown on Fig. 9.7d. With the infor-
mation presented in Fig. 9.7c we can also obtain after an interpolation
procedure the isofield representation for a particular time. Results for three
consecutive time points are presented in Fig. 9.8. They indicate a vertical
component of the magnetic field values. The time between two representa-
tions is 300 ms. The dipolar distribution of the magnetic field suggests that
the current generator behaves similar to that of animal cells, and the spatial
co-ordinates of the central part of the intracellular current distribution can be
estimated. Close inspection of Fig. 9.8 also indicates the motion of excitation
along the cell. The projection of the stimulus location corresponds to the
point in the central upper part of each image in Fig. 9.8. The excitation is
spreading from top to bottom in each picture. The time increases from left to
right. By comparing the position of the magnetic field extrema, indicated by
the + and — signs, this propagation can be followed as a shift in position of
both extrema in time. By evaluating the movement of the extrema per unit
time, we obtained a speed for excitation propagation of 3-5 cm/s. This value
is in agreement with values for excitation propagation in Chara obtained by
different groups (Findlay and Hoppe 1976; Tester 1990).

Another choice of time intervals after the cell’s excitation and between
isofield representations enables us to demonstrate the depolarization and the
repolarization phase in the same sequence of pictures. This is demonstrated
in the first row of Fig. 9.9a-c. The second and the third rows in Fig. 9.9a-c
show the calculated equivalent current dipoles (central row) and the current
distribution (bottom row) along the Chara corallina internodal cell. The cal-
culation was based on the estimation of minimal norm (see Section 9.3.4) in
the distribution of equivalent intracellular currents according to Eqs 17-22 in
section 9.3.4.
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Fig. 9.8. The isofield line representation at three particular times, from left to right at 1300 ms,
1600 ms and 1900 ms after the stimulus. The solid line (a reference) and the dotted line lead the
eyes to follow the displaced extrema as it explained in the text. The crosses indicate the points
where magnetic field was measured. They are arranged in three concentric circles with radii of
3.5, 7, and 10.5 cm. The two neighboring isofield lines are 150 f T apart



Magnetic Measurements in Plant Electrophysiology 203

Fig. 9.9. The isofield representation (first row), and the model calculation of current dipoles
(p, second row) and current density (J,, third row) along the cell for: (a) the depolarization,
(b) depolarization+repolarization, and (c) repolarization at times 1.4, 2.5 and 3.6 s after stimulus

The Chara corallina internodal cell offers a convenient model system to
test calculations (Clark and Plonsey 1966; Woosley et al. 1985; Slibar et al.
2000) of relations between intracellular current, magnetic field and electric
potential. The respective calculations are briefly mentioned in section 9.3.2
(Egs. 5-13). Considering the cylindrical symmetry of Chara corallina intern-
odal cells we represent this cell geometrically according to Fig. 9.10.
Transformations from measured the AP—the calculated AC (magnetic field)

Fig. 9.10. The cell model. 6 =1.2 Q7'm™, 6,=0.025 Q'm™, and 2a=1 mm
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Fig. 9.11. a The first 8 s of measured AP (solid line) in the Chara corallina internodal cell and
calculated AP (dashed line) from the measured magnetic field. b Measured magnetic field 6 cm
away from the Chara corallina internodal cell (solid line) and calculated magnetic field (dashed
line) from the measured AP

and the inverse process from the measured AC (magnetic field)—the calcu-
lated AP are presented in Fig. 9.11. Comparisons of all calculations (Clark and
Plonsey 1966; Woosley et al. 1985; Slibar et al. 2000) with experimental data
show that the peak forward AC (magnetic field) occurs approximately simul-
taneously with the maximum time derivative of the AP. The maximum back-
ward AC coincides with the most rapid change of the AP during the
repolarization. The time of the peak AP corresponds to the zero-crossing
between the forward and backward phases of the AC. Here adjustments in
time scale have to be considered if the AP and AC were not measured at the
same position. On the other hand, there are also differences in the shape of
the signals. The internodal cell of Chara corallina was submersed up to 10
mm into APW. We did not like to have it deeper, since the distance between
the cell and the detection coil should be as short as possible in order to have
better signal/noise ratios. Hence within the cell and 5 mm around the cell we
have completely fulfilled the condition for the assumed cylindrical symmetry.
On the upper part of the internodal cell it may be that the volume currents
partly modify the integral magnetic field, i.e. the field that we measure. At the
same time there is no such effect to be expected when measuring AP.

9.4.2 The chemical nature of the AP in Chara corallina as it can be seen
from the non-invasive observation (by SQUID microscope) of the
intracellular current under the influence of light

Though we still do not understand in all details the process of electrical stim-
ulation of the AP in Chara corallina there is no doubt that a rise in cytoplas-
mic Ca?" plays a dominant role (Williamson and Ashley 1982; Kikuyama and
Tazawa 1983; Wacke and Thiel 2001). This rise in Ca?" is believed to activate
Ca?"-sensitive Cl~ channels (Okihara et al. 1991; Homann and Thiel 1994) and
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with that generate the depolarization. The activation of K* channels supports
the repolarization (Thiel et al. 1997).

According to some authors Ca** enters the cytoplasm via voltage-depend-
ent channels (Tazawa and Kikuyama 2003; Berestovsky and Kataev 2005). On
the other hand, investigations have revealed that the threshold for excitation
is posed by a quasi all-or-none type liberation of Ca** from internal stores
(Wacke and Thiel 2001; Wacke et al. 2003). In this sense, the AP in Chara
occurs not to function like a classical Hodgkin Huxley (HH) type AP. This
means that the AP is not entirely based on the time and voltage dependent
activation properties of plasma membrane ion channels but on a complex
signal transduction cascade (Wacke et al. 2003). Similar mechanisms of
membrane excitation, which are based on Ca?" release from internal stores,
are also well known from animal cells where they are found in muscles
(Nelson et al. 1995) and even some neurons (Chavis et al. 1996).

The latter type of a “chemical” action potential was in the past well
described by models, which include a non linear dynamic interplay of cytoso-
lic Ca?* ([Ca“]c) and second messenger stimulated release of Ca** from inter-
nal stores (Othmer 1997). The same modeling approach was also suitable to
simulate a large spectrum of phenomena related to membrane excitation in
Chara (Wacke et al. 2003). One parameter in this model, which is predicted
to effect the kinetics of Ca?* mobilization and hence the kinetics, is the cyto-
plasmic concentration of Ca®" prior to stimulation.

To further test the validity of the model, we examined the kinetics of the
AP under conditions in which [Ca**]_is altered. This was done by transferring
the plants from the dark into the light, because it is known that [Ca*"]_is in
these cells reduced under the influence of light (Miller and Sanders 1987;
Plieth et al. 1998). The high spatial resolution SQUID measuring system
(SQUID microscope) was used for non-invasive magnetic measurements of
AC. Measurements were done in the laboratory of John P. Wikswo at the
Department of Physics and Astronomy, Vanderbilt University, Nashville,
Tenn., USA (Baudenbacher et al. 2005).

9.4.2.1 Experimental

The internodal cell was held in a horizontal Plexiglas half-tube, similar to that
described in section 9.4.1; it is schematically shown in Fig. 9.12. The leveling
stage allowed the bath to be moved up and down to adjust the distance
between the cell and the tail of the SQUID microscope Dewar vessel. A 10 im
thick Mylar film prevented contact between the cell and the SQUID micro-
scope sapphire window and stabilized the position of the internodal Chara
corallina cell during scanning. One end of the internodal cell was mounted in
a small Plexiglas compartment in order to electrically isolate this end of the
cell (the left end in Fig. 9.12) from the bath with a petroleum jelly seal
(Fig. 9.12), similarly as in the experiment in section 9.4.1. Chara corallina
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Fig. 9.12. Schematic experimental setup (side view) used for electric and magnetic measure-
ments on Chara corallina internodal cell. The Plexiglas holder supporting the cell is terminated
on the left side in a sealed compartment to record the transmembrane potential

internodal cells were at least 8 cm long to allow simultaneous measurement of
the electric potential differences (AP) and the associated magnetic field due to
action currents (AC). For the measurements reported here, selected internodal
cells were up to 15 cm long with diameters between 0.8 and 1.1 mm.

The bath temperature was carefully monitored during each experiment
and was maintained at 20°C. All measurements were performed in an air-
conditioned, magnetically shielded room (Vacuumschmelze, Hanau, Germany).
During an average two-hour measuring session, the temperature varied by
only 0.20°C.

The cell illumination was provided by a light source with a spectrum sim-
ilar to daylight with 5-10 Wm™ delivered to the cell by a fibre-optic bundle
that passed through an opening into the magnetically shielded room to elim-
inate power supply noise of the light source.

By measuring magnetic fields in the vicinity of a Chara corallina intern-
odal cell after the AP was electrically elicited, we basically measure the con-
tribution of total ionic current, associated with the propagating action
potential (AP). The measured Chara corallina internodal cell is in APW bath
solution and extracellular ionic currents, caused by the AP propagation along
the cell, are spread through the whole APW volume. Their density is very
small and their contribution to the measured magnetic field is negligible. In
practice, only the magnetic field due to axial intracellular current, the so-
called action current (AC), will be measured. To measure it a single SQUID
magnetometer was chosen. Its small detection coil can be positioned
extremely close to the measured object—SQUID microscope (Baudenbacher
et al. 2002). With this configuration, it was possible to obtain a high signal-
to-noise ratio (small distance from detection coil to the cell) and high spatial
resolution (due to small diameter of detection coil).
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In this SQUID microscope design, a hand wound niobium detection coil is
coupled to a commercially available low temperature SQUID sensor. The
SQUID sensor and the detection coil are in the vacuum space of the cryostat
separated typically by approximately 100 pm from the room-temperature
sample by a thin sapphire window. A computerized non-magnetic scanning
stage with sub-micron resolution in combination with a tripod leveling sys-
tem allows samples to be scanned at levels of 10 um below the sapphire win-
dow. For a 20 turn, 500 fm diameter detection coil a field sensitivity of 350
fT/Hz'* was achieved. For a large 40 turn 1 mm diameter coil 50 fT/Hz"? for
frequencies above 1 Hz for the vertical component of the magnetic field was
obtained. The voltage output of the SQUID electronics corresponding to the
vertical magnetic field component generated by propagating AC was
recorded at a bandwidth of DC-500 Hz for a period of 30 s at a position along
the cell where the magnetic signal was maximal.

There are some understandable differences in recorded results obtained
with the multichannel SQUID magnetometer (Fig. 9.7a-c) and the SQUID
microscope (Fig. 9.13a, b). These differences are the result of different
distances between the detection coil and the Chara corallina internodal cell
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Fig. 9.13. a Magnetic field measured at the right side of Chara corallina internodal cell and
b the same at the left side; ¢ AP recorded by the K* anaesthesia technique
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(5 cm for the multichannel SQUID magnetometer and about 200 um for the
SQUID microscope). The amplitude of the vertical component of the meas-
ured magnetic field is about 100 times bigger for the single channel SQUID
microscope. Since the 500 um diameter detection coil is so close to the cell,
we can say that we are practically observing the linear intracellular ionic cur-
rent with no influence of a few cm long current dipole. Small differences in
peak amplitudes between Fig. 9.13 a and b reflect scattering between two
measuring sessions; possibly also small deviation from symmetrically located
measuring points contribute to these differences.

The AP was measured simultaneously at a point along the cell 50 mm away
from the detection coil position and is shown in Fig. 9.13c. The spatial sepa-
ration of magnetic and electric measuring points leads to a time shift of
1.1-1.2 s. From these values, the AP propagation velocity can be calculated to
be about 4 cm/s, which is in good agreement with the previously mentioned
results (section 9.4.1). Before and during these measurements, the Chara
corallina internodal cell was kept in darkness for at least one hour. The detec-
tion coil was placed 2 mm right (Fig. 9.13a) and 2 mm left (Fig. 9.13b) lateral
to the internodal cell surface. The vertical distance from the detection coil to
the cell surface was 200 um. The measurements shown in Fig. 9.13 are single
shot measurement with no averaging of the data.

Under constant illumination and temperature, the transmembrane poten-
tial and the magnetic field generated by AC revealed only small variations
either when different cells or when one Chara corallina internodal cell was
measured repetitively.

Figure 9.14 left panel, traces a-i show the time dependence of the vertical
component of the magnetic field measured at y=2 mm lateral to the cell’s
geometrical axis under different illumination conditions. In this series of
experiments, the internodal cell was in darkness for 60 min prior to the first
measurement of AP propagation. Figure 9.14, left panel, trace a shows the
magnetic field generated by AC just before the light was turned on.
Subsequent recordings were done under constant illumination after particu-
lar time intervals as shown in Fig. 9.14, left panel, traces b-e. It can be seen
that, as a response to illumination, the temporal evolution of the magnetic
field changes over a period of less than 1 hour before reaching a new steady
state. Most pronounced is the time shift of the positive peak of the magnetic
signal associated with the depolarization. The negative peak associated with
the repolarization is less expressed.

The temporal characteristic of the magnetic field is reversible. Upon trans-
ferring the cell back from light into darkness, the temporal field changes
became progressively closer to the initially measured magnetic field as shown
in the sequence of Fig. 9.14, left panel (traces {-i).

Parallel electrical measurements (Fig. 9.14 right panel, traces b-e and
traces f-i) demonstrate a similar dependence of the AP time evolution on
light/darkness. A transition of a cell from darkness to light prolonged the
duration of the membrane depolarization for about 2 s after a transitional
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Fig. 9.14. Recordings of the time dependent vertical component of the magnetic field (left
panel) generated by a propagating AC and simultaneous AP recordings (right panel) measured
as a function of illumination starting after one hour dark accommodation. Trace a, light off,
trace b, 10 min light on, trace c. 20 min light on, trace d, 30 min light on, trace e, 40 min light on
(here we waited for an additional 20 min to complete 1 h in the light accommodation), trace f,
10 min light off, trace g, 20 min light off, trace h, 30 min light off, trace i, 40 min light off. Small
arrows indicate where the temporal shift was observed

period of about 20-30 min on average. The depolarization time prolongation
was accompanied by an increase in the depolarization peak of about 10-15%.
This can be attributed to the hyperpolarization of the resting potential under
illumination (Mimura and Tazawa 1986).

Several tens of internodal cells were measured. They all demonstrate the
same behavior under the mentioned sequences of illumination and dark
phase. The reversible effect of light/dark transitions on the kinetics of mem-
brane excitation suggests a coupling between photosynthesis and membrane
excitation. To examine this hypothesis, the influence of a common photosyn-
thesis inhibitor, DCMU (3,-(3,4-dichlorophenyl)-1,1-dimethylurea) at a con-
centration of 10 UM on the kinetics of excitation was measured. In this case,
a Chara corallina cell was exposed to light for a period of 60 min in the pres-
ence of DCMU in the bath solution. The light/dark dependent shift in the
magnetic signals disappeared, as expected. Two cells were tested with both
showing the same behavior.

9.4.2.2 Modeling

The here described light/dark experiments are suitable to demonstrate that the
AP in Chara corallina shows a similarity to APs in those animal cells (heart,
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brain) in which a “biochemical AP” is known. Also in these cases excitation
can not be explained by the straight forward Hodgkin-Huxley (HH) (Hodgkin
and Huxley 1952) model. Previous work has shown that [Ca**]_is altered
under the influence of light/dark transitions (Miller and Sanders 1987). The
simple HH type mode, which is solely based on the kinetics of plasma mem-
brane channels and electrical properties of the membranes cannot take the
changes in [Ca®*]_into account. In the work of Baudenbacher and co workers
(Baudenbacher et al. 2005), an adaptation of the model by Othmer to Chara
(Wacke et al. 2003) was applied. This model describes the dynamics of [Ca*"]_
in the context of a second messenger system. Using this approach the AP in
Chara is successfully described by an electrically stimulated release of Ca**
from internal stores. The resulting changes in membrane conductance are the
direct consequence of this dynamic change in [Ca®*] . In this extended model,
the threshold-like dependence of Ca?" mobilization on electrical stimulation
can be simulated by combining the following two processes:

i. The voltage dependent synthesis/breakdown of the second messenger
inositol 1,4,5-trisphosphate (IP,).

ii. The concerted action of IP, and Ca®* on the gating of the receptor chan-
nels, which conduct Ca?* release from internal stores.

The model can simulate several experimental results connected to AP in
Chara. This leads to the conclusion that the all-or-none type activation of the
action potential is only the consequence of the preceding all-or-none type
mobilization of Ca** from internal stores. The dependency of the gating of the
receptor channel on [Ca®]_suggests that the Ca®* concentration prior to
stimulation of the AP has an influence on the following excitation kinetics.

To examine the effect of variable [Ca**]_on the kinetics of the electrically
stimulated changes in Ca**, we modified the model as follows: cells move
excess Ca’" from the cytoplasm back into internal stores by an endogenous
Ca?* pump system (e.g. Reddy 2001). In the model, i.e. in the rate equation for
Ca?* concentration change with time, this process is accounted for by a Hill
function

j21%8
C'+7p,
In this equation, p;and p, are the Hill coefficients, C is the cytosolic Ca** con-
centration. For more details, see Othmer (1997). To achieve different [Ca**]_
under resting conditions which are known to occur during light/dark transi-
tions (Miller and Sanders 1987; Plieth et al. 1998), the Hill factor p, in Eq. (23)
was varied. This procedure is only an indirect approach, since the chloro-
plasts from which the Ca** originates during light/dark transitions (Miller
and Sanders 1987) are not considered as extra Ca?" pool in the model for
[Ca**]_dynamics. Nonetheless, this simple manipulation of the model should
be sufficient to provide basic insight into the dependency of Ca** mobiliza-
tion on [Ca?']

g(0)= (23)

<
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Figure 9.15 illustrates the results of this simulation. As a consequence of a
reduced Ca*" pump activity, the resting [Ca®*]_increases over the physiologi-
cal range from about 20 nM to 200 nM. This roughly covers the changes in
[Ca**]_of 50-250 nM found in response to light/dark transitions in Chara
(Miller and Sanders 1987; Plieth et al. 1998). The simulation further shows
that an elevation of [Ca®']_prior to the stimulation results in a progressive
shortening of the delay time between stimulation and the rapid phase of
[Ca?*]_rise. The dependence of this delay time on the resting [Ca**]_concen-
tration is plotted in the inset of Fig. 9.15.

On the assumption that the change in membrane voltage during the AP is
only the consequence of an activation of [Ca**]_sensitive Clchannels (Thiel
et al. 1997; Biskup et al. 1999), the model simulation compares well with the
light/dark SQUID microscope experimental data. The assumed progressive
decrease in [Ca®*]_of about 150 nM following the transition from dark to light
results in an increasing delay time between the electrical stimulus and the
rapid phase of [Ca**]_rise, or the activation of the CI~ channels, respectively.

These observed changes in the kinetics of the Chara AP could in principle
also be modeled by a classical HH approach by adding a variable delay factor.
However, there is no mechanistic motivation for such a delay factor and it is
difficult to envisage how a first order voltage dependent process such as the
voltage dependent activation of plasma membrane channels could produce
such a long and variable delay.

10 ~ 1.0_®

0.1 0.2
[Ca*]; (uM)

[Ca?*]; (uM)

Fig. 9.15. Simulated [Ca]_transients in response to a single electrical stimulation (100 ms/
5 HA). Data were calculated with model parameters reported in Wacke et al. (2003). Different
curves are obtained by changing the Hill coefficients p, in the model term, which describes the
buffering of [Ca®] . An increase in p, over a range of 0.065-0.5 UM results in reduced Ca*"
buffering and a consequent increase in the resting [Ca**] . In the simulation pulses were started
after 90 s in which the system was allowed to equilibrate. Inset: delay time between stimulus and
maximal slope of [Ca®']_increase as a function of resting [Ca*]_before stimulation
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Assuming that the activation of the Cl~ channels, which cause the depolar-
ization, is the direct consequence of the change in [Ca®'] , the measured data
nicely match the model prediction, even on a quantitative basis. The model
further predicts that a modulation of the resting [Ca**]_has no big effect on
the kinetics of the bulk changes of [Ca®*] . Again, this prediction is met by the
present data because the features in the temporal evolution of the AC/AP
were basically unchanged.

9.4.2.3 Other studies on Chara corallina

Chara corallina is a suitable model system for further investigations using the
SQUID magnetometer in different configurations. The authors are aware of
(i) research regarding the transnodal conductivity (Belsak 2005) and (ii) pre-
liminary studies of the well known bending phenomenon in Chara (Z.
Trontelj 2001, private communication).

9.4.3 Magnetic detection of injury induced ionic currents

Magnetic detection of ionic currents was performed also in higher plants.
Injury induced quasi-dc ionic currents were detected by the PTB Berlin 49
channel magnetometer (Drung 1995) combined with a suitable modulation on
Vicia faba plants (Jazbinsek et al. 2000). The temporal and spatial evolution of
magnetic field accompanying stimulation by burning and/or cutting of Vicia
faba plants were measured. Various kinds of local woundings in plants trigger
long distance signaling processes. In response to signaling the synthesis of
proteins used in defense against insect predators are initiated (Bowles 1990).
These proteins which comprise among others protease inhibitors are synthe-
sized not only at the site of wounding but also in distant parts of the plant
(Chessin and Zipf 1990; Ryan 1992). This supports the view that at the site of
wounding a signal is initiated which is rapidly propagated systemically
throughout the plant with the consequence that shortly after the wounding
protein synthesis is induced even in parts of the plant distant from the site of
wounding (Ryan 1992). Currently, three hypotheses are being discussed for
long distant signaling: i) the transmission of a chemical compound in the ves-
sels, ii) propagation of changes in electrical voltage or iii) trauma-evoked
hydraulic pressure changes.

Studies using extracellular and intracellular electrodes have revealed that
wounding of tissue causes in a variety of plants changes in the electrical mem-
brane voltage (e.g. Roblin 1985; Roblin and Bonnemain 1985; Wildon et al.
1992; Herde et al. 1998). Typically, the electrical response consists of a rapid
action potential like depolarization followed by a slower long-lasting depo-
larization usually termed the variation potential. Wounding induced voltage
changes are transmitted from the site of wounding along the plant with a
velocity of less than 1 cm/s (Wildon et al. 1992; Roblin and Bonnemein 1995)
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and reach the remote tissue before the systemic molecular responses are ini-
tiated in this tissue (Stankovic and Davies 1998). From the perspective of
magnetic measurements it is important to note that any electric potential dif-
ference (voltage) in conducting living tissue is connected with ionic currents.
Based on Biot-Savart’s law these currents can also be detected magnetically.

To further elucidate the mechanism of electrically based signaling bio-
magnetic measurements of electrical activity in bean plants have been con-
ducted over the entire plant. This approach takes advantage of the fact that
the multichannel SQUID device is able to image electrical activity basically
over the whole plant.

For recording the biomagnetic field the currents causing this field should
be closed within a large volume. This can be achieved by immersing the whole
plant in a suitable ionic solution. This non-invasive and non-touchable
method has been used in the past to monitor electrical activity in animal cells,
which also respond to injury with electrical activity (Trontelj et al. 1989;
Curio et al. 1993). Equivalent to experiments in wounding of animals the
measurements with bean plants were aiming to provide information on elec-
trical propagation, injury induced currents and the source of currents in
wound stimulated tissue.

One example for a measurement with a cutting injury is shown in
Fig. 9.16. In panel (a) of this figure the time evolution of a plant response
before introducing a large wound is shown in all 49 channels. Under these
conditions, small activity in the area above the plant’s leaves can be noticed
(dashed lines show the distribution of leaves). Figure 9.16d shows the char-
acteristic isofield map corresponding to the resting situation. There is no
indication of symmetry between positive and negative isofield pattern,
which is typical for a dipolar isofield pattern. In contrary, there is a dramatic
change in the field distribution after cutting the stem and removing the api-
cal part of the plant. A clear symmetric dipolar-like isofield pattern indicates
an active localizable current source (Fig. 9.16e). From the time evolution
(Fig. 9.16b,c) of the signal A(B¥), defined by Eq. (16), an exponential decay
of electrical activity is clearly noticeable. The characteristic decay time was
about 10 min.

This biomagnetic measurements on Vicia faba plants provide comple-
mentary information to electric potential difference measurements on beans
(Roblin 1985; Roblin and Bonnemain 1985) and other plant species in
responds to local wounding (e.g. Wildon et al. 1992; Herde et al. 1998). This
additional information is obtained non-invasively and without touching the
plant. In some cases where the isofield maps were obtained in the form close
to the dipolar field distribution, an equivalent current dipole (ECD) was used
to model the magnetic field distribution over the Vicia faba plant. Though it
is difficult to find an electrophysiologic explanation for this type of current
source in most cases, it seems to be a reasonable description of a current source
in the case of a big wound (Fig. 9.16e). In this case, a strong localizable
flow of ions takes place at the wound. The estimated ECD strength p and
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Fig. 9.16. Time evolution of magnetic field in all channels: a 25-10 min before cutting the plant
and b 1-16 min after cutting. Sketch of plant is shown with dotted lines and inner side of the
chamber is indicated by dashed line. ¢ Solid line represents time evolution of injury related RMS
magnetic field from b, bullets shows RMS values of magnetic field each 15 s in the first 10 min
after the injury. These values were fitted with exponential decay function shown by dotted line.
d and e isofield maps 10 min before and 1.5 min after the injury, respectively. Here t denotes
time from the injury in s, m and M are minimal and maximal field values in fT, and A step
between two isofield lines in fT. Solid, dash-dot-dash and dot line styles represent positive, zero
and negative isofield lines, respectively. Positions of magnetic sensors are shown by + and —in
accordance with the measured field sign

current J associated with the ionic transport obtained 1.5 min after the cut-
ting injury were 6.6 nAm and 0.14 UA, respectively. The maximal currents
obtained in plants with burning stimulation were between 0.1 and 0.24 pA.
These values were estimated from the ECD strength p and the source length
2a (J=p/2a). From this current one can estimate the average order of magni-
tude for the current density of 0.01 HA/mm?, where it is assumed that the
bean stem cross-section is approximately 20 mm? The localization of maxi-
mal electrical activity—the position of equivalent current source—overlaps
with the stem location with accuracy of better than 1 cm.

All investigated plants responded to stimulation by burning or cutting and
the phenomenon was magnetically detected. Magnetic measurements could
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not confirm a long distance spreading of electric activity. Correspondingly, it
is not yet possible to favor one of the three possible hypotheses on long dis-
tance signaling in wounded plants.
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10 Electrogenic Pumps

ROGER M. SPANSWICK

10.1 Introduction

The electrical properties of plant cell membranes are quite diverse, reflecting
the wide range of environmental conditions to which plant cells are exposed.
However, it appears that electrogenic pumps almost always make important
contributions to the magnitude of the membrane potential and, in some
cases, the membrane conductance (Higinbotham 1973; Spanswick 1981).
Early studies of membrane potentials using intracellular electrodes were
summarized by Blinks (1949). Due to technical limitations, the early work
involved the use of large freshwater or marine algal cells such as Valonia, and it
was not until the development of modern microelectrode techniques and elec-
tronics that the methods became more reliable, beginning in the late 1950s.
Initial approaches to the problem of accounting for the magnitudes of the mem-
brane potential and conductance and their response to changes in external ion
concentrations were influenced strongly by the success of animal physiologists
in making the simplifying assumption that the gradients of ion concentrations
across the plasma membrane were established by neutral ion pumps, i.e. pumps
that would not generate a current. It was also assumed that the electrical prop-
erties of the membrane were determined entirely by passive diffusion of the ions
across the membrane down the gradient for each ion that resulted from its con-
centration gradient and the common electrical potential gradient, summed as
the electrochemical potential gradient. The assumption of a constant electric
potential gradient (electric field) within the membrane, together with a constant
partition coefficient for an ion at both surfaces of the membrane, makes it pos-
sible to integrate the diffusion equations across the membrane and yields an
equation for the net passive flux, J. The flux, J,, for potassium, as an example, is:

_ FE \{[KJ] ~ [ ]exp (FE/RT)}
Jxk=— PK<ﬁ/ {1 — exp (FE/RT)}

where P is the permeability coefficient, E is the difference in electrical poten-
tial across the membrane (the membrane potential), [K] and [K]] are the

(10.1)
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external and internal potassium concentrations, respectively, F is the faraday
and R and T have their usual meanings. The further assumption of a steady
state, or specifically that there is no net charge accumulation in the cell, means
that the net currents carried by the individual ions must sum to zero. It leads
to the equation, usually referred to as the Goldman-Hodgkin-Katz (or GHK)
equation (Goldman 1943; Hodgkin and Katz 1949), which, assuming that
sodium, potassium and chloride are the only ions transported, has the form:

e ( RT ) Pe|K} |+ Py[Naj| + Py[cl;] (102

E 7P| K]+ Pyo[Naf| + Py [cl, |

[See Nobel (2005) for a detailed derivation of this equation.]
It is also possible to find an expression for the conductance in terms of the
concentrations and permeability coefficients by first applying the condition:

2z,H=1, (10.3)

where I is the applied current, z. is the valence of the ion j, and Xz FJ. is the

e e . . . ) ), .
sum of the currents due to the fluxes of the individual ions. Differentiating,
to obtain dI/dE, gives the conductance:

F°E
(RT)’

m

wy
[W—_y] (10.4)

in the limit I—0, where G_ (S.m™) is the specific conductance of the mem-
brane, w = P, [K?] + P [Na’] + P [CL-] and y = P [K}] + P [Naf] + P[CI ].
This expression was also derived by Hodgkin and Katz (1949).

Equations 10.1, 10.2 and 10.4 provide the basis for determining whether
the electrical properties of the membrane can be accounted for simply by pas-
sive diffusion of the ions. The permeability coefficients are defined by Eq.
(10.1), or partial equations for the unidirectional fluxes derived from it. Since
the membrane potential appears in all the equations, they are not independ-
ent. However, if the assumption of passive ion diffusion is valid, the equa-
tions should give consistent results. They can, of course, be extended to
include other ions that have significant fluxes across the membrane.

The results of early attempts to apply this approach to plant cells were pre-
sented clearly by Dainty (1962). Even at that stage, problems were becoming
evident. However, the approach does provide a sound quantitative theoreti-
cal basis on which to proceed. Thus, permeability coefficients could be calcu-
lated from the passive components of the major ion fluxes and used with
concentration data to make predictions about the magnitude of the mem-
brane potential and conductance or the response to changes in external ion
concentrations.
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10.2 Problems with the neutral ion pump assumption

Freshwater characean internodal cells provided the most useful experimental
material for early experiments on plant cell electrophysiology because their
large size permits, with relative ease, the measurement of the separate electri-
cal potentials across the plasma membrane and tonoplast as well as the con-
centrations in the cytoplasm and the vacuole (Spanswick and Williams 1964).

10.2.1 Effects of external ion concentrations

As Nobel (2005) points out, Eq. (10.2) can be used to predict the membrane
potential of Nitella translucens in artificial pond water (APW; unbuffered 0.1
mM KCl+1 mM NaCl+0.1 mM CaCl,) from the permeability coefficients
determined by MacRobbie (1962) in combination with the ion concentrations
measured by Spanswick and Williams (1964). The predicted value (-138 mV)
is very close to the measured value (—140 mV; Spanswick and Williams 1964).
However, the equation fails, except under special conditions, to account for
the changes in membrane potential produced by changes in the external ion
concentrations. Kishimoto (1959) demonstrated the lack of response of the
membrane potential of Chara corallina to external potassium concentrations
up to 1 mM, and only a relatively small response up to 10 mM. Hope and
Walker (1961) were able to describe the response of the membrane potential
of Chara australis to external potassium using Eq. (10.2) with terms for only
sodium and potassium. However, it required pretreatment of the cells in
5 mM NaCl for several hours followed by the use of experimental solutions
containing no calcium. A more detailed investigation (Spanswick et al. 1967),
based on the data available for Nitella translucens, showed that the effect of a
change in potassium concentration in APW from 0.1 mM to 1.0 mM pro-
duced a change in potential of 9 mV when calcium was present, far less than
the 32 mV predicted by Eq. (10.2). Thus, in this concentration range, there is
a discrepancy between the diffusion hypothesis and observation.

10.2.2 Membrane conductance

A similar problem arises when the measured conductance of the membrane is
compared to the value predicted on the basis of the permeability coefficients.
Williams et al. (1964) made careful conductance measurements on Nitella
translucens, taking into account the cable properties of the cells, and obtained
amean value of 0.47 S m™. On the basis of permeability coefficients calculated
from the passive fluxes of sodium and potassium (MacRobbie 1962), they cal-
culated that the conductance due to the passive diffusion of these ions would
be 0.033 S m™. Taking into account the passive flux of chloride (Hope et al.
1966), the calculated conductance increases to about 0.050 S m™2. Even then,
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there is a discrepancy of an order of magnitude between the observed con-
ductance and the conductance calculated from the passive fluxes of the major
ions. Discrepancies of 3- to 4-fold in animal cells have been accounted for as
underestimates of the passive fluxes due to filing of the labeled ions in pores
(Hodgkin and Keynes 1955). However, in this case it would take an occupancy
of about ten ions per pore to explain the discrepancy, and that appears to be
unrealistic.

10.3 Alternatives to the neutral pump assumption

Since there were problems in applying a theory based on the assumption that
the electrical properties of the plasma membrane are controlled only by pas-
sive ion diffusion, it appeared that there was a factor or factors that had been
overlooked. Possibilities included the presence of an electrogenic pump
and/or a significant current due to the passage of one of the minor ions across
the membrane.

10.3.1 Criteria for electrogenic ion pumps

One of the more rigorous proofs for the existence of an electrogenic pump was
the classic “frog skin” experiment of Ussing (Ussing and Zerahn 1951) in which
the epithelium was inserted between two chambers containing identical solu-
tions. Passage of an electric current was required to bring the electric potential
difference across the epithelium to zero. Since there was a virtual equilibrium
across the epithelium under these conditions, passive currents did not con-
tribute to the current, which could be attributed to an electrogenic pump. On
the basis of flux measurements, the ion involved was identified as sodium.

It is not possible to apply this “short-circuit” technique to individual cells,
so an alternative approach is required. One approach involves inactivating
the pump and observing the effect on the membrane potential. If the ion is
pumped into the cell, it is a straightforward matter to stop the pump by
removing the ion from the solution flowing past the cell. This works well in
identifying the electrogenic chloride pump in marine algae (see below).
However, the electrogenic pump in freshwater algae and higher plants does
not appear to be an inwardly directed anion pump. Rapid depletion of the
concentration of an ion in the cytoplasm is not feasible, so an alternative
approach is needed.

Another way to halt the pump is the use of inhibitors that affect the pump
directly or deplete the energy supply. An early example of this approach was
the application of the uncoupler DNP to oat coleoptile cells (Etherton and
Higinbotham 1960). There was a depolarization of the membrane potential
that could be interpreted as inhibition of an electrogenic pump. However, in
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using inhibitors there is always the possibility that the inhibitor is directly
affecting the membrane potential via an effect on the permeability coeffi-
cients in Eq. (10.2). It was later demonstrated that this was not the case
(Higinbotham et al. 1970). However, the number of flux measurements
required to do this is very demanding.

Avoidance of the use of inhibitors, except as a secondary confirmation of
the presence of an electrogenic pump or as an aid in identifying the energy
source for the pump, can be achieved either by choosing plant cells with large
negative membrane potentials or by manipulating the environmental condi-
tions to achieve potentials beyond the limit of the diffusion potential given by
Eq. (10.2). Examination of the equation will show that the diffusion potential
has a range of possible values dependent on the relative values of the perme-
ability coefficients. The extreme values are set by the ions with the most pos-
itive and most negative Nernst potentials, since in the GHK equation the
potential tends towards the Nernst potential for a particular ion when the
permeability coefficient for that ion increases to values at which the other
terms in the equation are negligible compared to the products of the perme-
ability coefficient times the concentration for that ion. For example, potas-
sium is the major ion with the most negative Nernst potential (—~178 mV) for
the plasma membrane of a cell of Nitella translucens in APW (Spanswick and
Williams 1964). The observed membrane potential (—138 mV) is within the
range of theoretically possible diffusion potentials and does not provide
evidence for the existence of an electrogenic pump without further manipu-
lation of the system.

There are, however, systems that do meet the criterion without any special
experimental conditions. Slayman (1965a) showed that the membrane poten-
tial in the fungus Neurospora crassa is about —200 mV, while E, is around
—70 mV. The potential was very sensitive to inhibitors, and Slayman (1965b)
suggested tentatively that Neurospora might have an electrogenic H* pump.
Elodea is an example of a plant that has a membrane potential as large as
—300 mV (Spanswick 1972a). It would require something like 9 M K* in the
cell for it to be a K* diffusion potential. Even if there were K* salts soluble at
that concentration, such high concentrations could clearly be ruled out on
osmotic grounds.

10.4 Electrophysiological evidence for electrogenic pumps at
the plasma membrane

The growing realization that electrogenic ion pumps were important in
plants made it important to be able to demonstrate that they existed in plant
cells that did not exhibit unusually large membrane potentials. It was also
necessary to identify the ion being transported by the pump.
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10.4.1 Electrophysiology of characean cells

Kishimoto (1959) found an effect of the pH of unbuffered solutions on the
membrane potential of Chara corallina, the most negative values being at
around neutral pH, but did not interpret the result in terms of H* transport.
Hope (1965) observed a large hyperpolarization of the membrane potential
(50-70 mV) of Chara upon substituting bicarbonate for Cl~in APW. Since the
bicarbonate ions also caused an increase in external pH from 5.5 to 7.8, Hope
suggested that the effect could have been due (a) to diffusion of H* if P, the
permeability coefficient for HY, is high, or (b) to an electrogenic bicarbonate
pump. He rejected (a) because the internal (cytosolic) pH would have had to
be in the range 3-4 to explain the large observed values of the membrane
potential, and came down tentatively in favor of (b). However, it was later
shown that, in Nitella translucens, buffered solutions with a pH equal to that
of solutions containing bicarbonate produced a partly transient hyperpolar-
ization of the membrane potential but subsequent application of bicarbonate
at constant pH had little effect (Spanswick 1970). This appeared to rule out
the possibility of a primary electrogenic bicarbonate pump.

Kitasato (1968), meanwhile, made a detailed investigation of the effects of
pH on the electrophysiology of Nitella clavata using solutions buffered with
0.2mM tris (hydroxymethyl) aminomethane. The membrane potential
exhibited a Nernstian slope with respect to pH in the range 4-6. The poten-
tial reached its most negative value at pH 7 and then depolarized slightly at
pH 8. As in other work, the membrane potential was insensitive to changes in
external K* in the range 0.1-1.0 mM in the presence of calcium. Kitasato was
able to rule out the possibility that the effect of pH was exerted via an effect
on the permeability coefficients of potassium or chloride by making meas-
urements of the (passive) effluxes of these ions in the range pH 6-8. In this
species too, the sum of the calculated conductances due to the individual
major ions was much less than the observed membrane conductance.

The hypothesis proposed by Kitasato (1968) to explain his observations
was, at first sight, both revolutionary and ingenious in that it could account
for both the control of the membrane potential and the discrepancy between
observed and calculated membrane conductances in terms of the role of
hydrogen ions (referred to here, interchangeably, as protons). He suggested
that the response of the membrane potential to changes in pH did indeed
imply that the plasma membrane has a high permeability to H, and esti-
mated that the passive influx was about 400 nmol m™2 s™" at an external pH of
5.0. The high value for the permeability coefficient, P, associated with this
influx would require inclusion of a term P, [H?] in the numerator of Eq. (10.2)
that would give a value for the diffusion potential much more positive than
the observed value. However, since an active efflux mechanism would be
needed to balance the influx and avoid acidification of the cytoplasm,
Kitasato (1968) suggested that if the efflux were via an electrogenic proton
pump it could hyperpolarize the membrane to match the observed values of
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the membrane potential. He initially described this using the equation for a
“constant current” electrogenic pump often used in animal physiology:

E= (Em)0+ % (10.5)

where (E ), is the diffusion potential given by Eq. (10.2), in this case including
terms for protons, J. is the flux through the pump and g_ is the “membrane
conductance”, assumed to include only the conductances due to passive ion
movements.

The difficulty of testing this hypothesis is compounded by the fact that
protons exchange with water, making it impossible to use tritium as a tracer
to measure unidirectional fluxes. However, a detailed examination of the
applicability of this hypothesis to Nitella translucens (Spanswick 1972b)
revealed difficulties, some of which were present in the original work. For
example, at an external pH of 8.0, the membrane potential levels off as a func-
tion of pH and, according to Eq. (10.2) with terms for protons, the term
P [K!] should become dominant in the numerator so that the membrane
potential is affected primarily by the external potassium concentration.
However, Kitasato himself showed that a change in potassium concentration
from 0.1 to 1.0 mM depolarized the membrane potential by only 5 mV at pH 8
(Table I in Kitasato 1968).

There is also a problem in accounting for the membrane conductance as
primarily due to passive proton currents. At high external pH (8 or 9) the
membrane conductance should decrease due to the decrease in external [H]
and also, most likely (Smith 1984), a decrease in internal [H*]. In fact an
increase in conductance was observed in Nitella translucens (Spanswick
1972b) and in Nitella axilliformis (Saito and Senda 1974).

A further inconsistency occurred in a voltage-clamp experiment (Fig. 11 in
Kitasato 1968) in which the membrane potential was clamped at —110 mV in
APW containing 1 mM K*. Decreases in pH from 8 to 6, 5 and then 4 led to an
apparent increase in inward current, interpreted by Kitasato (1968) as due to
the passive influx of H*. However, the resting potential of these cells in this
solution was reported as —109 mV (Table 1, Kitasato 1968). Thus the clamp cur-
rent at pH 5 should have been close to zero, and the change in current between
pH 8 and pH 5 could be reinterpreted as a decrease in an outward current.

Thus there appear to be problems in interpreting the electrophysiological
properties of the membrane as being due primarily to the passive diffusion of
H*. An alternative hypothesis (Spanswick 1972b, 1981) was presented in
which the passive permeability of the membrane to protons was assumed to
be low and an electrogenic proton pump was postulated to account for the
high membrane conductance as well as the large effect of pH on the mem-
brane potential. First, however, it was necessary to demonstrate unambigu-
ously the presence of an electrogenic pump in Nitella translucens which, in
unbuffered APW, had a membrane potential within the range of possible
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diffusion potentials (Spanswick and Williams 1964). This was made possible
by adjusting the environmental factors (Spanswick 1972b). First, the pH was
buffered with 1 mM zwitterionic buffer at pH 6 (APW6), which makes the
membrane potential more negative than the value in unbuffered APW (pH
about 5.5 following exposure to atmospheric CO,). Second, the potassium
concentration in the solution was raised from 0.1 mM to 0.5 mM, a value that
has little effect on the membrane potential but makes the negative limit of the
diffusion potential more positive by about 40 mV. Third, it was found that the
use of CO,-free solutions stabilized the membrane potential at more negative
values in the light. In this species, also, raising the potassium concentration
in the solution to 10 mM depolarized the membrane to a potential close to the
calculated value of E,, the Nernst potential for K*. The change in potential
was usually achieved following a spontaneous action potential, and a large
increase in membrane conductance indicated that it was due to an increase in
P.. This permitted the value of E, for an individual cell to be calculated for
any other value of external potassium concentration. Since E, sets the nega-
tive limit of the diffusion potential at 0.5 mM K*, this limit could be deter-
mined for individual cells by measuring the membrane potential in 10 mM K*
at the end of an experimental run. In the dark, the membrane potential in this
species was close to E,. However, exposure to light produced a small tran-
sient depolarization followed by a hyperpolarization of 50 mV to a stable
membrane potential about 44 mV more negative than E,. Since the potential
under these conditions is clearly beyond the negative limit of the diffusion
potential, this experimental condition provides unambiguous evidence for
the presence of an electrogenic ion pump that is activated in the light. This
was supported by the greater response of the membrane potential to changes
in temperature in the light.

The response of the membrane potential to inhibitors is also consistent
with the presence of an electrogenic pump. Kitasato (1968) showed that 1 mM
DNP, an uncoupling agent, depolarized the cell to a value close to E, in a
solution containing 1 mM K" at pH 6, and to more positive values at pH 5.
However, the action of DNP has since been shown to be strongly dependent
on the pH of the external solution, and can cause irreversible damage at low
pH (Homblé 1987). More detailed investigations with a range of inhibitors on
both Nitella translucens (Spanswick 1974) and Chara corallina (Keifer and
Spanswick 1979) have shown that conditions that reduce the cellular ATP
level produce depolarization of the membrane potential, the exception being
darkness, which does not affect the ATP level (Penth and Weigl 1971;
Spanswick and Miller 1977b; Keifer and Spanswick 1979). The dependence on
ATP is consistent with the demonstration that internally perfused Chara cells
demonstrate a hyperpolarization dependent on the presence of ATP
(Shimmen and Tazawa 1977). However, the membrane potential in the inhib-
ited state tended to be close to the diffusion potential for potassium, not the
more positive potential given by the GHK equation modified to take into
account a large permeability coefficient for H*.



Electrogenic Pumps 229

Another problem for the Kitasato hypothesis of a constant current pump
was that inactivation of the pump in Nitella translucens, by darkness,
inhibitors or CO,, was accompanied by a decrease in membrane conductance
(Spanswick 1974). The transition from light to dark was accompanied by a
6-fold decrease in conductance; decreases in conductance were also produced
by 1 uM CCCP or 50 uM DCCD. Similar observations were made in Chara
corallina (Keifer and Spanswick 1979). Since the I-V (current-voltage) curve
in the light was linear over the range of potentials encompassing the activated
and inhibited pump, the change in conductance was not due simply to the
shift of the resting potential to a different position on the I-V curve.

The association between pump activity and high membrane conductance
appeared to be difficult to account for on the basis of a constant current
pump and a high passive proton flux because it would require an assumption,
for which there was no obvious justification, that all the conditions that led to
inhibition of the pump would also reduce the permeability of the membrane
to protons. As an alternative, it was suggested (Spanswick 1972b, 1981) that
an electrogenic pump with conductance might account for both the high
membrane conductance and the response of the membrane potential to
external pH.

A simple equivalent circuit for a membrane with a conducting pump, hav-
ing a conductance g, in parallel with a lumped conductance, g, representing
the passive ion pathways is shown in Fig. 10.1. Slayman (1965b) had previously

out

Fig. 10.1. An equivalent circuit for a membrane with an electrogenic pump (P) in parallel with
the lumped conductances for the passive diffusion pathways (D). The pump has been assigned
a conductance, g,, in series with an EMF, E,. The conductances for the passive pathways are
lumped together as a single conductance g, which is in series with the diffusion potential E .
(From Spanswick 1981, with permission)
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considered this model, first put forward by Finkelstein (1964), in his work on
Neurospora crassa but, on the basis of analysis of the current-voltage curves
before and after treatment with CN-, concluded that the pump conductance
did not contribute more than 5-10% of the total membrane conductance. In a
more detailed assessment, this estimate was raised to 15-20% of the conduc-
tance at the resting potential (Gradmann et al. 1978).

At this stage, the identity of the ion being pumped was not established.
However, removal of ClI™ from APW did not produce an immediate depolar-
ization of the membrane potential (Spanswick 1972b), thus eliminating the
active chloride influx from consideration. Ouabain, a putative inhibitor of the
active Na* efflux (MacRobbie 1970), had no effect on the membrane potential
or conductance (Spanswick 1974). Since the pump operated in the absence of
external bicarbonate, and bicarbonate had no effect on the potential at con-
stant pH, bicarbonate could also be eliminated. A significant electrogenic
Ca?* efflux seemed a remote possibility. In fact, the major ions could be ruled
out by considering the current required to reduce the membrane potential to
the negative limit of the diffusion potential (Spanswick 1972b). This provides
a minimum estimate of the current through the pump under these conditions
since reduction of the membrane potential to the diffusion potential, defined
as the potential at which the net current through the passive pathways is zero,
would be slightly more positive than E, due to the effect of other ions on the
diffusion potential (Eq. 10.2). The measured current of 0.22 mA m™ was
equivalent to a flux (220 nmol m= s™! for a monovalent ion) at least an order
of magnitude larger than the fluxes of the major ions that had been measured
in Nitella translucens, including Ca** (Spanswick and Williams 1965), thus
appearing to leave H* as the remaining candidate. It was several years later
that this was confirmed directly using isolated plasma membrane vesicles
from higher plants (see below). It should be emphasized that, for a conduct-
ing pump, the large flux estimated above at the voltage equal to the diffusion
potential is not equal to the flux at the resting potential; the current flowing
through the pump will be reduced at the more negative resting potential, pre-
sumably bringing it into balance with the net current through the other trans-
port systems in the membrane.

It is easy to show (e.g. Spanswick 1980) for the equivalent circuit in
Fig. 10.1 that:

(gDED+ gPEP)
(g0+ 8»)

and that E_ will be closer to E_, the diffusion potential, or E,, the EMF of the
electrogenic pump, depending on whether g, the sum of the conductances of
the passive channels, or g, the conductance of the electrogenic pump, is greater.

It is then necessary to consider how one can describe E,,. By definition, the
EMF is the potential across the membrane at which no current flows through
the pump.

E =

m

(10.6)
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A theory put forward by Rapoport (1970), originally in the context of the
electrogenic Na*, K*-ATPase, was very useful in looking at this problem
(Spanswick 1972b) and in deriving an expression for E,. However, a simpler
way to derive this relationship is simply to consider the EMF as the potential
at which the pump will stop, i.e. when Az, = Aupin;, where AL, is the dif-
ference in electrochemical potential across the membrane for H*, Ay, repre-
sents the chemical potential of the driving reaction and n. is the stoichiometric
coefficient of the pump. E, is also known as the “reversal potential” for the
pump, since making the potential even larger causes the pump to run in the
opposite direction if it is kinetically feasible. Expanding the term for AZ,:

Al, = 0 AL,
- nj{RTln ([H+] / [H+]) + ZFE}

This simplifies to give:
E = (Auy/zFn;) + (RT/zF) In ([H*] /|Ht ]) = E, (10.7)

Note that the dependence of the EMF on In[H_*] means that, if H* is the ion
being pumped, we can explain the effect of external pH on the membrane
potential as an effect of pH on the pump EMF rather than as an effect on the
diffusion potential. It would also require that g,> g and this, in turn, would
provide a possible explanation for the discrepancy between the measured
conductance (equal to g,+g.) and that calculated from the passive fluxes of
the major ions (equal to g, only). In other words, the missing conductance
could be attributed to the pump, not the passive flux of an ion such as H*.

When the pump is working slowly, e.g. in the dark or in the presence of
certain inhibitors, the membrane conductance is relatively low. If the change
in observed membrane conductance, which would be equal to the total mem-
brane conductance g, +g, (Fig. 10.1) were not due to a reduction in g, one
would have to assume arbitrarily that light and inhibitors affect g, via an
effect on P,. However, the use of Eq. (10.6) to explain the effects of inhibitors
on the membrane potential has been limited. Presumably, this is because it
involves both the thermodynamic factors that determine E, and also the
kinetic factors that affect g,, and hence value of g, relative to g

Recent reviews by Kitasato (2003) and Tazawa (2003) reach conclusions
that appear to be compatible with this interpretation of a pump with conduc-
tance and a membrane with limited H* permeability. Tazawa (2003) discusses
the mechanism that may be involved in activation of the pump by light.

The initial effect on the membrane potential of a change in pH from acid
(pH 5) to more alkaline values can be ascribed to the dependence of E, on
external pH (Eq. 10.7). This short-term change in potential is generally
greater in the light than in the dark (Spanswick 1972b; Saito and Senda 1973a)
and is decreased greatly at low temperature (Saito and Senda 1973b). The
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subsequent decline in the membrane potential at pH 7 and above might be
ascribed to an increase in cytoplasmic pH. However, the limited dependence
of cytoplasmic pH on external pH (Smith 1984) is not sufficient to account for
the change via the effect on E, (Eq. 10.7). An alternative explanation would
involve the effect of cytoplasmic pH on the kinetics of the pump. Fujii et al.
(1979) varied the internal pH of tonoplast-free, perfused cells of Chara aus-
tralis and showed that the membrane potential in the presence of ATP
demonstrates a maximally hyperpolarized value in the range pH 6-7. A sim-
ilar result was obtained with Nitellopsis (Mimura and Tazawa 1984). This cor-
responds to the pH maxima of pH 6.5 for both ATPase activity and proton
pumping by the higher plant plasma membrane H*-ATPase (O’Neill and
Spanswick 1984; De Michelis and Spanswick 1986). Since the pH of the
cytosol in Characean cells is in the range 7.5-7.8 when the external pH is
6.0-6.3 (Walker and Smith 1975; Spanswick and Miller 1977a; Mimura and
Kirino 1984; Smith 1984), a similar pH-dependence of the electrogenic pump
would result in a reduced rate for a slight increase in pH. One indication that
this can occur is that the light-induced hyperpolarization at pH 6 in Nitella
translucens may occasionally decay after some time but can be rapidly
restored upon acid loading the cytoplasm by application of 5 mM DMO, a
weak acid that is permeant in its neutral form (Spanswick and Miller 1977b).
Similarly, prolonged treatment with Cl™-free solutions can also produce a
depolarization (Spanswick 1974), perhaps due to the effect of interruption of
the CI/H' cotransport system on cytoplasmic pH (but see Smith and
MacRobbie 1981); this can also be reversed with DMO (Spanswick 1980).
Thus, while thermodynamic factors control the magnitude of E,, it appears
that kinetic factors, evidently involving activation of the ATPase rather than
mass action by the substrate, may affect g, and therefore the degree to which
E, controls the membrane potential. This approach was also useful in
describing the relationship between the membrane potential and conduc-
tance during the course of inhibition by 1 mM CO,/HCO," in Nitella translu-
cens (Spanswick 1980). Fitting the data for a typical experiment (Fig. 10.2)
using Eq. (10.6), and attributing the decline in membrane conductance
entirely to a change in g, yields reasonable values for E, (-115 mV), E,, (182
mV) and g, (0.088 S m™).

The use of inhibitors to separate the contributions of the pump and pas-
sive diffusion to the electrical properties of the membrane is usually compli-
cated by lack of specificity or the indirect nature of the inhibition. For
example, inhibitors that act by reducing the ATP level also affect ATP-
dependent channels responsible for excitation (Shimmen and Tazawa 1977).
Nevertheless, inhibitors that reduce the ATP level to less than about 35% of
the control value (5 uM CCCP, 0.1 mM DNP, 50 uM DCCD, and 40 uM DES)
do produce a depolarization and also decrease the membrane conductance
(Keifer and Spanswick 1979) in agreement with internal perfusion studies
(Mimura et al. 1983; Tsutsui and Ohkawa 2001). Vanadate applied externally
to Nitella translucens was reported to inhibit the electrogenic pump and
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Fig. 10.2. The relationship between the membrane conductance (G, ) and the membrane poten-
tial (E_) during the course of inhibition of the electrogenic pump in Nitella translucens by 1 mM
CO,/HCO;j at pH 6. The line connecting the points is fit to Eq. (10.6) with E,= -182 mV, E =
~115mV and g;=0.088 S m?. (Replotted data from Spanswick 1980.)

decrease the membrane conductivity (Cruz-Mireles and Ortega-Blake 1991).
Unfortunately, the ability of Characean cells to take up vanadate appears to
vary with the growth conditions, and the experiments are difficult to replicate
(Spanswick, unpublished). Internal perfusion with vanadate also inhibits the
pump (Shimmen and Tazawa 1982), but again there is variability and a time-
dependent recovery that suggest modification of the vanadate by cellular
components, possibly glutathione (Macara et al. 1980).

An interesting observation is that gluteraldehyde, although presumably
unspecific in its effects, maintains the low permeability of the membranes of
Chara corallina for up to 3.5h (Shimmen 2004). The treatment produces a
depolarization, a decrease in membrane conductance and also a decrease in
the response to a pH change from 5 to 7, data compatible with the hypothe-
sis that its primary effect is on a conducting electrogenic pump.

A detailed analysis of the inhibition of the electrogenic pump of Chara coral-
lina by DCCD was carried out by Kishimoto’s laboratory (Kishimoto et al. 1984,
1985; Takeuchi et al. 1985). By assuming that the current-voltage relationships
after 100 min of inhibition by 50 uM DCCD represented the properties of the
passive diffusion channels only, they were able to subtract this curve from those
obtained earlier during the course of inhibition to obtain the current-voltage
curves for the pump (Kishimoto et al. 1984). Analysis of the effect of pH over the
range 6.5-7.5 showed only a minor effect on the current-voltage curve of the
passive diffusion component, while the current-voltage curves for the pump
were shifted parallel to the pump current axis by the change in pH. The
results could be described kinetically by a 5-state or a reduced 2-state kinetic
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model, the reversal potential for the pump being consistent with a stoichiome-
try of 2H*/ATP (Takeuchi et al. 1985). This is consistent with the value of E,
obtained by fitting the results of CO,/HCO," inhibition of the pump in Nitella
translucens (Spanswick 1980; 10.2) or from the intersection of the current-volt-
age curves in the light and dark (Spanswick 1972b; Saito and Senda 1974). Note,
however, that Beilby (1984) suggested a stoichiometry of 1.0, and more direct
measurements based for the higher plant plasma membrane ATPase have also
indicated a value of 1.0 (Briskin and Reynolds-Niesman 1991). Blatt (1986) and
Blatt et al. (1990) have presented a more detailed discussion of the assumptions
that may complicate the deduction of stoichiometry from electrophysiological
experiments.

10.4.2 Electrophysiology of marine algae—the electrogenic CI-
pump of Acetabularia

While attention in this chapter has been focused on the electrogenic proton
pump that is of primary importance in freshwater algae and higher plants,
there is strong evidence for an electrogenic Cl~ pump in the marine alga
Acetabularia (Gradmann and Bentrup 1970; Saddler 1970). The evidence for
an electrogenic Cl~ pump is relatively straightforward in that substitution of
other anions for Cl~ in the medium results a large depolarization of the mem-
brane potential from its normal value of —170 mV in the light. Inhibitor and
low temperature experiments give results consistent with this hypothesis.
Gradmann (1984) has reviewed the extensive work on this system, primarily
from his laboratory. One unusual aspect is that a slow propagated electrical
depolarization, which has all the properties of an action potential, results
from a change in the activity of the electrogenic pump.

10.4.3 Electrophysiology of higher plant cells

As pointed out earlier (10.3.1), large negative membrane potentials, beyond the
limit of the diffusion potential, provide a sound criterion for the presence of an
electrogenic pump. In addition to Elodea (Jeschke 1970; Spanswick 1972b,
1973; Marre et al. 1989), such potentials have been observed in leaf cells of
Lemna (Young and Sims 1973; Novacky et al. 1978; Loppert 1979), red beet
storage tissue (Mercier and Poole 1980), carrot root cells (Anderson et al. 1977),
cells for which raising the external potassium concentration leaves the
membrane potential at a value more negative than E, the (Higinbotham and
Anderson 1974), soybean root cells (Lew and Spanswick 1984a) and Vallisneria
leaf cells (Prins et al. 1980; Harada et al. 2002).

One limitation in investigating the electrophysiology of cells in a higher
plant tissue is that measurements of membrane conductance are compli-
cated by the fact that an unknown proportion of the current injected into a
cell will pass to neighboring cells via plasmodesmata (Spanswick 1972a),
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thereby making it difficult to estimate the conductance accurately. However,
Arabidopsis root hair cells provide a system in which this problem is minimized
(Meharg et al. 1994) and in which it has been demonstrated that double-
barreled microelectrodes can be used for voltage-clamp experiments (Lew
1991). Arabidopsis root hairs were also a system in which vanadate could be
used to inhibit the electrogenic pump when applied externally. Current-
voltage curves before and after inhibition by cyanide or vanadate suggested
that the electrogenic pump was of the constant-current type (Lew 1991).
However, Lew (1991) expressed some reservations concerning the validity of
this interpretation given the uncertainty in this system regarding the unifor-
mity of the membrane properties and the limitations presented by current
injection and voltage measurement at the same site near the base of the cell
(see also Meharg et al. 1994).

While the emphasis here is on the proton pumps deduced to operate in
plants that grow under non-saline conditions, it should be pointed out that
strong evidence for an electrogenic Cl” pump in the salt glands of Limonium
vulgare was provided by Hill (1970) using a short-circuit technique.

10.5 Plant plasma membrane H*-ATPase

Direct measurement of the flux of H* through the postulated electrogenic
proton pump encountered technical problems resulting from the chemistry
of H*. The exchange of protons with water, combined with the high values for
water fluxes, makes it impossible to use a radioactive tracer to estimate the
unidirectional fluxes of H* across cell membranes. The alternative is to meas-
ure the net flux (influx minus efflux) but this is also beset with technical prob-
lems, including the buffer capacity of cell walls, the pH changes outside the
cells brought about by net transport of CO, as a result of photosynthesis
and/or respiration, the unknown magnitude of the passive influx, and the
existence of alternative routes of transport that became evident with the dis-
covery of proton cotransport systems (Slayman and Slayman 1974; Poole
1978). In an effort to test the validity of the chemiosmotic hypothesis
(Mitchell 1961) for energy transduction in mitochondria and chloroplasts,
a variety of methods had been developed earlier to assay proton gradients
and electrical potentials in membrane vesicles and reconstituted systems
(liposomes). The adaptation of optical probe techniques for use with plant
membrane vesicles (Bennett and Spanswick 1985) made it possible to deter-
mine both relative initial rates of H* transport (Bennett and Spanswick 1983)
and measure membrane potentials. Several groups published investigations
on proton transport in plant membrane vesicles at about the same time (see
Sze 1985 for an account of the early work). With improvements in methods
for separating vesicles derived from the plasma membrane and the tonoplast,
it quickly became possible to characterize the systems responsible for net H*
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transport. From an experimental point of view, the advantage of this approach
is that it eliminates the problems associated with the cell wall buffering capac-
ity and with changes in CO, concentration. Careful design of assay buffers,
based on knowledge of the diversity of proton cotransport systems, also
reduces the likelihood that H* transport is via a pathway other than the one that
is the object of study. Another advantage is that, given the correct membrane
orientation, i.e. with the catalytic site on the exterior surface, the energy supply
can be controlled at will.

10.5.1 Isolated plasma membrane vesicles

Initial studies of H* transport in isolated plant membrane vesicles revealed
ATPase activity and H* transport that were both stimulated by chloride
(Hager and Helmle 1981). Comparison with ATPase data on intact vacuoles
(Admon et al. 1981; Walker and Leigh 1981) suggested that this activity was
associated with tonoplast vesicles (DuPont et al. 1982a,b; Mettler et al. 1982).
It was well established from earlier work (e.g. Hodges et al. 1972) and from
external membrane labeling studies (Perlin and Spanswick 1980) that the
ATPase activity associated with the plasma membrane was stimulated by K*
and was affected very little by anions. It soon became evident (Churchill et al.
1983; De Michelis et al. 1983; Bennett et al. 1984; Hager and Biber 1984; Lew
and Spanswick 1984b) that two ATP-dependent H* transport activities could
be separated by density gradient centrifugation. The ATPase and H" trans-
port associated with the low density fraction was anion-stimulated and inhib-
ited by nitrate but not vanadate, as in earlier work, while the ATPase and H*
transport in the high density fraction were not stimulated by anions or inhib-
ited by nitrate but were inhibited by vanadate. While these activities have
become de facto markers for the tonoplast and plasma membrane, respec-
tively, other ATPase activities are associated with each membrane. These
include the Ca*-ATPase (Sze et al. 2000) at the plasma membrane and ABC-
type transporters at the tonoplast and potentially at the plasma membrane
(Jasinski et al. 2003). However, there appears to be little quantitative infor-
mation available on the contribution of these transport systems to the total
ATPase activities.

Early work on potassium stimulation of the plasma membrane ATPase
(Fisher et al. 1970) showed a correlation across cereal species between Rb*
influx in roots and the stimulation of ATPase activity by the same ion. This was
initially taken to indicate a direct link between ATPase activity and K* transport
and, later, that H" and K* transport might both occur via the ATPase (Briskin
1986). However, the K*:H" stoichiometric ratio would have to be less than 1:1
because the pump is electrogenic. Briskin and Gawienowski (1996) examined
the question of K* transport by inserting the partially purified ATPase into pla-
nar lipid bilayer membranes and looking at the potential required to stall the
ATPase. Difference curves (dI-V) were obtained from the I-V curves in the
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presence and absence of vanadate. The point of intersection with the V axis, the
potential at which the ATPase was stalled (the reversal potential), was unaf-
fected by the potassium gradient across the membrane and was consistent with
the transport of 1H* per ATP, rather than with 1H" and a fraction of a K* ion.
This suggests that K* transport occurs via a separate system.

An indirect indication of the generation of a membrane potential by the
ATPase came from the work of Vara and Serrano (1982). In the first study of
H* transport by the partially purified and reconstituted plasma membrane
ATPase from oats, the net transport of H" was dependent on the presence of
an anion for transport across the membrane. Direct detection of membrane
potential changes in suspensions of membrane vesicles can be made using the
molecular probes oxonol V and oxonol VI (Scherman and Henry 1980;
Bennett and Spanswick 1985). The membrane vesicle preparations for which
it was first reported that the membrane potential changed upon addition of
ATP (Rasi-Caldogno et al. 1981; Sze and Churchill 1981) were probably dom-
inated by vesicles of tonoplast origin. However, later work confirmed that the
transport in plasma membrane vesicles is electrogenic (Rasi-Caldogno et al.
1985; Galtier et al. 1988; Grouzis et al. 1997; Briskin and Gawienowski 1996).
The aqueous polymer two-phase technique can be used to produce highly
enriched preparations of plasma membrane vesicles from a microsomal
preparation containing a mixture of membranes. The vesicles have a pre-
dominantly right-side-out orientation but a proportion, perhaps approach-
ing 50%, can be reoriented by repetitive freeze/thaw treatments (Palmgren
et al. 1990). Addition of ATP to a plasma membrane preparation from maize
roots prepared in this manner produces a distinct quench of oxonol V fluo-
rescence in the presence of 50 mM K,SO, (Faraday and Spanswick 1995).
Unlike maize root tonoplast vesicles (Bennett and Spanswick 1983), the
quench is only slightly reversed by the addition of 50 mM KCIl. However, the
initial rate of proton transport was increased 14-fold while the ATPase activ-
ity was increased by less than 10%. This raises questions concerning the cou-
pling between ATPase activity and proton transport that remain unresolved.

10.6 Tonoplast

10.6.1 Electrophysiology

As an internal membrane, the tonoplast has been somewhat inaccessible with
regard to conventional electrophysiological techniques. Simultaneous meas-
urement with two microelectrodes showed the potential of the cytoplasm
with respect to the vacuole in Nitella translucens was —18 mV (Spanswick and
Williams 1964). Similar values have been recorded in a number of plant cells
(Dunlop 1976), indicating that in vivo the plasma membrane has a much
larger membrane potential than the tonoplast.
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The patch-clamp technique, used in the “whole-vacuole” mode, can be
used to demonstrate a potential of similar magnitude produced by addition
of ATP to a single isolated vacuole (Bentrup et al. 1985; Hedrich and
Schroeder 1989). This technique can also be used to show the additive effects
on the clamp current of ATP, the substrate for what has become known as the
V-type ATPase, and PP, the substrate for the other H* transporting system at
the tonoplast, the pyrophosphatase (Hedrich et al. 1989). Use of patch-clamp
in the whole-vacuole mode to investigate the current-voltage relationship for
the tonoplast is complicated by the existence of the series resistance of the
patch pipet and a parallel resistance due to the “leak” at the junction of the
pipet and the membrane. Sometimes these do not appear to have been com-
pensated for. However, the series resistance is often insignificant. The current
through the leak resistance, if unchanged by the inhibitor, cancels in experi-
ments in which the I-V characteristic of the pump is determined by subtrac-
tion of the I-V curve in the presence of a specific inhibitor of the transporter from
the control I-V curve in the absence of the inhibitor. An investigation of this type
on isolated red beet vacuoles, using bafilomycin A, as a specific inhibitor of the
ATPase, yielded the result that the value of the coupling ratio (a term used to
describe a variable stoichiometry) ranged from 1.75 to 3.28 H*/ATP depending
on the pH values on either side of the membrane (Davies et al. 1994). Similar
experiments were performed on yeast vacuoles (Kettner et al. 2003), but with the
condition that ATP was omitted from the mix of ATP, ADP and P, to stop the
pump. Kettner et al. (2003) plotted the coupling ratios for both sets of results
against ApH and showed that the coupling ratio varied from a value > 4 H*/ATP
for a ApH of 1.0 to a value < 2.0 H*/ATP for a ApH of 5.0. They discuss an expla-
nation which involves a form of “slip” in which a conducting path exists for flow
of H" in the reverse direction through the ATPase.

10.6.2 Isolated tonoplast vesicles

As mentioned above (10.5.1), the tonoplast was the source of membrane vesi-
cles for the first plant studies on ATP-dependent H* transport in isolated
vesicles. Although anions (typically as 50 mM Cl") do stimulate the activity of
the ATPase by about 40-50%, the effect on the initial H* flux (about 10-fold)
is too large to be accounted for simply as a direct stimulation of the ATPase by
Cl™ (Bennett and Spanswick 1983). The idea arose that the stimulation was due
to the action of the anion as a “permeant anion” in that it would cross the
membrane passively and, in so doing, reduce the membrane potential and
accelerate the transport process. Using oxonol VI, Bennett and Spanswick
(1983) demonstrated that ATP-dependent H transport resulted in the forma-
tion of a positive membrane potential in the interior of the vesicles.
Furthermore, as a function of increasing KCl concentration, there was an
inverse relationship between the initial rate of H* transport and the membrane
potential (Fig. 10.3; Bennett and Spanswick 1983), consistent with the idea that
Cl™ acted as a permeant anion. Ward and Sze (1992) showed a much smaller
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Fig. 10.3. Effect of KCl on the ATP-dependent initial rates of H* transport, proportional to the
initial rate of quench of 9-aminoacridine fluorescence (A), and the membrane potential,
expressed as absorbance changes of Oxonol VI (A), in microsomal vesicles from maize roots.
(From Bennett and Spanswick 1983, with permission)

effect of CI” on the initial rate of proton transport in the purified and recon-
stituted tonoplast ATPase from oat roots. Indeed, for the sample trace show-
ing the effect of 5 mM CI™ on amino acridine orange fluorescence (Fig. 5B in
Ward and Sze 1992) there is no discernable effect on the initial rate of quench,
only an effect on the extent of quench. The small effect of CI~ on H* transport
in these experiments may reflect the fact that they were carried out in the pres-
ence of valinomycin, which would fix the membrane potential according to the
potassium gradient across the membrane.

A series of papers (Miiller et al. 1996, 1997, 1999) on the vacuolar H+-
ATPase from lemon fruits supports the idea of a variable coupling ratio.
Lemon fruit sacs represent an extreme case in which the vacuolar pH declines
to 2.2 during maturation, suggesting that the pump can support a gradient of
~5 pH units, requiring an ATPase with a coupling ratio less than 2 (Miiller et al.
1996). A further complication (Miiller and Taiz 2002) is that there is not only a
V-ATPase with a variable coupling ratio but present also in the fruit vacuolar
membranes is a nitrate-insensitive V-ATPase with a coupling ratio of 1.

10.7 Conclusions

The early work on electrogenic proton pumps overlapped with the demon-
stration that Cl~ transport was dependent on the pH gradient across the
plasma membrane (Spear et al. 1969; Smith 1970). Influenced by the chemios-
motic hypothesis (Mitchell 1961, 1970), these facts soon became incorporated
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in a “chemiosmotic scheme” for ion transport in plants (Raven and Smith
1973; Poole 1978; Smith and Raven 1979; Spanswick 1989) that has been a
major paradigm guiding research in this area for the past 30 years. In this
context, the idea of membranes having high permeability to H* would be a
difficulty in that large passive fluxes of H* would short-circuit the proton
cotransport systems now thought to be responsible for the transport of Na®,
anions, sugars and amino acids. This is not to imply that passive fluxes of H*
do not exist but rather that they are likely to be limited in magnitude. In this
context, it is interesting that sterols appear to play a role in reducing the pas-
sive permeability of natural membranes (Haines 2001) and that this has been
demonstrated to be important in reconstitution of plant ATPases (Yamanishi
and Kasamo 1994).

The revival of the acid growth theory for auxin-mediated cell wall exten-
sion (Rayle and Cleland 1970; Hager et al. 1971) also occurred at about the
same time as the development of ideas about proton pumps, and remains a
viable theory (Rayle and Cleland 1992; Hager 2003). Since the proton pump
at the plasma membrane was postulated to provide the acidification of the
cell wall that led to wall loosening, the acid growth theory boosted interest in
proton pumps.

One technical advance that would be useful in resolving questions regard-
ing some of the uncertainties as to the fluxes supported by the plasma mem-
brane proton pump in vivo is an improved method for estimating the passive
H* influx in intact cells. Passive fluxes can be estimated in membrane vesicles
(Paula et al. 1996) and in bacterial cells (Maloney 1979; Bond and Russell
2000). However, there appear to be a significant problem in measuring net
influx in plant cells, including the high buffer capacity of plant cell walls, even
in the absence of proton cotransport system activity. Given the experimental
difficulties (Kiyosawa 1990), it may be necessary to approach the problem
indirectly by attempting to account for all the component fluxes due to the
primary and secondary systems transporting H¥, together with any biochem-
ical consumption or production of H*, and then consider the passive flux nec-
essary to achieve homeostasis. A beginning has been made in examining the
interactions between transporters in the membrane (Gradmann et al. 1993;
Gradmann and Hoffstadt 1998), but further progress is necessary.

Despite the technical difficulties, particularly those inherent in investigat-
ing the transport of H*, the importance of electrogenic ion pumps in plants is
now firmly established.
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11 Effects of Electrical and Electromagnetic Fields
on Plants and Related Topics

ANDREW GOLDSWORTHY

Anyone reading this book cannot fail to realize the importance of self-generated
electric fields and currents in the energetics and control of metabolism in
plants. We should therefore not be too surprised to find that externally
applied fields also have effects. In this chapter, I will describe a few of the
more significant findings from over a century of research and try to explain
and sometimes reinterpret them in the light of more modern knowledge. The
work is divided into three sections. Section 1 is on the non-polar effects of DC
fields, where the effects are not related to the direction of the field. It ranges
from responses to massive electric fields, such as those found in thunder-
storms, to the effects of much weaker ones on the growth and differentiation
of tissue cultures. Section 2 is on the polar effects of DC fields, where the
direction of the response is related to the direction of the field and includes
effects on polar growth and tropisms. Section 3 is on the effects of time-varying
and alternating electromagnetic fields, where I will present evidence that a
simple change in membrane stability can account for virtually all of the hith-
erto mysterious biological effects of weak electromagnetic radiation.

11.1 Non-polar effects of DC electric fields

11.1.1 High voltage natural fields and the rise and fall of electroculture
11.1.1.1 Phenomenology

Work on the effects of electrical fields on plants goes back several centuries,
but the first person to carry out large scale experiments was Karl Lemstrém,
who was a Professor of Physics at Helsinki. He had paid several visits to the
Arctic, and was surprised how green and healthy the vegetation looked,
despite the low light and temperature. He wondered whether this might be
due to the weak electric currents carried through the atmosphere by air ions
from the aurora borealis. His suspicions were confirmed when he looked at
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the annual growth rings of fir trees in the region, which showed a periodicity,
with best growth during the peaks of sunspot cycles when the aurora would
have been most active. To test his theory, he exposed a range of different
crops in several European countries to high voltage gradients from wires sus-
pended above them. The voltages were produced by an electrostatic genera-
tor and, from the length of the sparks it could produce, we can estimate that
the gradients applied to the plants were approximately 10 kV/m. He found
that the treated plants were greener, sturdier and often showed dramatic
increases in yield, compared with the controls. Although the technique
didn’t always work, on average there was a yield stimulation of around 45%
(Lemstrém 1904). This led to a flurry of activity by agricultural scientists hop-
ing to exploit this effect, which had now been given the name electroculture.
Amongst these were Blackman and his co-workers of Imperial College
London, who used higher voltage gradients (20-40 kV/m) in both field and
pot experiments. They found that it did not matter whether the overhead
wires were positive or negative, but the amount of current flowing was impor-
tant. A current of 10''-10"® amps per plant normally stimulated growth but
higher values were injurious (Blackman 1924; Blackman and Legg 1924). But
the stimulations did not occur all the time. Out of 18 field trials with wheat,
barley and oats performed by Blackman (1924), only 14 gave significant
increases in dry weight, Murr (1963) only found a greening effect, and Briggs
et al. (1926) found no significant response in a whole series of experiments in
the USA. There were many claims and counter-claims about the beneficial
effects of electroculture and the matter was highly controversial. However,
most of the agriculturally oriented work was discontinued in the 1930s,
largely because the cost, electrical hazards, and the uncertainty of getting
positive results, made it uneconomic.

11.1.1.2  Ecological significance of natural electric fields

The conflicting results of these early workers now make sense. Plants seem to
be using the very strong electrostatic fields associated with thunderstorms as
a signal to let them make the best use of the rain (Goldsworthy 1996). If a
plant in otherwise dry conditions is to use the rain to best advantage, it must
respond quickly before the water drains away. But the synthesis of new pro-
teins, chlorophyll etc. takes several hours, so it will be of selective advantage
to start before the water trickles through the soil and can be sensed by the
roots. The electric fields from thunderclouds are an excellent signal for this.
Schonland (1928) measured voltage gradients of up to 16 kV/m under thun-
derclouds, which is the sort of gradient that was effective in the electroculture
experiments. The first clue that plants may actually be using natural electric
fields to stimulate growth came from Lemstrom (1904), who reported that
electroculture was often inhibitory in dry weather, presumably because the
anticipated rain never came and the plants’ resources were being wasted. The
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next clue came from Blackman et al. (1923) who found that exposing cereal
seedlings to an electric field for just one hour was enough to stimulate
growth, and the growth-rate continued to increase for at least four hours after
the current was turned off. This suggests that the field had activated growth-
promoting genes, which then remained active for some time. This phenome-
non may explain the common perception that vegetation often looks
unusually green after a thunderstorm. The requirement for subsequent rain
may also explain the negative results for electroculture obtained by Briggs
et al. (1926), since their work was conducted in one of the drier regions of the
United States and, in order to avoid arcing, they switched off the current
whenever rain was expected!

11.1.2 Low voltage fields and plant tissue cultures

Effects similar to high voltage electroculture can occur when weak DC cur-
rents are applied to plant tissue cultures. Currents of one or two microamps,
of either polarity, applied between an electrode in tobacco callus and another
in the culture medium gave several-fold increases in plantlet regeneration
(Rathore and Goldsworthy 1985; Rathore et al. 1988). Even isolated proto-
plasts can be affected. Dijak et al. (1986) found that 20 mV applied for 4 h
between a central silver anode and a circular silver cathode 25 mm apart in
the culture medium caused a massive production of somatic embryos by
Medicago protoplasts, whereas none appeared in the controls.

11.1.3 Mechanism of the non-polar effects of DC fields

The fact that stimulation of growth and regeneration by direct currents can
occur in undifferentiated tissue cultures and isolated protoplasts suggests
that the main effect is at the cellular level. In the light of modern knowledge,
electrically induced calcium ingress into their cytosols seems the most likely
cause. Most of the applied voltage will appear across the cell membranes
because of the relatively low resistance of the cell contents. This will add to
the membrane potential on one side of the cells and subtract from it on the
other. Where it subtracts, it may open voltage-gated calcium channels and
where it adds, there could be a non-specific increase in permeability due to
transient pore formation in the hyperpolarized membrane (see Melikov et al.
2001). Either way, there will be an increase in membrane permeability to cal-
cium ions. Because of the huge electrochemical gradient for calcium across
the plasma membrane (about 4 orders of magnitude), even a very small
increase in permeability to calcium will have a large impact on its cytosolic
concentration. This can increase the rate of metabolism because calcium ions
often form an integral part of the enzyme cascades that control many intra-
cellular signaling processes. These cascades are enzyme-based amplifiers,
where one enzyme molecule activates a large number of molecules of another
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enzyme, which in turn activates a third enzyme and so on (Alberts et al.
2002). They normally allow very small stimuli such as a few hormone mole-
cules to control often massive biological responses. By taking part in these
cascades, calcium ions act as master gain controls that regulate many aspects
of metabolism, and could affect chlorophyll synthesis, and the growth and
regeneration in whole plants and tissue cultures.

11.2 Polar effects of DC electric fields

11.2.1 Direct current effects on single cells

Weak artificially applied electric currents can initiate the development of
electrical polarity in single cells such as zygotes and so affect their direction
of growth. This is probably because the asymmetric calcium ingress on the
positive and negative sides of the cells results in metabolic gradients that
determine which end of the cell grows first. A link between artificially applied
electric currents and polar growth was first shown by Lund (1923) in zygotes
of the seaweed Fucus, which becomes polar when it germinates. Although
their direction of growth is normally controlled by the direction of light,
Lund found that a weak electric current applied in the dark made them grow
with their rhizoids (the first visible sign of germination) in line with the cur-
rent. He speculated that the zygotes’ polarities were normally controlled by
electric currents generated by the cells themselves; but we had to wait until
the 1960s for the work of Lionel Jaffe and his co-workers using Fucus and its
close relative Pelvetia for these currents to be confirmed and measured. They
used a vibrating probe to measure the current densities and radioactive trac-
ers to determine their ionic composition (see Jaffe et al. 1974; Jaffe and
Nuccitelli 1977). They found that following unilateral illumination, a weak
electric current entered at a point that predicted the emergence of the rhizoid
and left over the remainder of the cell surface. Similar currents predict the
primary region of growth in many polarizing cells, including, moss spores,
pollen grains and animal zygotes (Jaffe and Nuccitelli 1977). Artificially
applied voltages seem to initiate polar growth, by triggering the development
of the natural currents.

An interesting observation is that the direction of electrically-induced
growth doesn’t always correspond to the sign of the applied voltage. Peng and
Jaffe (1976) showed that zygote growth usually begins towards the cathode,
but it could also be towards the anode depending on the batch of cells used.
This effect could also be voltage-dependent, since some batches of cells grew
towards the cathode at low voltages but towards the anode at higher voltages.
There is a similar voltage-dependence in the galvanotactic migration of animal
cells (Mycielska and Djamgoz 2004), but the mechanism of this reversal is not
yet understood. It does, however, indicate that the cells’ voltage sensing
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mechanisms may be more complex than once thought, and are programmable
to give responses in either direction.

Novék and Bentrup (1973) discovered that the electrical effects on the ger-
mination of the Fucus zygote were voltage rather than current dependent
when they found that they also occurred in pure electrostatic fields. This sug-
gests that voltage-gated ion channels may be the sensors. The first ion to
show polar uptake in the fucoid zygote is calcium (Jaffe et al. 1974), which
suggests that voltage-gated calcium channels may be the main ones involved.
It is argued that the localized calcium uptake stimulates metabolism around
its point of entry and initiates rhizoid development. It also increases the
translocation of other ions to give a much larger inflow of current, which is
tightly focused at the point of calcium entry. The main function of this
“amplified” trans-cellular current is probably to drive the electrophoresis of
proteins with different charge densities to different regions along the electri-
cal axis of the cell in the fluid mosaic of its membranes (Jaffe et al. 1974).
These proteins could be enzymes or anchorage points for specific elements of
the cytoskeleton, but the main effect is to establish a physiological polarity
that controls the direction of growth and other polar metabolic functions.
This mechanism is of fundamental importance to living cells since it provides
a means for DNA, by determining the overall charge on proteins, not only to
define their nature, but also to direct them precisely to different regions along
a cell’s axis using an electrical frame of reference. However, as far as the
experimental scientist is concerned, the trans-cellular currents responsible for
this are excellent indicators of cellular polarity that can be readily measured
with a vibrating probe.

11.2.2 Direct current effects on multicellular structures
11.2.2.1 Effects on plant tissue cultures

The electrical control of cell polarity also occurs in the cells and tissues of
higher plants, where it may help coordinate the polarities of neighboring
cells. Although cellular polarity is normally quite stable, it does have to
change occasionally, such as when a stem or a root initiates a branch or when
there is a tropic curvature. Evidence for the mechanisms by which cellular
polarities are regulated comes from vibrating probe studies on tobacco tissue
cultures, where they seem to be controlled by both polar auxin transport and
by electrical gradients.

Goldsworthy and Mina (1991) found evidence that polar auxin transport
was important when they looked at the growth and electrical patterns of
tobacco cells cultured with different auxins. When they were cultured in
media containing the natural auxin indole-3-acetic acid (which can undergo
polar transport) they tended to grow as filaments of elongated cells that were
electrically polarized longitudinally; mostly in the same direction. However,
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in a medium containing the synthetic auxin 2,4-dichlorophenoxy acetic acid
(2,4-D) (which does not show polar transport), the cells were more com-
monly isodiametric and grew as random clusters with unstable and randomly
oriented trans-cellular currents. This suggests that the polar transport of
auxin is a prerequisite for clearly defined trans-cellular currents and orderly
polar growth. This is consistent with recent work by Friml et al. (2003), with
auxin transport mutants of Arabidopsis, from which they concluded that
auxin gradients are important in establishing the apical-basal axis of the
embryo. In particular, the polar efflux of auxin from donor cells appeared to
determine the polarity and growth of its daughter cells so that they grew in
orderly columns.

Higher plant cell polarities are also under electrical control. Mina and
Goldsworthy (1991) applied a transverse positive electric current of either
3 or 100 LA/cm? originating from a point source to individual cells of tobacco
cell filaments and mapped their own currents after the applied current was
switched off. They found the cells had electrically re-polarized in line with the
applied current, with their new negative ends next to the positive electrode.
This effect would stabilize the polarities of the cells in a filament since the
negative end of one cell is normally adjacent to the positive end of its neigh-
bor. Closer examination revealed that the electrical patterns of the repolar-
ized cell resembled those of a polarizing fucoid zygote. Current was entering
at the point that had been nearest the electrode, but was leaving more uni-
formly over the rest of the cell; so could the mechanism be similar? Since cal-
cium is important in controlling the polarization of the fucoid zygote, the
tobacco experiment was repeated with no calcium in the external medium.
Although the natural currents were not significantly smaller without calcium,
the cells were unable to repolarize. The same happened even in the presence
of calcium if cobalt ions were added. Since cobalt blocks calcium channels, it
suggests that the cells responded to weak electric currents by opening volt-
age-gated calcium channels, which then reprogrammed their polarities in a
way similar to that of germinating zygotes (Mina and Goldsworthy 1992).

The exact relationship between the control of polarity by auxin and electric
currents is still unclear, but a simple explanation is that the day-to-day physio-
logical polarities of cells are still controlled by the electrophoresis of membrane
proteins driven by their trans-cellular currents as proposed by Jaffe et al.
(1974), and it is this that makes them vulnerable to externally applied currents.
The function of auxin is to focus the electrical patterns of the cells more pre-
cisely to accentuate cellular polarity. The mechanism by which this might occur
is surprisingly simple. The point of current entry into the cell is already tightly
focused at the apical end as described above for the fucoid zygote, but current
egress (mostly via H*ATPases) is more uniformly spread over the rest of the cell
surface, to give only a crude electrical polarity. Polar auxin transport should
sharpen this by generating a positive feedback loop that limits current efflux to
a relatively small region near the basal end of the cell as follows. If, as might be
expected from the proposals of Jaffe et al. (1974), the auxin efflux system is
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targeted electrophoretically! away from the cell apex, it would still be relatively
broadly distributed and give only a weakly polar auxin output towards the base.
However, the released auxin should stimulate the activity of the local plasma
membrane H*ATPases (Taiz and Zeiger 2002), to give a corresponding pattern
of proton efflux, also with maximum near the base. This will concentrate trans-
cellular current-flow to this region and attract still more of the auxin efflux sys-
tem. The process continues until most of the auxin efflux and proton efflux
becomes focused in small area so as to amplify and stabilize cellular polarity.
Cells then divide transversely to the direction of current and auxin flow, with
the daughter cells sharing the same polarity to give the ordered polar filaments
seen by Goldsworthy and Mina (1991). Therefore, both polar auxin transport
and polar current-flow seem essential for the development of normal cell polar-
ity in nature. Given the simplicity of the mechanism just proposed for auxin
focusing trans-cellular currents and the fundamental importance of this for
organized growth, we may be looking at one of the first functions for auxin ever
to have evolved, perhaps preceding all others.

11.2.2.2 Tropic curvatures

The interaction between auxin and trans-cellular currents proposed above
can also account for the transverse electrical potentials that occur in plant
organs prior to tropic curvatures. For example, many workers have reported
that the lower surfaces of organs (such as cereal coleoptiles) showing negative
gravitropism become electrically positive when placed horizontally, and this
is associated with an excess of auxin in the lower region. Also, adding auxin
asymmetrically to the apex of the vertical organ gives a similar electrical
effect and curvature.

We can now explain this by saying that the transverse auxin imbalance
partially reorients the electrical polarities of the organ’s cells by stimulating
proton efflux from the parts of their plasma membranes exposed to the high-
est auxin concentration. The result is the development of the observed trans-
verse electrical potentials and also the transverse pH gradients reported by
Mulkey et al. (1981) in tropically stimulated organs. What it means is that the
cells’ normally longitudinal electrical polarities are now partially redirected
sideways, which gives a tropic curvature as their direction of growth attempts
to follow their new electrical polarities.

The reader will recognize the above as being a modification of the original
Cholodny-Went hypothesis described in most textbooks (e.g. Taiz and Zeiger
2002). It still needs an apical transverse redistribution of auxin in response to the
stimulus, and also a basipetal transmission of this imbalance, but the main

The auxin efflux system is transported in vesicles via the cytoskeleton to its destination (see
Muday et al. 2003 for a brief review) but the plasma membrane proteins that act as the targets
for this transport are probably still put in position electrophoretically.
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driving force for curvature is now a change in the direction of the polar growth
of individual cells rather than a differential growth rate on either side of the
organ. This overcomes one of the major objections to the original
Cholodny-Went hypothesis; that being that the measured 2:1 ratio of auxin on
either side of the organ is not enough to cause the observed difference in growth-
rate. Because the relationship between auxin concentration and growth-rate is
logarithmic, a difference in auxin concentration of orders of magnitude would
be required if a growth-rate differential were to be the main driving force.

11.3 Effects of weak time-varying electromagnetic fields

11.3.1 Phenomenology

The effects of weak time-varying electromagnetic fields on living organisms
are many and varied, and they have spawned a vast literature, largely in
response to their alleged links to the promotion of cancer in animals (Wilson
et al. 1990). Experiments have often proved difficult to reproduce in different
laboratories for reasons to be described later, but there is little doubt that
many of the effects are real.

Both the electrical and the magnetic components of the electromagnetic
fields are effective. Biological effects have been reported with electric fields in
the region of 10-10,000 mV/m (Adey 1990) and magnetic flux densities of the
order of microtesla. It is difficult to be precise about the magnetic flux densi-
ties needed since the effect probably depends on their ability to induce elec-
tric currents in the tissue, and this depends on a number of other factors such
as waveform. For example, pulses and square waves are more effective than
sine-waves, at least partly because their rapid rise and fall times generate
larger current spikes. It has been calculated that time-varying fields must
induce tissue current densities greater than about 1 mA/m? if they are to
produce biological effects (Tenforde 1990).

Effects of weak electromagnetic fields on growth and metabolism have
been reported at all levels of evolution throughout the eukaryotes, with plants
being no exception. They include changes in the motility of diatoms (McLeod
et al. 1987), changes in the germination and seedling growth of radish (Smith
et al. 1993), stimulation of root growth in maize (Muraji et al. 1998) and cress
(Stenz et al. 1998) and cytological changes with faster resin production and
senescence in mature pine trees (Selaga and Selaga 1996). Effects are most
apparent at low frequencies (below a few thousand Hz) and much of the
research work has concentrated on the extremely low frequency range, espe-
cially around 60 Hz, which is the frequency of domestic electricity supplies in
the USA. Radio frequencies are mostly ineffective unless they are amplitude
modulated at a low frequency, in which case they have a similar biological
effect to the low frequency modulation envelope.



Effects of Electrical and Electromagnetic Fields on Plants and Related Topics 255

The fact that responses to electromagnetic field are so widespread and that
they also occur in unicells suggests that they have a common mechanism based
at the cellular level, but until now there has been no convincing explanation. Any
explanation must account for each of the following generally accepted facts:

1. The observed biological effects of weak electromagnetic fields differ in dif-
ferent organisms and tissues, and their expression may also depend on
their previous history.

2. The fields involved are usually too weak to cause significant heating.

3. The fields concerned usually contain both electrical and magnetic compo-
nents but either can be effective on its own.

4. Pulses are often more effective than sine waves.

5. Weak fields may be more effective than strong ones and there may be one
or more “amplitude windows” where they give maximal effects.

6. Only low frequencies work and some specific frequencies such as 16 Hz
may be especially effective to give so called “frequency windows”.

7. Radio frequencies can have biological effects, provided that they are
amplitude modulated with a biologically active low frequency.

Despite the seeming complexity of the above phenomena, they can all be
explained by a new and very simple hypothesis based on electromagnetically
induced changes in the permeability of the phospholipid fraction of cell
membranes.

11.3.2 Hypothesis

1. Weak time-varying electromagnetic fields are detected by living organisms
because they generate eddy currents in and around their cells.

2. Low frequency eddy currents selectively remove calcium ions that nor-
mally stabilize cell membranes and replace them by less effective monova-
lent ions (mainly potassium), which increases their permeability.

3. This process is enhanced at the ion cyclotron resonant frequency for potas-
sium because it increases the kinetic energy of potassium ions in the diffuse
ion layer around the membrane and therefore their ability to replace
calcium.

4. Voltage-gated calcium ion channels are involved indirectly by amplifying
the effects initiated by the change in phospholipid permeability.

5. Radio waves that are amplitude modulated at the resonant frequencies for
biologically active ions give responses because the asymmetrical motion of
ions adjacent to the membrane demodulate the signal and promote their
resonance.

6. The electromagnetically induced increase in membrane permeability
weakens cellular compartmentation and lets in more free calcium ions into
the cytosol to interfere with cell signaling.

I will now discuss each item of the hypothesis in turn.
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11.3.3 Why are eddy currents necessary?

A major problem in explaining the biological effects of weak electromagnetic
fields is fact that they do not have enough energy to give chemical effects on
individual molecules. The energy available to a molecule from biologically
active signals may be many orders of magnitude below the thermal energy of
that molecule (kT) and should therefore be negligible. However, in an elec-
trically conducting medium such as a living cell or its aqueous surroundings,
the electromagnetic forces can be summed by countless ions to generate eddy
currents in synchrony with the incoming electromagnetic signal and so col-
lect enough energy to give significant effects. A non-biological example of
this is the antenna of a radio picking up weak signals from a distant trans-
mitter. They may be orders of magnitude below the thermal energy of the
atoms of the antenna but can still be detected by the currents they generate,
which are then amplified by its transistors. Living cells can behave in a way
analogous to transistors. Weak eddy currents flowing in and around them
can selectively remove calcium ions bound to the phospholipid fraction of
their membranes to make them more permeable (equivalent to the base of the
transistor). This permits the entry of many more free calcium ions down a
huge electrochemical gradient into the cytosol (equivalent to the collector cur-
rent of the transistor), which reduces the membrane potential and interferes
with calcium-based cell signaling.

11.3.4 How do low frequency eddy currents affect membrane
permeability?

It is now widely accepted that biological membranes are stabilized by diva-
lent cations (Baureus Koch et al. 2003). Evidence for this is that erythrocyte
ghosts (red blood cells that have lost their contents) are protected from
breaking up into vesicles by divalent cations (Steck et al. 1970; Lew et al.
1988). Also washed carrot discs leak intracellular potassium ions into dis-
tilled water but not into 1 mM calcium chloride solution (Goldsworthy,
unpublished). The latter is probably due to the transient formation of pores
in the phospholipid fraction of cell membranes, which gives a relatively non-
specific increase in permeability. The generation and re-sealing of such
pores has been demonstrated in artificial planar phospholipid membranes
as spontaneous transient changes in their conductance (Melikov et al. 2001).
Ha (2001) made a theoretical study of the role of divalent ions such as cal-
cium in stabilizing membranes against pore formation. He concluded that
their double positive charge is more effective at screening the natural repul-
sive forces between the negative phospholipids and, by being divalent, they
can cross-link neighboring phospholipid molecules. Monovalent ions such
as potassium are much less able to do either of these, so an electromagneti-
cally induced loss of calcium from cell membranes and their replacement by
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monovalent ions should increase their tendency to pore-formation and
increase their permeability.

The first evidence that electromagnetic fields can remove membrane-
bound calcium came from Bawin et al. (1975) and Bawin and Adey (1976).
They exposed chick and cat brain slices to *’Ca*" and examined the effects of
electromagnetic exposure on its subsequent release. They found that its
release was stimulated when the tissue was exposed to VHF signals, ampli-
tude modulated at what we now know to be the resonant frequency for potas-
sium ions. This effect was insensitive to cyanide and they concluded that a
purely physical process was releasing ions bound to the cell membranes.
However, when the experiment was repeated with the low frequency compo-
nent of the signal on its own, the effect was reversed. There was now a mini-
mum for calcium release at the potassium frequency. This suggests that some
of the dislodged calcium was now being absorbed into the tissue down its nat-
ural electrochemical gradient. The cause of this “mirror image” effect was
unknown at the time, but can now be explained by the hypothesis. The expla-
nation is that the tissue can extract the biologically active low frequency com-
ponent from the signal (see section 3.7) but only at a low level. It may have
been strong enough to release some of the membrane-bound calcium, but not
enough to trigger the large-scale inward leakage of free calcium seen with the
pure low frequency signal.

We can postulate two mechanisms by which weak electromagnetic signals
remove membrane-bound calcium. One is amplitude-dependent and the
other is frequency-dependent. Although they will interact with one another,
it is convenient to consider them separately to begin with. In this section,
I will concentrate on the amplitude dependent mechanism. The frequency
dependent mechanism will be explained in section 3.5.

11.3.4.1 Amplitude dependent mechanism

Cell membranes are usually negatively charged and bind mineral cations
reversibly (Ha 2001). Applying an alternating electric field tends to drive
these ions off and on the membrane with each half-cycle. However, they will
only dislodge if the combined effects of thermal agitation and the electrical
forces trying to remove them exceed the forces binding them to the mem-
brane. The threshold at which this occurs will depend on the charge/mass
ratio of the ion concerned, the natural affinity of the membrane for it, and the
availability of ions with a lower charge/mass ratio, with which it might
exchange. In general, ions with high charge/mass ratios should be affected
more and be dislodged at a lower voltage. The exact effect will depend on
strength of the field. If it is below the threshold for any ion to dislodge, noth-
ing much will happen. If the threshold voltage for all ions is exceeded, they
will all have an equal tendency to dislodge but will return in the same pro-
portions when the field reverses. Again, there will be no observable effect.
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Between these extremes, there will be a range when the thresholds for only
some ions will be exceeded and these will be preferentially dislodged. They
may return when the field reverses, but if they have diffused too far, they may
be replaced by other ions in proportion to their local activities. This will
change the relative concentrations of the different ions bound to the mem-
brane since specific ions with a high charge/mass ratio are being removed,
but they are being replaced by a less specific mixture. The process will be
repeated with every cycle to give a selective and progressive loss of ions with
high charge/mass ratios.

Many ions may contribute to this effect by competing for sites on the
membrane, but the most important for membrane stability are calcium and
potassium. Calcium has a high affinity for the membrane and stabilizes it
against temporary pore-formation (Ha 2001). Potassium has a lower affinity
for the membrane but this is compensated by its high intracellular concen-
tration. Potassium is easily the most abundant cation in living cells. A typical
plant cell has a potassium concentration of 100 mM or more, which is about
5 orders of magnitude greater than cytosolic calcium. It is therefore a serious
competitor with calcium for sites on the membrane. Since it has a
charge/mass ratio only half that of calcium, it will also be harder to dislodge
electrically and will be the most likely ion to replace any lost calcium.

Since the selective release of calcium described above can occur only over
a narrow range of voltages, this gives us an “amplitude window” for changes
in membrane permeability and their biological effects. Such windows have
been reported by many workers (Bawin and Adey 1976; Blackman et al. 1982;
Blackman 1990; Liboff et al. 1990), where biological effects were maximal
within distinct but varied ranges of signal amplitude. Often, there were two or
more windows. Multiple windows may be explained because eukaryotic cells
have several membrane systems, each with differing surface properties, ionic
environments and exposures to the electrical component of the applied field.
All of these factors will affect the ease with which bound calcium might be
replaced by other ions and therefore the optimum strength of electromag-
netic signal needed. Each membrane system could therefore have its own
window for maximum permeability and, since they often surround calcium-
rich organelles, there could be several amplitude windows for biological
activity, even in a single cell.

The proposed hypothesis also explains why the effects of weak electro-
magnetic fields only occur at low frequencies. This is because there must be
time for the released calcium ions to diffuse well away from the membrane if
they are to be replaced by monovalent ions before the field reverses. Also
explained is the observation that pulses and square waves are more effective
than sine waves of the same amplitude. This is because the rapid rise and fall
times of the magnetic component of these fields give voltage spikes that cat-
apult the calcium ions quickly away from the membrane, followed by a rela-
tively long period for the lost ions to be replaced by less affected species such
as potassium before the field reverses.
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11.3.5 Why are some frequencies more effective than others?

The ability of different ions to replace dislodged calcium will depend on their
relative chemical activities in the surrounding medium rather than their con-
centrations. These activities also include other components that may affect
their ability to react, such as an increase in kinetic activity due to ion
cyclotron resonance. The response will therefore hit an extreme value at the
resonant frequency for the ion concerned.

11.3.5.1 What is ion cyclotron resonance?

Ion cyclotron resonance can occur when ions move through a steady mag-
netic field. Lorentz forces drive them into orbit around the lines of force of
the steady field at a characteristic “resonant” frequency that depends on their
charge/mass ratio and the strength of the steady field. If these ions are simul-
taneously exposed to either an electrical or a magnetic field that oscillates at
this frequency, they absorb its energy and gradually increase the size of their
orbits. This increases their kinetic energy, which increases their chemical
activity and ability to react. The resonant frequency for any ion can be
determined from the formula:

Ion Charge (Coulombs) X Steady Field Strength (Tesla)
Ion Mass (Kg) X 27

Frequency (Hz) =

11.3.5.2 What are the biological effects of resonance?

The two most important frequencies for biological effects are those for potas-
sium and calcium. The resonant frequency for potassium in the Earth’s mag-
netic field is around 16 Hz and that for calcium is about 32 Hz (the exact
values depend on local field strength). The frequencies for these ions are
important since they give extreme but opposite biological effects (Smith et al.
1993; Mehedintu and Berg 1997). Extreme responses at the potassium fre-
quency have been reported so many times that their reality is beyond dispute
(Tenforde 1990). Evidence that it is due ion cyclotron resonance was obtained
by adjusting the steady magnetic field to different values, when the peak
response occurred at the predicted new resonant frequencies (Smith et al.
1993). But until now, there has been no satisfactory explanation. An early
proposal by Liboff (1985) that the helical movement of resonating ions lets
them corkscrew their way through ion channels was criticized by several
workers (Halle 1988; Tenforde 1990) because it needs an exact alignment of
the channels with the magnetic field, their transit time in the channels is too
short for even one orbit, and their high frequency of collision with other mol-
ecules in the solution and with the stationary sides of the channel may not
permit their resonance anyway.
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The present hypothesis avoids these difficulties. There is no time limit for
resonance to build up, and the ions do not have to move in any particular
direction. All they need do is to increase their kinetic energy and so enhance
their chemical activity compared with competing ions. Collisions are also less
problematical, since most of the ions near the negatively-charged cell mem-
brane will be positively charged and will all tend to vibrate in synchrony with
the electromagnetic field. This will occur regardless of whether they are actu-
ally resonating. They may also transfer some of this energy to adjacent
uncharged molecules so that the whole region next to the membrane will have
a component of its molecular motion that is synchronous with the applied
field. Consequently, collisions of a resonating ion with any of these molecules
will tend to reinforce rather than detract from its resonance.

Evidence that resonance can increase chemical activity, even in purely
physical systems, comes from the work of Zhadin et al. (1998), who showed
that the electrolysis of glutamate was enhanced by an electromagnetic field at
its resonant frequency. The frequency corresponded to that of the unhy-
drated ion, which suggests that it is an effect at the electrode surface, since
ions in the bulk solution are normally hydrated and would have a different
frequency. I suggest that the most likely interpretation of these results is that
the electromagnetic exposure of the glutamate ion to its resonant frequency
increased its kinetic energy and chemical activity, which assisted its discharge
at the electrode. It therefore seems probable that a similar electromagneti-
cally induced increase in the chemical activity of potassium ions will enhance
their ability to deposit on cell membranes to replace bound calcium and
increase permeability.

Further evidence supporting the hypothesis comes from the observations
that electromagnetic exposure near the resonant frequency for calcium gives
opposite biological effects to the potassium frequency. Mehedintu and Berg
(1997) found a significant stimulation of yeast multiplication at the potas-
sium frequency but an inhibition at the calcium frequency. Smith et al. (1993)
found that the potassium frequency stimulated the germination of radish
seeds but the calcium frequency inhibited it. This is what we would expect,
since the potassium frequency would enhance ambient potassium activity,
help it replace membrane-bound calcium and increase permeability. The cal-
cium frequency would increase the activity of ambient calcium ions so that
they compete more effectively with potassium and decrease permeability. The
two frequencies should therefore affect cell signaling and their metabolic
consequences in opposite directions. This effect may prove useful in mitigat-
ing some of the claimed ill effects of electromagnetic exposure at 16 Hz and
possibly other frequencies.

The hypothesis also explains some of the other more curious “frequency
windows” phenomena. For example, Liboff et al. (1990) quote a maximum for
diatom motility not only at the potassium resonant frequency but also at its
even harmonics. However, the odd harmonics were inhibitory. Blackman
(1990) quotes similar results for calcium release from brain tissue. We would
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expect potassium resonance also to be supported by its harmonics and stim-
ulate calcium release and diatom motility, but why were the odd harmonics
inhibitory? This too can be explained by the hypothesis since the charge/mass
ratio for the calcium ion is almost exactly double that for potassium. This
means that the fundamental frequency for calcium corresponds to the first
harmonic for potassium; thereafter every odd potassium harmonic corre-
sponds to a calcium harmonic. Simultaneous calcium resonance where the
harmonics share a frequency (the odd potassium harmonics) should there-
fore reverse the extra calcium release and consequent increase in permeabil-
ity that might have occurred from potassium resonance. But not all frequency
windows can be explained in terms of calcium and potassium harmonics.
Blackman (1990) also reports some extrema for calcium release that didn’t
correspond to this relationship. We might be tempted to think that they could
correspond to the resonant frequencies (or their harmonics) of other ions to
allow them also to compete more effectively for the calcium sites on the
membrane, but this needs further investigation.

11.3.6 How are ion channels involved?

Much research has been done on the possible roles of ion channels in bio-
electromagnetic responses, but there is no convincing evidence that they are
the primary receptors of the stimulus. By contrast, as we have just seen, there
is considerable evidence that the phospholipid fraction of the cell membrane
may be responsible. But if this is so, we must explain the observation by
Barbier et al. (1996) that blocking calcium channels partially inhibited the
electromagnetically-induced uptake of calcium in cultured cells, which sug-
gests that ion channels must also play a role. This could be true, since even
a non-specific increase in the permeability of the lipid fraction would par-
tially short-circuit the membrane potential, reduce its voltage and open
voltage-gated calcium channels. This would then amplify the effect, and make
the whole response partially (but not completely) sensitive to the channel
blocker. This interpretation is supported by Obo et al. (2002), who found no
effect of electromagnetic treatment on calcium channel currents in animal
cells when they were patch-clamped at a constant voltage. However, Baureus
Koch et al. (2003) were able to show an increase in the passive leakage of
45Ca?* from inside-out spinach plasma membrane vesicles at the calcium fre-
quency, presumably via voltage gated calcium channels, since these would be
fully open in the absence of an actively maintained membrane potential. This
is not inconsistent with our hypothesis since an electromagnetically-induced
increase in calcium activity would also promote its passive diffusion through
the ion channels. However, this still does not explain what happens under
natural conditions, when these calcium channels would normally be held
closed by the membrane potential. They also found no effect on calcium
efflux at the potassium resonant frequency corresponding to that found by
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Bawin et al. (1975), so it is probable that the two phenomena are not related
and the hypothesis that it is the phospholipid fraction of the cell membrane
that normally perceives the electromagnetic stimulus remains intact.
However, we cannot deny that voltage gated calcium channels play a part in
the biological responses to electromagnetic fields, but they seem only to
amplify the response after the membrane potential has been reduced by the
change in phospholipid permeability.

11.3.7 How do modulated radio waves give their effects?

Although much work has been done on the effects of radio waves on animals,
relatively little has been done on their effects on plants. However, significant
abnormalities have been detected in plants as diverse as pine trees (Selaga
and Selaga 1996) and duckweed (Magone 1996) following exposure to pulsed
radiation from radar installations, and there is no reason to believe that the
mechanism by which they are perceived is significantly different from that in
animals. It is widely accepted that continuous unmodulated radio waves are
of too high a frequency to give biological effects but they do become effective
when pulsed or amplitude modulated at a low frequency. It was once thought
that non-linearities in the electrical properties of cell membranes rectify and
demodulate the signal to regenerate the biologically-active low frequency.
But these non-linearities disappear with carrier waves above a few MHz and
the biological effects of modulated signals extend well beyond this. Also, even
if the membranes could rectify these signals, it still does not explain how any
extracted low-frequency component might work.

However, the present hypothesis explains how amplitude modulated radio
signals, even at very high frequencies, can affect calcium release, membrane
permeability and cell signaling; all without rectification. Let us draw an anal-
ogy with a child continuously bouncing a ball. The harder he hits it, the
higher it bounces and the greater is its mean height. A coherent radio signal
will do the same for the diffuse layer of unhydrated cations layer next to the
negative surface of a membrane. Because the motion of the ions is limited in
one direction by the membrane, the mean electrical centre of the layer will
rise and fall in synchrony with the amplitude of the low-frequency envelope.
These excursions are limited by the amplitude of the carrier wave and may be
too small to give a direct biological response, particularly with high carrier
frequencies. But if the modulating frequency corresponds to the resonant fre-
quencies of any ambient ions, they will absorb energy from the slowly oscil-
lating electrical centre of the cation layer and increase their chemical activity.
This would explain the findings of Bawin et al. (1975) when they treated
[potassium rich] brain slices with amplitude modulated VHF signals. The sig-
nals released calcium from the tissue, but only when the modulating frequency
corresponded to the resonant frequency for potassium.
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11.3.8 How does membrane permeability affect metabolism?

It has long been suspected that the multitude of different effects of weak elec-
tromagnetic radiation in different tissues is due to its promoting the entry of
calcium into the cytosol, where it interferes with their characteristic cell sig-
naling patterns. Liburdy et al. (1993) found evidence for this when they
showed that the transcription of genes in cultured rat cells was enhanced by
electromagnetic treatment and that this was associated with a calcium influx.
They proposed that the extra calcium interfered with intracellular signaling
cascades to affect gene transcription. Calcium ions often take part in these
cascades, where they help to activate many aspects of metabolism. The huge
variety of biological responses to electromagnetic fields can therefore be
explained by the cells of different tissues or species having different cascades
available for activation. These proposals also explain the poor reproducibil-
ity of many bioelectromagnetic experiments, since similar cells with different
histories may have different cascades available. Also any factors that impair
the cells ability to expel surplus calcium, such a starvation or stress, will affect
the final response. Last but not least, a large increase in cell permeability to
calcium may itself give stress responses, since cells are also programmed to
use high levels of internal calcium as an indication of serious membrane
damage. Responses to high calcium include the closure of gap junctions
(Alberts et al. 2002) and possibly plasmodesmata, which could inhibit the
transmission of an electrical signal through a tissue and affect our experi-
ments. It may also be why electromagnetic exposure can also promote the
transcription of stress-related genes such as that for the heat-shock protein
hsp70 (Goodman et al. 1994). It therefore probable that an over-large increase
in electromagnetic exposure could convert what might have been a stimulatory
response into an inhibitory one.

Many attempts have been made to verify Liburdy’s hypothesis by measur-
ing cytosolic calcium with fluorescent probes such as fura-2. Although some
significant effects of electromagnetic treatment have been reported, many of
the results have been inconclusive. This is partly because it only measures
transient free cytosolic calcium and not that which has been bound to organic
molecules or homeostatically expelled from the cytosol. There are also tech-
nical problems, for example Ihrig et al. (1997) found that increasing the dose
of UV to excite the probe gave an unexplained increase in the response to
electromagnetic treatment. Perhaps the UV was damaging the ATP-driven
calcium extrusion system to make electromagnetically induced calcium
uptake more visible, which is consistent with Liburdy’s proposals. Another
extremely important finding by Ihrig et al. (1997) was that cells showing a sig-
nificant increase in cytosolic calcium in response to electromagnetic treat-
ment also showed a greater leakage of the fura-2. This suggests that the
electromagnetically induced increase in membrane permeability is not spe-
cific for calcium. This is consistent with the present hypothesis and implies
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that at least some of the metabolic effects of electromagnetic exposure may
also be due to a more general breakdown of membrane containment and
intracellular compartmentation.

11.3.9 Summary of the hypothesis

Time-varying electromagnetic fields induce eddy currents in and around living
cells that remove some of the calcium ions that help to stabilize their mem-
branes. These calcium ions are replaced by ions with a lower charge/mass ratio
(mainly potassium) less able to stabilize the membrane. This increases the
formation of transient pores to increase membrane permeability and affect
metabolism.

Only low frequency signals are effective because a slow diffusion process
must occur within each half-cycle for the membrane-bound calcium to be
replaced by other ions. The selective removal of calcium from membranes can
only occur at voltages close to the threshold for its release and results in
“amplitude windows” for the biological response. Multiple amplitude win-
dows occur because eukaryotic cells have several membrane systems, each
with their own characteristics for calcium release.

Electromagnetic fields at specific frequencies are particularly effective and
give rise to “frequency windows” for biological responses. These often corre-
spond to the ion cyclotron resonance frequencies (and their harmonics) for
biologically important ions; notably those for potassium and calcium. When
an ion is exposed to its resonant frequency, it increases its kinetic energy and
ability to compete for binding sites on cell membranes. Exposure at the
potassium frequency (16 Hz) increases the kinetic energy of potassium ions,
which enables it to replace calcium more easily in the cell membrane to
increase permeability. Exposure at 32 Hz (the calcium frequency) increases
the activity of calcium and makes it compete more effectively with potassium,
to reduce membrane permeability. They therefore give opposite biological
effects. The ability of the calcium frequency to reverse the effects of the potas-
sium frequency (and possibly of those of other frequencies) is important,
since it may provide a way to mitigate some of the claimed ill effects of
exposure to weak time-varying electromagnetic fields.

Radio waves can also give biological effects, but only if they are pulsed or
amplitude modulated at biologically active low frequencies. This is because
the modulated wave makes the layer of cations next to the membrane swell
and shrink in time with the low frequency envelope. The consequent rise and
fall of its electrical centre feeds the resonance of ions tuned to the modulat-
ing frequency and allow them to accumulate enough energy, even from weak
signals, to give biological effects.

The electromagnetically induced changes in membrane permeability
affect metabolism principally by allowing calcium to enter the cytosol down
a very large electrochemical gradient, where they give a variety of effects by
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interfering with cell signaling. However, because the change in membrane
permeability is not specific, there could also be other effects not necessarily
attributable to calcium ingress.

References

Adey WR (1990) Electromagnetic fields, cell membrane amplification, and cancer promotion.
In: Wilson BW, Stevens RG, Anderson LE (eds) Extremely low frequency electromagnetic
fields: the question of cancer. Battelle Press, Columbus, Ohio, pp 211-249

Alberts B, Bray D, Lewis ] et al. (2002) Molecular biology of the cell. Garland Science, New York

Barbier E, Veyret B, Dufy B (1996) Stimulation of Ca?* influx in rat pituitary cells under expo-
sure to a 50 Hz magnetic field. Bioelectromagnetics 17:303-311

Baureus Koch CLM, Sommarin M, Persson BRR, Salford LG, Eberhardt JL (2003) Interaction
between weak low frequency magnetic fields and cell membranes. Bioelectromagnetics
24:395-402

Bawin SM, Adey WR (1976) Sensitivity of calcium binding in cerebral tissue to weak environ-
mental electric fields oscillating at low frequency. Proc Natl Acad Sci USA 73:1999-2003

Bawin SM, Kaczmarek KL, Adey WR (1975) Effects of modulated VHF fields on the central
nervous system. Ann N Y Acad Sci 247:74-81

Blackman CF (1990) ELF effects on calcium homeostasis. In: Wilson BW, Stevens RG, Anderson
LE (eds) Extremely low frequency electromagnetic fields: the question of cancer. Battelle
Press, Columbus, Ohio, pp 189-208

Blackman CF, Benane SG, Kinney LS, House DE, Joines WT (1982) Effects of ELF fields on cal-
cium-ion efflux from brain tissue in vitro. Radiat Res 92:510-520

Blackman VH (1924) Field experiments in electroculture. ] Agricult Sci 14:240-267

Blackman VH, Legg AT (1924) Pot culture experiments with an electric discharge. J Agricult Sci
14:268-273

Blackman VH, Legg AT, Gregory FG (1923) The effect of direct current of very low intensity on
the rate of growth of the coleoptile of barley. Proc R Soc Lond B 95:214-228

Briggs LJ, Campbell AB, Heald RH, Flint LH (1926) Electroculture. US Dept Agriculture,
Bulletin 1379

Dijak M, Smith DL, Wilson TJ, Brown DCW (1986) Stimulation of direct embryogenesis from
mesophyll protoplasts of Medicago sativa. Plant Cell Rep 5:468-470

Friml J, Vieten A, Sauer M, Weijers D, Schwarz H, Hanann T, Offringa R, Jurgens G (2003)
Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis. Nature
246:147-153

Goldsworthy A (1996) Electrostimulation of cells by weak electric currents. In: Lynch PT, Davey
NR (eds) Electrical manipulation of cells. Chapman and Hall, New York, pp 249-272

Goldsworthy A, Mina MG (1991) Electrical patterns of tobacco cells in media containing indole-
3-acetic acid or 2,4-dichlorophenoxyacetic acid. Planta 183:368-373

Goodman R, Blank M, Lin H, Dai R, Khorkova O, Soo L, Weisbrot D, Henderson A (1994)
Increased levels of hsp70 transcripts induced when cells are exposed to low frequency elec-
tromagnetic fields. Bioelectrochem Bioenerg 33:115-120

Ha B-Y (2001) Stabilization and destabilization of cell membranes by multivalent ions. Phys Rev
E 64:051902 (5 pages)

Halle B (1988) On the cyclotron resonance mechanism for magnetic field effects on transmem-
brane ion conductivity. Bioelectromagnetics 9:381-385

Thrig I, Heese C, Glaser R (1997) Alterations in intracellular calcium concentration in mice neu-
roblastoma cells by electrical field and UVA. Bioelectromagnetics 18:595-597

Jaffe LF, Nuccitelli R (1977) Electrical controls of development. Annu Rev Biophys Bioeng
6:445-476



266 Andrew Goldsworthy

Jaffe LF, Robinson KR, Nuccitelli R (1974) Local cation entry and self-electrophoresis as an
intracellular localisation mechanism. Ann N Y Acad Sci 238:372-389

Lemstrom K (1904) Electricity in agriculture and horticulture. Electrician Publications, London

Lew VL, Hockaday A, Freeman CJ, Bookchin RM (1988) Mechanism of spontaneous inside-out
vesiculation of red cell membranes. ] Cell Biol 106:1893-1901

Liburdy RP, Callahan DE, Harland ], Dunham E, Sloma TR, Yaswen P (1993) Experimental evi-
dence for 60 Hz magnetic fields operation through the signal transduction cascade. FEBS
334:301-308

Liboff AR (1985) Geomagnetic cyclotron resonance in living cells. J Biol Phys 13:39-51

Liboff AR, McLeod BR, Smith SD (1990) Ion cyclotron resonance effects of ELF fields in bio-
logical systems. In: Wilson BW, Stevens RG, Anderson LE (eds) Extremely low frequency
electromagnetic fields: the question of cancer. Battelle Press, Columbus, Ohio, pp 251-289

Lund EJ (1923) Electrical control of organic polarity in the egg of Fucus. Bot Gaz 76:288-301

Magone I (1996) The effect of electromagnetic radiation from the Skrunda Radio Location
Station on Spirodela polyrhiza (L) Schleiden cultures. Sci Total Environ 180:75-80

McLeod BR, Smith SD, Liboff AR (1987) Potassium and calcium cyclotron resonance curves and
harmonics in diatoms (A. coffeaeformis). ] Bioelectr 6:153-168

Mehedintu M, Berg H (1997) Proliferation response of yeast Saccharomyces cerevisiae on elec-
tromagnetic field parameters. Bioelectrochem Bioenerg 43:67-70

Melikov KC, Frolov VA, Shcherbakov A, Samsonov AV, Chizmadzhev YA, Chernomordik LV
(2001) Voltage-induced nonconductive pre-pores and metastable single pores in unmodi-
fied planar lipid bilayer. Biophys J 80:1829-1836

Mina MG, Goldsworthy A (1991) Changes in the electrical polarity of tobacco cells following the
application of weak external currents. Planta 186:104-108

Mina MG, Goldsworthy A (1992) Electrical polarization of tobacco cells by Ca*" ion channels.
J Exp Bot 43:449-454

Muday GK, Peer WA, Murphy AS (2003) Vesicular cycling mechanisms that control auxin
transport polarity. Trends Plant Sci 8:301-304

Mulkey TI, Kuzmanoff KM, Evans MI (1981) Correlations between proton efflux and growth
patterns during geotropism and phototropism in maize and sunflower. Planta 152:239-241

Muraji M, Asai T, Wataru T (1998) Primary root growth rate of Zea mays seedlings grown in an
alternating magnetic field of different frequencies. Bioelectrochem Bioenerg 44:271-273

Murr LE (1963) Plant growth responses in a stimulated electric field environment. Nature
200:490-491

Mycielska ME, Djamgoz MBA (2004) Cellular mechanisms of direct-current electric fields
effects: galvanotaxis and metastatic disease. J Cell Sci 117:1631-1639

Novak B, Bentrup FW (1973) Orientation of Fucus egg polarity by electric ac and dc fields.
Biophysik 9:253-260

Obo M, Konishi S, Otaka Y, Kitamura S (2002) Effect of magnetic field exposure on calcium
channel currents using patch clamp technique. Bioelectromagnetics 23:306-314

Peng HB, Jaffe LF (1976) Polarization of fucoid eggs by steady electrical fields. Dev Biol
53:277-284

Rathore KS, Goldsworthy A (1985) Electrical control of shoot regeneration in plant tissue cul-
tures. Bio/Technol 3:1107-1109

Rathore KS, Hodges TK, Robinson KR (1988) A refined technique to apply electrical currents to
callus cultures. Plant Physiol 88:515-517

Schonland BFJ (1928) The interchange of electricity between thunderclouds and the earth. Proc
R Soc Lond A 118:242-262

Selaga T, Selaga M (1996) Response of Pinus sylvestris L needles to electromagnetic fields.
Cytological and ultrastructural aspects. Sci Total Environ 180:65-73

Smith SD. McLeod BR, Liboff AR (1993) Effects of SR tuning 60 Hz magnetic fields on sprout-
ing and early growth of Raphanus sativus. Bioelectrochem Bioenerg 32:67-76

Steck TL, Weinstein RS, Straus, JH, Wallach DFH (1970) Inside-out red cell membrane vesicles:
preparation and purification. Science 168:255-257



Effects of Electrical and Electromagnetic Fields on Plants and Related Topics 267

Stenz H-G, Wohlwend B, Weisenseel MH (1998) Weak AC electric fields promote root growth
and ER abundance of root cap cells. Bioelectrochem Bioenerg 44:261-269

Taiz L, Zeiger E (2002) Plant Physiology. Sinauer, Sunderland, Mass.

Tenforde TS (1990) Biological interactions and human health effects of extremely low frequency
magnetic fields. In: Wilson BW, Stevens RG, Anderson LE (eds) Extremely low frequency
electromagnetic fields: the question of cancer. Battelle Press, Columbus, Ohio, pp 291-315

Wilson BW, Stevens RG, Anderson LE (eds) (1990) Extremely low frequency electromagnetic
fields: the question of cancer. Battelle Press, Columbus, Ohio

Zhadin MN, Novikov VV, Barnes FS, Pergola NF (1998) Combined action of static and alternat-
ing magnetic fields on ionic current in aqueous glutamic acid solution. Bioelectromagnetics
19:41-45



12 Long-Distance Electrical Signaling and
Physiological Functions in Higher Plants

JORG FROMM

12.1 Introduction

Plants possess most of the chemistry of the neuromotoric system in animals,
i.e. neurotransmitter such as acetylcholine, cellular messengers like calmod-
ulin, cellular motors, e.g. actin and myosin, voltage-gated ion channels and
sensors for touch, light, gravity and temperature. Although this nerve-like
cellular equipment has not reached the same great complexity as is the case
in nerves, a simple neural network has been formed within the phloem,
enabling it to communicate successfully over long distances. The reason why
plants have developed pathways for electrical signal transmission most prob-
ably lies in the necessity to respond rapidly to environmental stress factors.
Different environmental stimuli evoke specific responses in living cells which
have the capacity to transmit a signal to the responding region. In contrast to
chemical signals such as hormones, electrical signals are able to rapidly trans-
mit information over long distances. Most of the plant action potentials stud-
ied so far have a velocity in the range of 0.01-0.2 m s™'. However, in soybean,
action potentials reached conduction rates of up to 30 m s7!, similar to the
speed of action potentials in nerves (Volkov et al. 2000).

As regards the origin of the neuronal system in plants, it appears unlikely
that it was adopted from animals. In our search for the common evolutionary
roots of action potentials in plants and animals, we need to look at unicellu-
lar ancestors which do not need to transmit signals over long distances. The
function of electrical transmission has most probably evolved at a later evo-
lutionary stage. The assumption is that in the course of evolution the devel-
opment of plants and animals branched off into different directions. Since
cellular excitability was found to exist in primitive organisms, it is obvious
that both plants and animals inherited their basic neuronal capabilities from
their bacterial ancestors (Simons 1992). Szmelcman and Adler (1976)
observed changes in membrane potential during bacterial chemotaxis. Even
the sensitivity to mechanical touch is known to be an early evolutionary
achievement. Martinac et al. (1987) detected pressure-sensitive ion channels
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in Escherichia coli, suggesting that these channels have an osmotic function.
For the early evolution of action potentials, an osmotic function can also be
assumed in unicellular alga such as Acetabularia (Mummert and Gradmann
1976). A mechanosensitive ion channel was also found in the yeast plasma
membrane (Gustin et al. 1988), providing convincing evidence that plants
inherited mechanical sensitivity from bacterial ancestors in the course of mil-
lions of years of evolution. The characean algae, which include Chara and
Nitella, are also known to be the ancestors of higher plants. Action potentials
were observed in the internodal cells of Nitella in 1898 by Hormann, who used
extracellular electrodes long before they were observed in isolated nerve cells
by Adrian and Bronk (1928). Characean internodal cells respond to electrical
stimulation in a manner similar to the contraction response displayed by
skeletal muscles following electrical stimulation by nerve cells. In characean
cells, electrical stimulation causes the cessation of protoplasmic streaming
which is incited by the same interactions between actin and myosin that cause
contraction in muscles (Hormann 1898). In the course of evolution, once
plants had gained and settled on dry land, their excitability and neuronal
capability were used to develop numerous survival tactics. For instance, one
important step was the development of fast-moving stomatal guard cells in
response to environmental changes, while another was the electrical commu-
nication system which uses the phloem to transmit information over long
distances within the plant body (Fromm and Lautner 2005).

12.2 Perception of electrical signals

Electrical signals can be generated at any site of the symplastic continuum by
environmental stimuli such as changes in temperature, touch or wounding.
Recently, it was found that acid rain also induces action potentials (Shvetsova
et al. 2002), as well as irradiation at various wavelengths which induces action
potentials in soybean with duration times and amplitudes of approximately 0.3
ms and 60 mV, respectively (Volkov et al. 2004). Upon perception, electrical sig-
nals can be propagated via plasmodesmata to other cells of the symplast (van
Bel and Ehlers 2005). As a first step, the plasma membrane is being depolarized,
a process known as formation of the receptor potential, e.g. by mechanical stim-
ulation as observed in Chara (Kishimoto 1968). The receptor potential is an
electrical replica of the stimulus lasting for the period of time that the stimulus
is present. An action potential is evoked when the stimulus is great enough to
depolarize the membrane to below a certain threshold. Subsequently, the action
potential characterized by a large transient depolarization allows the rapid
transmission of information via plasmodesmata (Fig. 12.1). An action potential
usually has an all-or-nothing and self-amplifying character, and it travels
with constant velocity and magnitude (Zawadzki et al. 1991). Electrical coupling
via plasmodesmata was demonstrated in a variety of species such as Nitella
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Fig. 12.1. Electrical signaling in higher plants. Stimulation by cold-shock or touch (star)
induces calcium influx into a living cell, e.g. a mesophyll cell (MC, above). After the membrane
potential is depolarized below a certain threshold level, an action potential is elicited by chlo-
ride and potassium efflux. The signal is propagated over short distances through plasmodesmal
(P) networks and, after it passed the few plasmodesmata between sieve element/companion
cells (SE/CCs) and phloem parenchyma cells (PA), will enter the SE/CC-complex to be trans-
mitted over long distances. Sieve pores (SP) with their large diameters present low-resistance
corridors for a rapid propagation of electrical signals along the SE plasma membrane. Such sig-
nals can leave the phloem at any site via plasmodesmata (below) to affect certain physiological
processes in the neighbouring tissue

(Spanswick and Costerton 1967), Elodea and Avena (Spanswick 1972) and
Lupinus (van Bel and van Rijen 1994), indicating that plasmodesmata are relays
in the signaling network between cells. However, long distances between
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different organs can be bridged rapidly only via low resistance connections,
which extend continuously throughout the whole plant. The sieve tube sys-
tem seems to fulfill these conditions, because the structure of the sieve tube
members is unique and appears to be suitable for the transmission of electri-
cal signals due to the relatively large, unoccluded sieve plate pores, continu-
ity of the plasma membrane and ER (Evert et al. 1973), as well as lack of
vacuoles. Moreover, the low degree of electrical coupling in lateral direction
caused by only few plasmodesmata at the interface between companion cells
and phloem parenchyma cells (Kempers et al. 1998) facilitates long distance
signaling. However, the plasmodesmata may open up, making it possible for
lateral electrical signaling from neighboring cells to be transmitted to the
sieve elements/companion cells (SE/CC, Fig. 12.1). In summary, signal trans-
mission within the plant depends on the electrical conductance of plas-
modesmata in lateral direction as well as on the high degree of electrical
coupling via the sieve pores in longitudinal direction.

12.3 Aphid technique as a tool for measuring electrical
signals in the phloem

Since the phloem is located inside the plant body several cell layers distant
from the plant surface, experiments on electrical signaling via the phloem of
intact plants are difficult to perform. Microelectrode measurements in com-
bination with dye solutions injected into the cell to be measured after obtain-
ing electrophysiological results is a time-consuming technique because the
measured cell type can only be roughly estimated at the beginning and very
often the microelectrode tip was not properly inserted in the phloem as
revealed by microscopic checks after the experiment. Microelectrodes
brought into contact with sieve tube exudates that appear at the cut end of an
aphid stylet (Wright and Fisher 1981; Fromm and Eschrich 1988b), enabled
us to monitor the membrane potential of sieve tubes and its changes after
plant stimulation (Fig. 12.2A, B). The successful use of aphid stylets to meas-
ure electrical signals within the sieve tubes depends on their functioning as
an effective salt bridge between the sieve tube cytoplasm and the microelec-
trode. Sieve tube exudates typically contain high K* concentrations; meas-
urements on barley leaves gave values ranging from 50 to 110 mM (Fromm
and Eschrich 1989). The stylet’s food canal dimensions can be used to roughly
calculate its electrical resistance. Using an average area of 6 um? and assum-
ing the canal to be filled with 100 mM KClI, its resistance would be about
2.6x10° Q (Wright and Fisher 1981). Although this value is about 3 times
greater than the typical resistance of a glass microelectrode, it is still within
the measuring capacities of the electrometer used (input impedance >10'* Q).
The stylets are embedded in hardened saliva, which insulates electrically. For
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Fig. 12.2. Transmission of action potentials (AP) and variation potentials (VP) in sieve tubes of
Mimosa. A Front-view of Rhopalosiphum padi sucking at the base of a petiolus with its stylet
inserted into a sieve element (X 32). B After the aphid separated from its stylet by a laser pulse,
the stylet stump exuded sieve tube sap to which the tip of a microelectrode was attached (x400).
Cooling the apical end of the petilous evoked an action potential (AP) while flaming triggered a
variation potential (VP) transmitted basipetally within the sieve tubes. C Microautoradiography
of the petiolus. *C-labeled photoassimilates from the leaves accumulated in the phloem (P)
which is surrounded by a sclerenchyma sheath (Scl) in order to restrict electrical signaling to
the phloem. Bar, 150 pm. D Microautoradiograph of a cross section of the primary pulvinus at
the base of the petiolus. Labeled photoassimilates are restricted to the phloem strands (P). Since
sclerenchyma tissue is absent, electrical signals can be transmitted laterally from the phloem via
living collenchyma cells (C) to the motor cells (M) which cause the leaf movements by either
losing or gaining turgor. X xylem; Pa parenchyma. Bar, 30 um

instance in Mimosa pudica, a classic example for the conductance of rapid
excitation in higher plants, the microelectrode tip was brought into contact
with the stylet stump at the petiolus with its cut end sealed into saline solution
to which the Ag/AgCl reference electrode was connected. After successful
connection of stylet and mirocelectrode tip a resting potential of —160 mV
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was established, well in line with values found in other species and by other
methods (Eschrich et al. 1988; van Bel and van Rijen 1994). Cooling the api-
cal end of the petiolus evoked a rapidly moving action potential transmitted
basipetally within the sieve tubes at the rate of up to 3-5cm s (AP,
Fig. 12.2B). By contrast, wounding by flaming induced a more slowly mov-
ing signal, also called variation potential, with irregular form and of long
duration (VP, Fig. 12.2B). The variation potential varies with the degree of
stimulus, is non-self-perpetuating and appears to be a local change to either
a hydraulic surge or chemicals transmitted in the dead xylem (Davies 2004).
In Mimosa, both action and variation potentials become immediately evi-
dent as the bending pulvini cause impressive movements of the paired
leaflets. Microautoradiography of the petiolus showed the localization of the
phloem by '“C-labeled photoassimilates from the leaves exposed to '*CO,
(Fig. 12.2C). The vascular bundles are surrounded by a sclerenchyma sheath
in order to restrict electrical signaling to the phloem. When a phloem-trans-
mitted action potential reaches the pulvinus which has no sclerenchyma
(Fig. 12.2D; Fromm and Eschrich 1988a), it is transmitted laterally via plas-
modesmata into the cells of the motor cortex. The latter possess voltage-
gated ion channels which respond to the signal, causing ion efflux
associated with water efflux, which leads to leaf movements (Fromm and
Eschrich 1988c).

12.4 Electrical properties of the phloem and characteristics
of phloem-transmitted signals

The phloem presents a network for assimilate allocation as well as chemical
and electrical communication within the plant. Concerning assimilate transport,
osmolytes like sucrose generate the hydrostatic pressure which drives nutrient
and water flow between the source and the sink phloem. Proton-coupled
sucrose symporters, such as ZmSUT], localized to the sieve tube and compan-
ion cell plasma membrane are capable of mediating both, the sucrose uptake
into the phloem in mature leaves and the desorption of sugar from the
phloem into sink tissues. The use of patch-clamp techniques revealed that the
ZmSUT1-mediated sucrose-coupled proton current depended on the direction
of the sucrose and pH gradient as well as on the membrane potential across the
transporter (Carpaneto et al. 2005). Concerning the membrane potential, it has
been shown that a sink-source-regulated and sugar-inducible K* channel
(VFK1) dominates the electrical properties of the sieve tube plasma membrane
(Ache et al. 2001). The source site of phloem cells is characterized by K* con-
centrations of about 100 mM within the cytoplasm and 10 mM in the apoplast
(Mihling and Sattelmacher 1997), resulting in an equilibrium potential for
potassium ions (E,) of around —60 mV. Since the membrane potential of the
SE/CC is between —130 and —200 mV (van Bel 1993; Ache et al. 2001) and
thus more negative than E,, VFK1 loads K* into the phloem. Furthermore,
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K* channels of the AKT2/3 family have been identified as photosynthate-
induced phloem channels. From studies of an AKT2/3 loss-of-function mutant,
it was shown that this mutant exhibited reduced K* dependence of the phloem
potential and that AKT2/3 regulates sucrose/H* symporters via the membrane
potential (Deeken et al. 2002). Furthermore, there is an electrogenic component
of the sieve tube membrane potential, the magnitude of which is substantially
greater than that predicted for E, (Wright and Fisher 1981). With regard to cal-
cium, (DHP)-type Ca?* channels were localized in the phloem of leaf veins from
Nicotiana and Pistia by immunolabeling techniques (Volk and Franceschi
2000), indicating that Ca** channels are also abundant in sieve elements. Most
likely, these channels are involved in the generation of electrical signals, mak-
ing them the subject of further studies.

The ion transport processes which create the conditions necessary for the
generation of an action potential were investigated intensively in members of
the green algal family Characaea (Tazawa et al. 1987). One of the ion trans-
port mechanisms responsible for depolarization is based on chloride the
efflux of which increases upon membrane stimulation (Gaffey and Mullins
1958; Oda 1976). Another ion involved in plasma membrane excitation is cal-
cium where studies showed that both the peak of the action potential (Hope
1961) and the inward current (Findlay 1961, 1962) are dependent on the cal-
cium concentration outside the cell. Some workers suggest that both chloride
and calcium are involved in the formation of an individual action potential
(Beilby and Coster 1979; Lunevsky et al. 1983). In addition to these ions, it
was found that potassium efflux from the cell increases upon stimulation of
the membrane (Spyropoulos et al. 1961; Oda 1976).

These ion shifts during an action potential were confirmed in trees by a
method which uses inhibitors of ionic channels as well as energy-dispersive
X-ray microanalysis (Fromm and Spanswick 1993). Results indicate that cal-
cium influx as well as potassium and chloride efflux are involved in the gener-
ation of action potentials. When action potentials were induced by electrical
stimulation in willow, it became clear that the required stimulus depends on
both, its intensity and duration (Fromm and Spanswick 1993). An increase in
stimulus strength does not produce any change in the amplitude nor in the
form of the action potential once it has been induced, showing that it con-
forms to the all-or-nothing law. Concerning refractory periods, they were
found to be much longer in plants than in animal systems, with durations
between 50 s (Fromm and Bauer 1994) up to 5 h (Zawadzki et al. 1991).

12.5 Electrical signaling via the phloem and its effect on
phloem transport

Strong evidence has accumulated that electrical transmission in sieve ele-
ments also occurs in species that do not perform rapid leaf movements as,
e.g. in Mimosa. In zucchini plants, electrical signal transmission via sieve
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tubes between a growing fruit and the petiole of a mature leaf reached maxi-
mum velocities of 10 cm s (Eschrich et al. 1988). This is in the same velocity
range as the movement of the action potential in sieve tubes of Mimosa
pudica (Fromm and Eschrich 1988b). It is obvious that no chemical substance
is capable of moving so fast in the assimilate flow. By contrast, hydraulic sig-
nals might transmit stimulations, but they would not be able to carry encoded
plus- or minus-signals for hyperpolarization or depolarization, respectively,
as shown in poplar sieve tubes (Lautner et al. 2005). It has not yet been shown
whether hydraulic signals occur in the turgescent sieve tube system. In the
wounded tomato plant, the pathway for systemic electrical signal transmis-
sion is also associated with the phloem (Rhodes et al. 1996), indicating that it
regulates the induction of proteinase inhibitor activity in parts of the shoot
distant from the wound (Wildon et al. 1992). As regards the function of the
phloem, it has been shown that action potentials propagating in sieve tubes
of Mimosa trigger phloem unloading in the pulvini (Fromm and Eschrich
1990; Fromm 1991).

In maize leaves, both electrical stimulation as well as cold-stimulation
induce action potentials with amplitudes higher than 50 mV that are prop-
agated basipetally in sieve tubes at speeds of 3-5 cm s' (Fromm and Bauer
1994). Stimulation with ice water has been reported to induce action poten-
tials in a number of plant species, including Biophytum (Sibaoka 1973) as
well as pumpkin and tomato (van Sambeek and Pickard 1976). The fact that
Woodley et al. (1976) observed that localized chilling temporarily stops or
reduces translocation of C in sunflowers for 10-15 min and that this
reduction in translocation corresponds closely to electrical changes meas-
ured along the stem gave rise to the idea of a possible relationship between
action potentials and the cold-shock-induced inhibition of phloem trans-
port. In addition, Minchin and Thorpe (1983) showed that rapid tempera-
ture drops of only 2.5°C caused a brief abeyance of phloem transport in
Ipomea purpurea, Phaseolus vulgaris and Nymphoides geminata, a phe-
nomenon not observed when the temperature was reduced at a slower rate.
In maize leaves, rapid cold-shock treatments cause sieve elements to trigger
action potentials while phloem transport in distant leaf parts is strongly
reduced, as shown by autoradiography at a distance of over 15 cm from the
site of cold-stimulation (Fromm and Bauer 1994). When a maize leaf was
stimulated electrically (10 V) via surface electrodes action potentials were
induced and phloem transport was interrupted at the site of stimulation.
Evidence of a link between electrical signaling and the reduction of phloem
transport was found based on the decrease in symplastic K* and Cl~ con-
centration. In Luffa cylindrica action potentials affected elongation growth
of the stem, most likely by K* and CI~ efflux which reduced cell turgor and
caused growth retardation (Shiina and Tazawa 1986). Since the concentra-
tions of either ion are also reduced in the sieve element cytoplasm after
stimulation (Fromm and Bauer 1994), decreased cell turgor may have
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caused the reduction in phloem translocation since the latter requires the
intracellular movement of water as a transport medium. However, the
reduction in phloem translocation may have also been caused by a closure
of sieve pores or a reduction of phloem loading because the latter depends
on the membrane potential as well as on the K* concentration in sieve tubes,
both of which changed during stimulation. To obtain a better insight into the
electrical controlling points in the phloem transport system, further work is
required.

12.6 Role of electrical signals in root-to-shoot
communication of water-stressed plants

Non-hydraulic signaling between roots and shoots of plants growing in dry-
ing soil has evoked considerable interest in recent years. Since plants grow-
ing in drying soil showed stomatal closure and leaf growth inhibition before
the reductions in leaf turgor were measured, non-hydraulic signals from
roots may serve as a sensitive link between soil water changes and shoot
responses (Davies and Zhang 1991). Therefore, stomata appear to be able to
receive information on the soil water status independent of the leaf water
potential. Evidence that the nature of this information is chemical was
obtained by analyzing the xylem sap from unwatered plants, indicating the
involvement of ion content, pH, amino acids and hormones (Schurr and
Gollan 1990). Since the velocity of a chemical substance in the phloem is rel-
atively slow and typically proved to be 50-100 cm h™' (Canny 1975), the open
question was how is the leaf capable of responding rapidly to the changing
water status of the soil. Evidence of electrical root-to-shoot signaling was
obtained by both, extra- and intracellular potential measurements on 80 cm
tall maize plants. They were subjected to a drying cycle of 5 days showing a
decrease in CO, uptake and transpiration rate while the electrical potential
difference between two surface points showed a daily rhythm which seemed
to be correlated with the soil water status (Fromm and Fei 1998). After soil
drying the plants were watered and increases in CO, and H,O exchange were
demonstrated to follow the arrival of an action potential in the leaves.
Experiments with dye solution showed that the increase in gas exchange
could not be triggered by water ascent. In addition, the use of aphid stylets as
“bioelectrodes” showed that sieve tubes served as a pathway for electrical sig-
naling. The membrane potential of the sieve tubes responded rapidly upon
watering the dried plants as well as after inducing spontaneous water stress
to the roots by polyethylene glycol (Fromm and Fei 1998). Results therefore
suggest that electrical root to shoot communication plays an essential role in
the co-ordination of processes between roots and leaves, especially via long
pathways.
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12.7 Role of electrical signaling during fertilization

Strong evidence also exists that electrical signals evoke specific responses of
the ovary during the processes of pollination and fertilization. As regards
pollination, two different kinds of electric potential changes were measured
in the style of flowers. First, Sinyukhin and Britikov (1967) recorded an action
potential in the style of Lilium martagon and Incarvillea grandiflora a few
minutes after placing pollen on the stigma lobes. Furthermore, an action
potential was detected after mere mechanical irritation of the Incarvillea lobe,
causing closure of the stigma lobes without further transmission. In both
species the pollen-induced action potentials propagated towards the ovary to
stimulate the oxygen consumption by 5-11%, 60-90 s after arrival of the
action potential. At this moment, most likely post-pollination effects begin,
such as the induction of ovary enlargement and wilting of the corolla, which
occur long before fertilization. Second, electrical potential changes were
measured in the style of Lilium longiflorum flowers 5-6 h after pollination
(Spanjers 1981). No signals were detectable when applying killed pollen or
pollen of other species. In Hibiscus rosa-sinensis, different stimuli applied to
the stigma of flowers evoke specific electrical signals that propagate toward
the ovary at speeds of 1.3-3.5 cm s~ (Fromm et al. 1995). To investigate the
first reactions of the ovarian metabolism, various metabolites were analysed
10 min after stimulating the stigma by pollen, wounding or cold-shock. Self-
as well as cross-pollination hyperpolarized the resting potential of style cells
50-100 s later, followed by a series of 10-15 action potentials. At 3-5 min
after pollination, the ovarian respiration rate increased transiently by 12%,
with the levels of ATP, ADP and starch rising significantly (Fromm et al.
1995). By contrast, cold-shock of the stigma caused a single action potential,
whereas wounding generated a strong depolarization of the membrane
potential with an irregular form and at a lower transmission rate. Either
treatment caused a spontaneous decrease in the ovarian respiration rate, as
well as reduced metabolite concentrations in the ovary. Since there was no
evidence that a chemical substance had been transported within 10 min over
a distance of 8-10 cm from the stigma to the ovary, the metabolism must
have responded to the electrical signals (Fromm et al. 1995). In the light of
these results, the question arises how does an electrical signal cause the bio-
chemical response. Most likely the latter may be achieved through subcellu-
lar changes of K*, Cl7, and Ca** ions which are responsible for the generation
of action potentials. According to Davies (1987) local changes in ion con-
centration can lead to modified activities of enzymes in the cell wall, the
plasmalemma, and the cytoplasm. This kind of mechanism may also be
involved in the fluctuation of the starch level of the ovary after stigma stim-
ulation. The biochemical regulation of starch synthesis is centered almost
exclusively on ADP-Glc-pyrophosphorylase (Preiss et al. 1985). The charac-
teristics of this enzyme in ovaries will therefore be analyzed in future to gain
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a better understanding of the biochemical role of electrical signaling during
fertilization.

12.8 Long-distance electrical signaling in woody plants

In trees in particular, communication over long distances may be achieved
through phloem-transmitted electrical signals. Bridging long distances
between different organs, these rapid signals possess the ability to coordinate
physiological activities. Due to environmental changes, different electrical
signals can be evoked in the symplast and transmitted to distant organs, with
concomitant specific effects on various physiological processes.

12.8.1 Membrane potential, electrical signals and growth of willow roots

Since willow roots were shown to respond to hormones with propagating
action potentials (Fromm and Eschrich 1993), it was an important challenge
to measure the magnitude of the current that flows during action potentials.
With the use of the vibrating probe technique it was possible to quantify the
current, the sensitivity of the probe being in the range of LA cm™, i.e. suffi-
ciently sensitive to measure ion fluxes of pmol cm™ s™! (Fromm et al. 1997).
Therefore, microelectrode recordings and vibrating probe measurements
were used in tandem to correlate changes in membrane potential with
changes in endogenous current. Transient depolarizations were elicited in
root cortex cells by spermine, while abscisic acid caused a transient hyperpo-
larization. For the latter we assume that K* leaves the cortex cells, similar to
the K* efflux measured in guard cells (Mansfield et al. 1990). All changes in
membrane potential were accompanied by transient responses of the endoge-
nous current. These responses suggested that first anions and then cations
leave the root during spermine-induced depolarizations. From the changes in
the endogenous current an apparent efflux of anions (presumably CI") and
cations (presumably K*) of 200-700 pmol cm™ per signal was calculated
(Fromm et al. 1997). Furthermore, it was possible to demonstrate the effect of
the growth regulators spermine and abscisic acid on root growth. The mean
growth rate of roots increased by up to 30% after application of spermine,
while it almost came to a standstill after treatment with abscisic acid.

12.8.2 Electrical properties of wood-producing cells

In the course of the evolutionary process, plants found it necessary to develop
wood in order to increase their mechanical strength so as to be able to reach
tree heights of 100 m and more. Extensive literature exists that addresses
wood anatomy, chemistry and physical properties. However, we have only
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just begun to form an understanding of the molecular and electrophysiolog-
ical mechanisms of cambial activity and wood formation, a field now consid-
ered a main research area in tree physiology. One of the main model tree
species for basic wood research is poplar. Because of its suitability for genetic
transformation and its ease of vegetative propagation, poplar has become the
commonly used model tree species in Europe and the United States. To give
a description of the electrophysiological processes in wood formation bio-
physical and molecular techniques have been used to analyze K* transporters
of poplar. K* transporters homologous to those of known function in
Arabidopsis phloem and xylem physiology were isolated from a poplar wood
EST library and the expression profile of three distinct K* channel types was
analysed by quantitative RT-PCR (Langer et al. 2002). Thus, it was found that
the P. tremula outward rectifying K* channel (PTORK) and the P. tremula
K* channel 2 (PTK2) correlated with the seasonal wood production. Both K*
channel genes are expressed in young poplar twigs, and while PTK2 was pre-
dominantly found in the phloem fraction, PTORK was detected in both
phloem and xylem fractions. Following the heterologous expression in
Xenopus oocytes the biophysical properties of the different channels were
determined. PTORK, upon membrane depolarization mediates potassium
release, while PTK2 is almost voltage-independent, carrying inward K* flux at
hyperpolarized potential and K* release upon depolarization (Langer et al.
2002). In addition, in-vivo patch-clamp studies were performed on isolated
protoplasts from PTORK and PTK2 expressing suspension cultures. Poplar
branches were therefore induced to build callus and the resulting meristem-
atic tissues were used to generate suspension cultures. Protoplasts were iso-
lated and the plasma membrane potassium conductances were compared
with the electrical properties of Xenopus oocytes expressing PTORK and
PTK2 individually. Concerning PTORK, it was shown that the properties of
this channel are similar in both experimental systems and also to other plant
depolarization-activated K* release channels (Gaymard et al. 1998; Ache et al.
2000; Langer et al. 2002). In coincidence with the activity of the K* channels a
plasma membrane H*-ATPase, generating the necessary H* gradient (proton-
motive force) for the uptake of K* into xylem cells, was localized in the poplar
stem using specific antibodies (Arend et al. 2002, 2004). Since potassium is
the most abundant cation in plants, playing a central role in many aspects of
plant physiology, we conclude that K* channels are involved in the regulation
of K*-dependent wood formation. Since seasonal changes in cambial potas-
sium content correlate strongly with the osmotic potential of the cambial
zone (Wind et al. 2004), potassium may well play a key role in the regulation
of wood formation due to its strong impact on osmoregulation in expanding
cambial cells. On the other hand, since PTORK appears in the plasma mem-
brane of sieve elements of the phloem as well as in xylem rays, this channel
may play a role in the generation of electrical signals within the poplar
phloem and xylem. However, the potential role of xylem ray cells in radial
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transmission of electrical signals within the tree stem will have to be proved
in the future.

12.8.3 Role of electrical signaling in the regulation of photosynthesis

Most of the work on functions for electrical signals in plants focused on
responses evoked by heating and evidence exists of their role in transcription,
translation and respiration (Stankovic and Davies 1997; Davies 2004).
Recently, evidence was found of a link between electrical signaling and pho-
tosynthetic response in Mimosa (Koziolek et al. 2004). Flaming of a leaf pinna
evoked a variation potential that travels at a speed of 4-8 mm s™! into the
neighboring pinna of the leaf to transiently reduce the net CO, uptake rate.
Simultaneously, the PSII quantum yield of electron transport is reduced.
Two-dimensional imaging analysis of the chlorophyll fluorescence signal
showed that the yield reduction spreads acropetally through the pinna and
via the veins through the leaflets. The results provide evidence of the role of
electrical signals in the regulation of photosynthesis because the high speed
of the signals rules out the involvement of a slow-moving chemical signal. In
addition to the photosynthetic response, it was shown that wounding causes
lateral chloroplast movement within 10 min after wounding in Elodea
canadensis (Gamalei et al. 1994). The time course of chloroplast movement
coincides with rapid changes in the membrane potential with low amplitudes
(humming, 4-7 mV), recorded by microelectrodes impaled into the midrib of
the attached leaf.

With regard to trees, hormone-induced action potentials in the roots were
shown to propagate throughout willow plants at velocities of 2-5 cm s in
order to affect the gas exchange of the leaves (Fromm and Eschrich 1993). To
gain a deeper understanding of the role of electrical signaling in the photo-
synthesis of trees, poplar shoots were stimulated by flaming. In this species,
depolarizing signals travel over long distances across the stem from heat-
wounded leaves to adjacent leaves where the net CO, uptake rate is tem-
porarily depressed towards compensation (Lautner et al. 2005). Surprisingly,
signals induced by cold-shock did not affect photosynthesis. In coincidence
with the results on Mimosa, electrical signaling also significantly reduced the
quantum yield of electron transport through PSII in poplar. Cold-blocking of
the stem proved that the electrical signal transmission via the phloem
becomes disrupted, causing the leaf gas exchange to remain unaffected.
Furthermore, calcium-deficient trees showed a marked contrast inasmuch as
the amplitude of the electrical signal was distinctly reduced, concomitant
with the absence of a significant response in leaf gas exchange upon flame-
wounding (Lautner et al. 2005). Further research has to be done on the
responsiveness of the various types of molecules that are involved in electron
transport as well as on enzymes involved in the uptake of CO, during electrical
signaling.
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12.9 Conclusions

So far, we have seen glimpses of a complex electrical long-distance signaling
system in plants and obtained evidence of the role played by electrical sig-
nals in the daily processes of plant life. Obviously, plants have developed a
simple neural network which responds to a variety of environmental stimuli
which may be both, abiotic as well as biotic. Due to the impulses generated
by environmental changes action and variation potentials serve as informa-
tion carriers. The primary step in signal perception may be the opening of
plasmalemmal calcium or chloride channels, leading to ion fluxes which
generate action or variation potentials. Astounding similarities exist
between action potentials in plants and animals. The generation of action
potentials in plants follows the all-or-nothing law too (Shiina and Tazawa
1986; Fromm and Spanswick 1993), and plant action potentials also show
refractory periods. Furthermore, the use of new methods provides opportuni-
ties for detection of fast action potentials which reach speeds up to 40 m s
(Volkov and Mwesigwa 2000), i.e. similar to the velocities of action poten-
tials in nerves. In higher plants, electrical signals are transmitted from cell
to cell via plasmodesmata over short distances, while propagation over
long-distances along the plasma membrane of sieve tubes occurs through
the successive opening and closure of ion channels (Fig. 12.1). Calcium,
chloride and potassium channels are involved in the generation of action
potentials and several ion channels postulated to be involved in electrical
transmission were identified in the phloem and xylem (Ache et al. 2001;
Langer et al. 2002).

Concerning the physiological functions of electrical signals, numerous
examples exist. Apart from the role of action and variation potentials in car-
nivorous plants and Mimosa, a concrete relationship between electrical stim-
ulation and the increased production of proteinase inhibitors was found to
exist in tomato (Stankovic and Davies 1997). Other work showed that action
potentials regulate respiration (Dziubinska et al. 1989), phloem transport
(Fromm and Bauer 1994), fertilization (Sinyukhin and Britikov 1967; Fromm
et al. 1995) and photosynthesis (Koziolek et al. 2004; Lautner et al. 2005). It is
to be expected that future improvements in investigation methods will reveal
more aspects of the signaling complexity and its physiological responses that
are as yet not fully understood.
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13 Potassium Homeostasis in Salinized Plant Tissues

TRACEY A. CUIN, SERGEY SHABALA

13.1 Introduction

Potassium is an essential cation, comprising ~6% of a plant’s dry weight and
is involved in numerous functions such as osmo- and turgor regulation,
charge balance, and control of stomata and organ movement. K* activates over
50 enzymes critical for numerous metabolic processes, including photosyn-
thesis, oxidative metabolism and protein synthesis (Marschner 1995). Within
the cytosol, K* neutralizes the soluble and insoluble macromolecular anions
and stabilizes the pH at the level optimal for most enzymatic reactions (pH
~7.2). Thus, cytosolic K" homeostasis is crucial to optimal cell metabolism.

In contrast to K*, Na* is not essential for plants (Marschner 1995). For the
majority of crop species, Na* is toxic at mM concentrations in the cytosol.
With cytosolic K* concentrations being around 150 mM (Leigh and Wyn
Jones 1984; Leigh 2001) and cytosolic Na* in a lower mM range (Carden et al.
2003), the cytosolic K*/Na* ratio is high, enabling many K*-dependent meta-
bolic processes to proceed (Rubio et al. 1995; Maathuis and Amtmann 1999).
Under saline conditions, cytosolic Na* levels increase dramatically, estimates
varying from 10 to 30 mM, up to 200 mM (Koyro and Stelzer 1988; Flowers
and Hajibagheri 2001; Carden et al. 2003). At the same time, cytosolic K* con-
tent decreases dramatically. An almost 2-fold decrease in cytosolic K* activ-
ity was measured in salinized roots of barley (Carden et al. 2003), and
cytosolic K* activity as low as 15 mM in epidermal leaf cells has been reported
(Cuin et al. 2003). Thus the cytosolic K*/Na* ratio falls dramatically under
saline conditions, severely impairing cell metabolism (Maathuis and
Amtmann 1999; Flowers and Hajibagheri 2001; Munns 2002). Not surprising,
the ability to maintain a high cytosolic K*/Na* ratio has often been cited as a
key feature in plant salt tolerance (Gorham et al. 1990; Maathuis and
Amtmann 1999; Tester and Davenport 2003; Chen et al. 2005).

Within the vacuole, K* mediates osmoregulation, and within specialized
cells, stomatal movements and tropisms. Here the K* concentration is much
more flexible and can be more readily replaced by other cations, including
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Na* (Leigh et al. 1986). However, the vacuolar PP-ase is critically dependent
on K* for both hydrolytic activity and H* pumping (White et al. 1990). Thus,
even in this organelle, maintenance of a minimal level of K* is vitally impor-
tant for optimal plant performance. How is this achieved?

Molecular and ionic mechanisms of K* transport have been the subject of
a large number of comprehensive reviews in recent years (Maathuis and
Amtmann 1999; Maathuis and Sanders 1999; Tyerman and Skerrett 1999;
Schachtman 2000; Miser et al. 2001; Véry and Sentenac 2002, 2003; Shabala
2003) so are only briefly revised in our review. Many important questions,
however, remain to be answered. It is not clear how the levels and ratios of K*
to Na* are maintained within the plant, and why these ratios are different in
cells within various plant tissues. It is also remains to be answered how plants
distinguish between K* and Na*, both at the root and cellular levels. This lat-
ter problem is not trivial, due to the similarity in ionic radius and ion hydra-
tion energies for K™ and Na* (Hille 1992), factors which determine both the
ion transport mode and the competition for enzyme binding sites within the
cytosol. Despite a recent plethora of research (Apse et al. 1999, 2003;
Hasegawa et al. 2000; Zhu 2000, 2003; Zhang and Blumwald 2001), we are still
lacking full knowledge of the signal-transduction pathways involved in K*
homeostasis and maintenance of the critical K*/Na* ratios under salt stressed
conditions.

This review addresses some of the above issues and summarizes molecu-
lar and electrophysiological evidence regarding mechanisms regulating K*
homeostasis in salinized plant tissues. The main emphasis is made on the
integration of K* transport mechanisms at various levels of plant structural
organization.

13.2 Potassium acquisition and distribution in plants

Potassium enters the root symplast via the cell plasma membrane (PM).
From there, it can travel through the symplast to the vascular tissues, where
itis unloaded from the xylem parenchyma into xylem vessels for long-distance
transport to leaves. K* is reabsorbed from the xylem into leaf cells. Being a
highly mobile element (Marschner 1995), it can be easily loaded into the
phloem for translocation to actively growing sink tissues (e.g. shoot and root
apices) where it can be unloaded by way of symplasmic or apoplastic path-
ways. K* can also cross the tonoplast membrane for storage in vacuoles of
both root and shoot cells. The integration and regulation of K* transport sys-
tems at different sites along the long-distance pathway allows the plant to
direct the partitioning and circulation of K*. Such an integrated system plays
a central role in plant growth and development and in the allocation of min-
eral nutrients in response to changes in nutrient availability. This section
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very briefly summarizes uptake and compartmentation of K* within a plant,
at a physiological level.

13.2.1 Uptake at the root level

Net K* uptake at the root PM is classically viewed as the result of the opera-
tion of both active and passive transporters with different affinities for K*
(systems I and II; Epstein et al. 1963). While the high-affinity K* uptake
system I is strongly selective for K* over other alkali cations and shows
increased gene expression or transport activity under K* starvation condi-
tions, the low-affinity K* transport system II is less selective for K* over Na*
and less influenced by changes in the K* status of the plant (Marschner
1995). Patch-clamp studies suggest that system I is an active transport mech-
anism (Maathuis and Sanders 1993), most likely via a K*/H* symporter
(Maathuis and Sanders 1994). The inward-rectifying K*-selective (KIR)
channels mediate uptake within the concentration range of system II (above
1 mM). These channels have been found in root cells of various species
(White and Tester 1992; Gassmann and Schroeder 1994; Maathuis and
Sanders 1995; Roberts and Tester 1995) and can mediate long-term K* influx
into the cell (Schroeder et al. 1994; Schachtman et al. 1992; Gaymard et al.
1996). KIR channels are also found in root hairs (Gassmann and Schroeder
1994), suggesting their important role in K* acquisition beyond the root
depletion zone.

13.2.2 Xylem loading

Once inside the root, K" is transported to the vascular tissues where it is
unloaded from xylem parenchyma into xylem vessels for long-distance trans-
port to leaves. Patch-clamp studies have demonstrated the presence of both
anion and cation channels likely to be responsible for loading of solutes into
the xylem for transport to the shoot (Maathuis et al. 1998; Kéhler and Raschke
2000). The PM of cortical cells is dominated by a K* channel that favors K*
influx into the cells, and thus uptake into the root, whereas the stelar cells are
dominated by a K* channel favoring K* efflux into the apoplast, resulting in
xylem loading (Roberts and Tester 1995). However, such clear-cut differences
in channel activities are not seen in Arabidopsis cortical and stellar tissues
(Maathuis et al. 1998). Some authors have argued against the role of outward
K* channels in xylem sap K* loading (de Boer 1999), suggesting instead that K*
secretion into the xylem occurs against the K* electrochemical gradient in a
process mediated by active transport systems (Kochian and Lucas 1988;
Moshelion et al. 2002). More likely, both types of K* transporters are involved.
Experiments on SKOR, the Arabidopsis outward-rectifying Shaker channel,
estimated that its activity contribute to about 50% of K* translocated towards
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the shoot (Gaymard et al. 1998; Lacombe et al. 2000). The remainder might be
attributed to some active transport system.

13.2.3 Potassium compartmentation at the tissue and whole-plant levels

Under normal growth conditions, K* is the most abundant cation in both the
cytosol and the vacuole. The concentration to which K* accumulates is, how-
ever, different in root and leaf cells. K* activities in the leaf cell vacuoles were
approximately 230 mM (Cuin et al. 2003) compared with 120 mM in the root
cell vacuoles (Walker et al. 1996), while the cytosolic K* activities in root and
leaf cells were comparable (Walker et al. 1996; Cuin et al. 2003).

There is also a certain degree of heterogeneity between the vacuolar (but
not cytosolic) K* content of different cell types in leaves under K*-replete
conditions (Cuin et al. 2003). Barley K* concentrations were only slightly
lower in the mesophyll cells than the epidermal cells (Fricke et al. 1994; Cuin
et al. 2003). Slight differences in vacuolar K* content between abaxial and
adaxial epidermal cells were reported in Lupinus (Treeby and van Steveninck
1988) and Sorghum (Boursier and Lauchli 1989). However, the substantial
heterogeneity in K* concentration between different cell types only became
pronounced under K*-limiting conditions, where concentrations were main-
tained in the mesophyll cells, but decreased in the epidermal cells (Fricke
et al. 1994). Salinity is one such condition.

13.2.4 Intracellular K* compartmentation

The cytoplasmic K* level is strictly controlled (80-100 mM activity; Maathuis
and Sanders 1994; Walker et al. 1996; Cuin et al. 2003), a homeostasis that is
achieved by both the control of K* influx across the PM and by mobilizing K*
from vacuolar reserves (Glass and Fernando 1992; Walker et al. 1996).
Vacuolar K* content is not so strictly regulated and shows large fluctuations
depending on K* supply (Leigh and Wyn Jones 1984; Walker et al. 1996).
Under K*-replete conditions, vacuolar K* is typically around 200-250 mM
reaching 500 mM in open stomatal guard cells (MacRobbie 1998) but
decreasing to 10 mM under K*-deficient conditions (Walker et al. 1996). As
the major role of K* in the vacuoles is in maintenance of cell turgor (required
for cell extension and stomata opening), the osmotic functions of K* in the
vacuole may replaceable to a varying degree by other cations (such as Na*,
Mg?** and Ca?") or organic solutes (e.g. sugars). The concentration of K* in the
apoplast is usually low (between 2 and 20 mM; Karley et al. 2000; Roelfsema
and Hedrich 2002) with the exception of specialized cells or tissues such as
stomata and pulvini, where it may transiently rise to 100 mM (Roelfsema and
Hedrich 2002).

Potassium content is also high in chloroplasts, with 50-100 mM concentra-
tion range reported (Demmig and Gimmler 1983; Pier and Berkowitz 1987). In
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addition to being an important stromal enzyme involved in leaf photochem-
istry, K* also plays a key role in charge balancing the massive light-driven
transport of H* into the thylakoid lumen required for ATP synthesis (Pottosin
and Schonknecht 1996). The extent to which intact chloroplasts are able to
maintain a constant K* concentration, independently of changes in the exter-
nal medium, is unknown. Also limited is our knowledge of K* transporters in
this organelle. In addition to several types of cation-permeable channels
(reviewed by Shabala 2003), there are also suggestions that various secondary
active transport systems are present at the chloroplast envelope (Demming and
Gimmler 1983; Wu and Berkowitz 1992). Recently, an apparently neutral
K*(Na*)/H* antiporter has been characterized in the envelope membranes of
Arabidopsis chloroplasts (Song et al. 2004). This exchanger was suggested to be
located in the chloroplast envelope and is thought to function in the adjustment
of pH in the cytosol thereby maintaining a high pH level in the chloroplast
stroma. Much still remains to be described about K* homeostasis within this
vitally important organelle.

13.2.5 Remobilization and recycling

After delivery to the leaf tissue, K* can be loaded into phloem cells for translo-
cation to actively growing sink tissues (e.g. shoot and root apices), where it
can be unloaded by way of symplasmic or apoplastic pathways.

Classical electrophysiological analysis shows that uptake by roots is tuned
in response to shoot demand and K" recirculation via the phloem sap from
shoots to roots is involved in this control. In this scheme, the rate of K*
unloading from the root stele would act as a signal that would regulate, via as
yet unidentified negative feedback mechanisms, K* uptake activity in root
periphery cells (Kochian and Lucas 1988). This hypothesis has been sup-
ported by kinetic studies with rye (White 1997), and is likely to be significant
in maintaining K* homeostasis, although the specific details on the underly-
ing ionic mechanisms remain to be determined.

13.3 Ionic mechanisms of K* acquisition and transport in
plants

13.3.1 General features of K* transporters in plants

Since the classical work of Epstein and coworkers (1963), many advanced
electrophysiological and molecular techniques have become available, allow-
ing considerable progress in the analysis of K* transport in plants at both the
molecular and physiological level.

The recent completion of the Arabidopsis genome sequence has offered
the opportunity to make an inventory of all the putative plant transporter
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proteins (Ward 2001). A genome wide survey revealed seven major families
of Arabidopsis cation transporters (75 genes in total) which mediate K* trans-
port across plant membranes. These include (Miser et al. 2001; Véry and
Sentenac 2002, 2003; Shabala 2003): (i) Shaker-type K* channels (nine genes);
(ii) two-pore K* channels (six genes); (iii) cyclic-nucleotide-gate channels (20
genes); (iv) putative K*/H* antiporters (six genes); (v) KUP/HAK/KT trans-
porters (13 genes); (vi) HKT transporters (one gene); (vii) glutamate recep-
tors (20 genes). In addition, a low-affinity K*-permeable transporter (LCT1)
has been identified in wheat (Schachtman et al. 1997).

13.3.2 Basic features and control modes of potassium transporters
13.3.2.1 Shaker family of potassium channels

The Shaker family of K* channels comprises nine members in Arabidopsis
(Miser et al. 2001). They are related to animal K* channels initially cloned
from Drosophila (thus, “Shakers”). Members of this family have also been
identified in a number of other plant species (Véry and Sentenac 2003).
Comparison of the functional properties of these channels in heterologous
expression systems with channel activity recorded in planta suggests that they
are active at the PM and mediate most K*-selective voltage-gated currents that
dominate the membrane K* conductance at hyper- and depolarized mem-
brane potential (E_) (Véry and Sentenac 2002). These channels are present in
numerous cell types and operate at mM K* concentrations. They represent the
best-characterized family of plant transporters at the molecular level.

Plant Shaker polypeptides typically display a short (about 60 amino acid)
intracytoplasmic N-terminal domain, followed by a hydrophobic core com-
posed of six transmembrane segments (S1-S6), the pore domain being
inserted between S5 and S6, and a long intracytoplasmic region representing
more than half the sequence (Véry and Sentenac 2003). The transmembrane
segment 4 harbors positively charged amino acids and is expected to act as a
voltage sensor. A highly conserved pore domain, carrying the hallmark
GYGD/E motif of highly K* selective channels, is present between S5 and S6.
The long C-terminal region harbors a putative cyclic nucleotide-binding
domain and, in most Shaker channels, an ankyrin domain potentially
involved in protein-protein interactions (Véry and Sentenac 2003).

Most plant Shaker-type K* channels identified so far have been success-
fully expressed and characterized in heterologous systems. Based on their
voltage dependency, these channels can be grouped into three functional
subfamilies: (i) inward, (ii) weakly-inward, and (iii) outward-rectifying
(Véry and Sentenac 2003). Inward-rectifying channels are activated by
membrane hyperpolarization from a threshold more negative than the K*
equilibrium potential (E,), and are mainly involved in K* uptake. Weak
inward-rectifiers also are activated by membrane hyperpolarization, but
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never display null open probabilities within a physiological E_ range and are
potentially able to mediate both K* uptake and release. Outward-rectifying
channels activate at E_ more positive than E, and are specialized in K*
release (Véry and Sentenac 2003).

Physiological roles and functional expression of the channels from the
Shaker family are diverse. AKT1 is a hyperpolarization-activated K* channel
(Bertl et al. 1994) that is expressed in the roots (Lagarde et al. 1996) and plays
a role in K* uptake, provided that the external K* concentration is in the mM
range and the E_ is negative enough (Hirsch et al. 1998). SKOR is expressed
in stelar tissue of the root and is thought to be involved in K* release into the
xylem sap (Gaymard et al. 1998). KAT1 takes part in guard cell K* uptake, but
is not essential for stomatal opening (Szyroki et al. 2001), probably because
of inward-rectifier redundancy in guard cells (Pilot et al. 2001). SPIK is
involved in K* uptake in pollen and is required for optimal pollen tube devel-
opment and pollen competitive ability (Mouline et al. 2002). The roles of the
other five Shakers are less well understood. Current data support the hypoth-
esis that AKT2/3 is involved in long-distance K* transport via the phloem sap
(Deeken et al. 2000; Lacombe et al. 2000). This channel has also been shown
to be an important contributor, along with AKT1, to the mesophyll K* per-
meability (Dennison et al. 2001). Like KAT1, KAT?2 is thought to play a role
in K* influx into guard cells during stomatal opening (Pilot et al. 2001) and
GORK to mediate K* release from these cells during stomatal closure (Ache
et al. 2001; Hosy et al. 2003). GORK is also expressed in root hairs, where it
could play a role in osmoregulation (Ivashikina et al. 2001). AtKC1 is
expressed in root periphery cells (Ivashikina et al. 2001; Pilot et al. 2003)
where it would be an integral component of functional K* uptake channels
(Reintanz et al. 2002). Only localization data have been obtained for the
remaining Arabidopsis Shaker channel, AKT6 (Lacombe et al. 2000), reveal-
ing expression in flowers.

13.3.2.2  “Two-pore” potassium channels

Two-pore K* channels display a hydrophobic core composed of either 4 TMS
and 2 P domains (KCO-2P family) or 2 TMS and 1 P domain (KCO-1P fam-
ily); none of the TMS acts as a voltage sensor. Their pore domains bear a high
K* permeability hallmark motif. The channels have putative Ca?*-binding
sites in their cytosolic C-terminal region (Czempinski et al. 1999; Moshelion
et al. 2002) and share some structural homologies with 4TMS-2P (leak-like)
and 2TMS-1P (inward-rectifying) animal K* channels, respectively (Doupnik
et al. 1995).

In Arabidopsis, the KCO-2P family has five members and the KCO-1P fam-
ily, a single member (Czempinski et al. 2002). Only KCOI has been charac-
terized, where it was shown to encode a K* selective outward-rectifying
channel activated by cytosolic Ca?* (Czempinski et al. 1999). KCO1 can also
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be functionally distinguished from outward-rectifying Shaker channels by
faster and non-sigmoidal kinetics of current activation and a higher single
channel conductance. KCO1 is expressed throughout the plant (Czempinski
et al. 2002). At the subcellular level, it has been localized at the tonoplast
(Czempinski et al. 2002).

13.3.2.3 Cyclic nucleotide-gated (CNG) channels

Twenty members of CNG family were found in Arabidopsis (K6hler et al.
1999; Maser et al. 2001), with CNG channel homologs identified in barley
(Schuurink et al. 1998) and tobacco (Arazi et al. 1999). They share structural
homologies with the animal cyclic nucleotide-gated channels (CNGCs) first
identified in sensory cells. CNGCs are related to the Shaker family, but with-
out the high K* selectivity hallmark motif in their P domains. As a result, they
readily conduct both mono- and divalent cations (Véry and Sentenac 2002)
and do not distinguish well between Na* and K* (Gamel and Torre 2000).
Similar to their animal counterparts, CNG channels are gated by intracellular
cGMP or cAMP (Maathuis and Sanders 2001), Ca?>" and calmodulin (Miser
et al. 2001; Véry and Sentenac 2002). Their physiological role is likely to be in
cell signaling (Demidchik et al. 2002; Véry and Sentenac 2002).

13.3.2.4 K'/H™ antiporters

A family of cation/H" antiporters (CPA), comprising six putative K*/H*
antiporters, has been identified in Arabidopsis (Mdser et al. 2001). The latter
systems (called KEA for K* efflux antiporter) show substantial sequence simi-
larities (up to 35% identity) with bacterial Ker (K* efflux) antiporters regulated
by glutathione (Yao et al. 1997). Their tissue and subcellular localizations are
unknown. Due to poor ion selectivity, other members of CPA family might
also exchange H* for K, in addition to other ions. For instance, the AtNHX1
tonoplast located Na*/H" exchanger (Apse et al. 1999) was shown to transport
Na* and K* with equal affinity in reconstituted liposomes (Venema et al. 2002).
Plant K*/H* exchange activity is expected, at least at the tonoplast, to be an
important mechanism in K* loading into the vacuole. AtNHX1 might be
involved in osmoregulation and Na* detoxification of the cytoplasm, as well as
in cytosolic pH regulation (Venema et al. 2002). It has also been suggested that
K*/H* exchangers might be at work at the PM, contributing to active K* secre-
tion in the xylem sap (Kochian and Lucas 1988).

13.3.2.5 KUP/HAK/KT transporters

This is a class of transporters which are homologous to the H*-K* symporters
first identified in E. coli (Schleyer and Bakker 1993) and S. occidentalis
(Bafiuelos et al. 1995). The plant homologues, called KUP (Fu and Luan 1998;
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Kim et al. 1998), HAK (Santa-Maria et al. 1997; Rubio et al. 2000), or KT
(Quintero and Blatt 1997), form a large family, with 13 members in Arabidopsis
(Miser et al. 2002) and at least 17 members in rice (Bafiuelos et al. 2002). Little
is known about the structure of these transporters. Hydrophobicity profiles
suggest that they might possess 12 TMS and a long cytosolic loop between the
second and third TMS (Kim et al. 1998; Rubio et al. 2000; Bafiuelos et al. 2002).

Four groups of plant KUP/HAK/KT transporters can be distinguished on
a phylogenetic tree (Rubio et al. 2000; Bafiuelos et al. 2002); two of these have
been characterized at the functional level (Rodriguez-Navarro 2000). While
some transporters in group I are classified as high-affinity K* transporters, all
members from group II operate in the low-affinity (mM) range. These are
active transport systems, with poor discrimination between K*, Rb* and Cs*
(Rubio et al. 2000; Bafiuelos et al. 2002) but reduced permeability to Na* and
NH," (Fu and Luan 1998; Santa-Marfa et al. 2000; Bafiuelos et al. 2002). Their
activity is inhibited by elevated Na* levels (Quintero and Blatt 1997; Kim et al.
1998) and alkaline pH (Garciadeblds et al. 2002), suggesting H*-K* stoi-
chiometry. These systems can mediate both influx and efflux of K* (Bafiuelos
et al. 2002; Garciadeblds et al. 2002).

Although both high- and low-affinity KUP/HAK/KT transporters are
expressed in various plant organs/tissues, their subcellular localization is
largely unknown. At least one of 17 members of OsHAK family in rice was
targeted to the tonoplast (Bafiuelos et al. 2002), while others were more likely
to be located at the PM. Most of these transporters are expressed in roots
(Santa-Maria et al. 1997; Kim et al. 1998; Rubio et al. 2000; Rigas et al. 2001)
and are believed to mediate high-affinity K* uptake through the PM.

13.3.2.6 HKT transporters

Plant HKT transporters are related to the fungal Trk transporters and prokary-
ote KtrB and TrkH K" transporter subunits (Rodriguez-Navarro 2000).
Sequence analysis suggests that these transporters evolved from bacterial 2TMS
K* channels. They display a core structure with eight TMS and four P-forming
domains, four repeats of ITMS-1P-1TMS, with the four P loops lining a central
P, and C-terminal cytosolic region (Durell et al. 1999; Kato et al. 2001).

Although HKT homologues have been isolated or detected in many species,
including Arabidopsis, eucalyptus, rice, ice plant (Mesembryanthemum crys-
tallinum) and poplar (Fairbairn et al. 2000; Uozumi et al. 2000; Horie et al.
2001), they do not constitute multigene families. There is only one member of
this group in Arabidopsis (AtHKT1; Uozumi et al. 2000) and in diploid wheat
(HKT1; Schachtman and Schroeder 1994). Eucalyptus and rice each have two
HKT paralogs (Fairbairn et al. 2000; Horie et al. 2001). The only exception is
japonica rice in which the genome shows the presence of up to nine OsHKT
genes (Garciadeblds et al. 2003). All HKT transporters identified so far are
expressed predominantly in roots.
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Available information suggests that HKT homologues may operate in two
transport modes. One has only a limited ability to transport K*, while in the
other mode, HKT transporters transport K* as readily as Na*. For example,
K* uptake was not observed when the Arabidopsis homolog AtHKT1 was
expressed in either yeast or Xenopus oocytes, although high Na* uptake
activity was detected (Uozumi et al. 2000). Wheat, TaHKT1 operates as a
high affinity Na*-K* symporter in the presence of low K* and Na* concen-
trations, and as a low-affinity Na*-Na* (co)-transporter when the Na*/K*
ratio in the external solution is high (Rubio et al. 1995; Gassmann et al.
1996). In eucalyptus, two HKTI1 homologs (EcHKT1 and EcHKT2) both
show K* and Na* currents when expressed in Xenopus oocytes (Fairbairn
et al. 2000). Experiments on rice suggested that the OsHKT1 isoform oper-
ated as a Na* transporter, while OsHKT2 displayed K*-Na* symport activity
(Horie et al. 2001).

Wheat HKT1 is expressed in the root cortex (Schachtman and Schroeder
1994) where it functions as a low-affinity Na* transport under low K*:Na*
ratios. K* starvation induces HKT1 expression in wheat and barley (Wang
et al. 1998) as well as inward Na' currents in wheat root cortical cells
(Buschmann et al. 2000). HKT1 plays a role in net Na® accumulation
(Uozumi et al. 2000; Laurie et al. 2002; Miser et al. 2002) and its decreased
expression under salt stress often correlates with plant salt tolerance
(Golldack et al. 1997). Direct evidence for the involvement of AtHKT1 in Na*
uptake and salt sensitivity in Arabidopsis has emerged from a screen for sup-
pressor mutations of the Arabidopsis sos3 mutant (Liu and Zhu 1998).
Disruption of AtHKT1 suppressed the sodium-overly-sensitive (sos) pheno-
type (Rus et al. 2001) and sos3/athkt]1 double mutant seedlings took up less
Na* than either sos3 or wild type (WT) plants (Rus et al. 2001). Not surpris-
ingly, HKT1 has been proposed to be a determinant of salt sensitivity in
plants (Rubio et al. 1995).

13.3.2.7 LCT1

LCT1 is low-affinity transporter found only in wheat. It is capable of mediat-
ing uptake of a wide range of monovalent cations, including K* and Na*
(Schachtman et al. 1997; Amtmann et al. 2001) and is expressed in both roots
and leaves (Schachtman et al. 1997). Expression of LCT1 in yeast caused Na*
hypersensitivity (Amtmann et al. 2001), and LCT1 mediated Na* transport
was inhibited by Ca?* (Schachtman et al. 1997; Amtmann et al. 2001). LCT1
has no counterpart in Arabidopsis and shares no sequence homology with
any other gene. Nonselective cation conductances have been described
in vivo in wheat roots. The hypothesis of a role for LCT1 in this activity
would, however, be highly speculative because poorly selective cation con-
ductances have also been described in many species, including Arabidopsis
(Demidchik et al. 2002).
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13.3.2.8 Glutamate receptors

A family of polypeptides related to animal ionotropic glutamate receptors has
been found in plants (Lam et al. 1998), with 20 members in Arabidopsis
(Lacombe et al. 2001). Although the P domains of plant and animal receptors
are quite distant, plant glutamate receptors might, like their animal counter-
parts, form cation channels permeable to K*, Na* and/or Ca?" (Lam et al. 1998;
Nakanishi et al. 1990). Plant glutamate receptors are usually expressed in roots
(Chiu et al. 2002). Their physiological role in plants remains unknown.

13.3.2.9 Other transport systems

Non-selective cation channels. Non-selective cation channels (NSCC) are a
large, heterogeneous group of channels. In addition to CNG channels and gluta-
mate receptors, the group also includes a large number of other channels which
show high selectivity for cations over anions, but low selectivity among mono-
valent cations under a wide range of ionic conditions (Demidchik et al. 2002)
and usually have similar permeability to a wide range of monovalent cations.
They show K*:Na* selectivity ratios typically between 0.3 and 3, and make a key
contribution to the uptake of Na* by plant cells (Tyerman et al. 1997; Demidchik
et al. 2002; Tester and Davenport 2003). NSCC channels have been found at the
PM, tonoplast and other endomembranes. Numerous methods of activation of
these channels have been reported, and they are thought to function in low-
affinity nutrient uptake (see Demidchik et al. 2002 for review). They are gated by
diverse mechanisms including voltage, cyclic nucleotides, glutamate, reactive
oxygen species and stretch.

CCC family. A few putative members of the cation chloride cotransporter fam-
ily (CCC) have been found in plants (Véry and Sentenac 2003). In animal cells,
the CCC family comprises K*-Cl, Na*-ClI” and Na™-K*-2Cl~ cotransporters
(Gamba et al. 1993; Gillen et al. 1996; Isenring and Forbush 1997). Members of
this family have important roles in cellular ionic and osmotic homeostasis in
animal cells.

13.4 Specificity of salinity effect on K* homeostasis in plant
tissues

13.4.1 K*/Na' competition for uptake—channels and symporters

As Na'is not an essential element, it is no surprise that as yet, no specific Na*-
selective channels have been identified in higher plants. Due to their similar
physicochemical structures, excessive Na* in the soil solution competes
with binding sites in transport systems that mediate K* uptake resulting in K*
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deficiency (Niu et al. 1995; Hasegawa et al. 2000). The ionic mechanisms of
pathways of Na* uptake into plant cells have been a subject of extensive elec-
trophysiological studies (Maathuis and Sanders 1993, 1995; Gassmann and
Schroeder 1994; Amtmann et al. 1997, 1999; Tyerman et al. 1997; Buschmann
et al. 2000; Davenport and Tester 2000; Demidchik and Tester 2002).
However, the task of attributing known ion currents to corresponding trans-
porter genes appears to be particularly difficult for Na*, since it is likely that
several transporters contribute to Na*.

Candidate genes for root Na* uptake are found in several K* transporter
families. The high-affinity K* transporter (HKT1), low affinity cation trans-
porter (LCT1) and nonselective cation channels (NSCCs) are the most likely
specific transport systems that mediate Na* influx (Schachtman and Schroeder
1994; Schachtman et al. 1997; Amtmann and Sanders 1999; Davenport and
Tester 2000; Amtmann et al. 2001). Genome wide analyses indicate that addi-
tional classes of Na* transporters are likely to exist and characterization of fur-
ther complexities and interesting functions of Na* are on the horizon.

13.4.1.1 Inward-rectifying channels from the Shaker family

Under saline conditions, Na* would passively diffuse into the cell cytoplasm
through Na*-permeable PM channels. However, most inward-rectifying K*
(KIR) channels from the Shaker family appear to be highly selective for
K* over Na* (Amtmann and Sanders 1999) thus are unlikely to mediate sig-
nificant net Na* influx into plant cells.

Despite this, there are reports in the literature of an adverse affect of Na*
on the functioning of KIRs (e.g. AKT1). Sodium may have a direct effect on
the AKT channel protein, an interaction that reduces the open probability or
conductance of the channel (Qi and Spalding 2004). Alternatively, Na*
impairs the activity of a positive regulator of AKT1 or interferes with the
delivery of AKT1 channels to the membrane. Thus, KIRs functioning may be
impaired by excessive Na*, but it is not likely that these channels play any
substantial role in Na* transport into the cell.

13.4.1.2 KUP/HAK/KT transporters

The KUP/HAK/KT family of K* transporters might mediate some low-affinity
Na* influx at high Na* concentrations, although the full extent is not known.
When expressed in yeast, HYHAK1 from barley mediated low-affinity Na*
transport in addition to high-affinity K* uptake (Santa-Maria et al. 1997).
Elevated Na* also inhibits K* transport through heterologously expressed
AtKUP1 (Fu and Luan 1998) and AtHAK5 (Rubio et al. 2000). At the same
time, the upregulation of Mesembryanthemum crystallinum McHAKI and
McHAK2 under both K* starvation and NaCl stress in roots and leaves has
been reported (Su et al. 2002).
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13.4.1.3 High affinity transporters—HKT1

Two different transport modes have been reported for HKT1: (i) a saturable
high-affinity K*-Na* symport and (ii) a low-affinity Na* transport, the latter
operating at high external Na* concentrations when the transport of K is
blocked (Rubio et al. 1995; Gassmann et al. 1996).

The in planta function of AtHKT1 as an effector of Na* influx has been
confirmed (Rus et al. 2001). T-DNA insertional and deletion mutants of
AtHKT1 were identified in a screen for suppressors of NaCl sensitivity of the
s0s3-1 mutant (Liu and Zhu 1997; Rus et al. 2001). Suppression of sos3-1 NaCl
sensitivity is related to reduced cellular accumulation of Na* and increased
capacity to maintain internal K*. Together, these results establish that
AtHKT1 controls Na* influx into plants. It is likely that AtHKT1 is a Na*
influx system but its function as a regulator of Na* and K* influx systems can-
not be precluded. As the transcript is expressed predominantly in root corti-
cal cells in wheat (Schachtman and Schroeder 1994), HKT1 most probably
functions in the control of Na* loading into the xylem for export to the shoot
(Uozumi et al. 2000; Rus et al. 2001). Through a combination of functional
chimeric HKT analysis and sequence analyses, an amino acid was identified in
HKT transporters that play an important role in determining the transport
mode of HKT transporters (Miser et al. 2002). This amino acid lies within the
predicted “pore-loop” domain. The presence of a Gly residue resulted in K*-Na*
transport, whereas a Ser residue in this position caused more Na* selective
transport (described above). Evidence is mounting that HKT1 systems are con-
served in plant species and that these function in Na* transport (Rus et al. 2001;
Golldack et al. 2002; Laurie et al. 2002; Garciadeblds et al. 2003).

Several reports have analyzed the physiological roles of HKT transporters
in vivo. Laurie et al. (2002) found that transgenic wheat plants expressing an
HKT1 antisense construct showed Na* tolerance under saline conditions with
reduced Na* uptake activity and accumulation. However, Miser et al. (2002)
and Berthomieu et al. (2003) showed that loss-of-function mutations in the
AtHKT1 gene lead to overaccumulation of Na* in shoots and rendered leaves
Na* hypersensitive. Transgenic plants harboring an AtHKT1 promoter-GUS
construct showed HKT1 expression in vascular tissues (Méser et al. 2002;
Berthomieu et al. 2003). Thus, a model was proposed in which AtHKT1 would
facilitate recirculation of the Na* from the shoot to the root, thereby restrict-
ing its accumulation in the aerial part of the plant (Méser et al. 2002;
Berthomieu et al. 2003). These authors postulated that, in the shoot, HKT1
loads Na* into the phloem, which is then translocated to the root and removal
of Na* from the root phloem occurs by efflux down the electrochemical gra-
dient (Berthomieu et al. 2003). This model is support by Laurie et al. (2002),
who showed that reduction of TaHKT1 expression in wheat resulted in a
marked decrease in the root stele Na* content while poorly affecting the root
epidermal and cortical contents.
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13.4.1.4 LCTI

LCT1 is proposed to play a role in Na* uptake in wheat. When expressed in
yeast, it functions as a non-selective cation permeable transporter, mediating
both Na™and K* transport (Schachtman et al. 1997), and rendered yeast more
salt sensitive (Amtmann et al. 2001). However, further analyses will be
required to determine where LCT1 is targeted, as well as to quantify its con-
tribution to the regulation of K homeostasis in salinized plant tissues.

13.4.1.5 Non-selective cation channels

Physiological data implicate the involvement of non-selective cation channels
(NSCCs) in Na* influx and these are considered to be the major route for Na*
entry into plant cells (Tyerman et al. 1997; Amtmann and Sanders 1999;
Tyerman and Skerrett 1999; Davenport and Tester 2000; Tyerman 2002).
These channels have a similar permeability for K* and Na* (Amtmann and
Sanders 1999). Na* influx currents through NSCC have been characterized
electrophysiologically in root cortical cells of wheat (Tyerman et al. 1997;
Davenport and Tester 2000), maize (Roberts and Tester 1997) and
Arabidopsis (Demidchik and Tester 2002), as well as in barley suspension
cells (Amtmann et al. 1997). The current amplitude of these channels was
dependent on both the external Na* concentration and the external Ca®* con-
centration. At a low Ca®" concentration (40-100 uM), large increases were
observed in the amplitude of the Na*-dependent inward currents. At higher
Ca?* concentrations, Na* currents through NSCC were inhibited (Tyerman
et al. 1997; Buschmann et al. 2000; Davenport and Tester 2000; Demidchik
and Tester 2002), correlating with the reduction of Na* uptake by increased
external Ca”* concentration (LaHaye and Epstein 1969).

Calcium inhibition of NSCC conductance is not complete, so it is possible
that these ion channels allow a substantial leak for Na* influx, particularly
under high saline conditions (Davenport and Tester 2000; Demidchik and
Tester 2002). This suggests that Ca®*-insensitive Na* uptake pathways are
probably also present and involved in Na* uptake. However, their full contri-
bution to Na* uptake remains unknown.

13.4.2 Sodium/cation antiporters

Low cytosolic Na* concentration is attained by the operation of Na*/H*
antiporters located at both the PM (Shi et al. 2000) and the tonoplast (Apse
et al. 1999). Electrochemical K* gradients generated by H*-pumps at the PM
(H*-ATPase) and the tonoplast (H*-ATPase, H*-PPase) provide the energy
used by the PM and tonoplast bound Na*/H" antiporters to couple the passive
movement of H' to the active movement of Na* out of the cell and into the
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vacuole. The recent characterization of these systems has added considerably
to our awareness of cytosolic Na* control. The identification and characteriza-
tion of the yeast HALI gene which facilitates K*/Na* selectivity and salt toler-
ance in yeast cells gives another dimension to our understanding of this issue.
Consequently, our insight into Na* transport at both these membranes, and
the control over K* and Na* homeostasis, has increased considerably, knowl-
edge which is finally giving us the possibility of generating salt tolerant crops.

13.4.2.1 The SOS-signal transduction pathway

The SOS (for Salt-Overly-Sensitive) signal-transduction pathway is important
in controlling ion homeostasis and salt tolerance in plants (Hasegawa et al.
2000; Sanders 2000; Zhu 2000, 2003). The current model for the SOS signal-
transduction pathway is that high Na* induces a Ca*" signal (Knight et al.
1997). A myristoylated Ca?*-binding protein senses the salt-elicited Ca** sig-
nal and translates it to downstream responses (Liu and Zhu 1998; Ishitani
et al. 2000). SOS3 interacts with, and activates SOS2, a serine/threonine pro-
tein kinase (Halfter et al. 2000; Liu et al. 2000). This SOS2/SOS3 complex reg-
ulates the expression level of SOS1, a salt effector gene encoding a PM Na*/H*
antiporter. The SOS1 Na*/H* exchanger serves to extrude excess Na* from the
cytosol and out of the cell, thereby maintaining a low cytosolic Na* concen-
tration (Shi et al. 2000).

Activity of the SOS1 promoter has been found ubiquitously in virtually all
tissues, but its greatest activity is found in root epidermal cells, particularly
at the root tip and in cells bordering the vascular tissue (Shi et al. 2002). This
suggests three major roles: (i) mediating Na* efflux from cytosol to the root
medium, (ii) buying time for Na* storage in the vacuole by slowing down Na*
accumulation in the cytoplasm, and (iii) controlling long-distance Na* trans-
port between roots and shoots by loading Na* into and unloading Na* from
the xylem and phloem (Zhu 2003). The role of SOS1 in long distance trans-
port is important for coordination between transpirational Na* flow and the
vacuolar sequestration of Na* in leaves. A higher concentration of Na* accu-
mulates in shoots of sosI mutants than in WT, and transgenic plants overex-
pressing SOS1 showed improved salt tolerance and accumulated less Na* in
the xylem transpiration stream as well as in the shoot (Shi et al. 2003).

Extrusion of excess Na* from the cell is a straightforward way to avoid Na*
accumulation in the cytosol, so is widely employed by root epidermal cells,
where SOS1 is preferentially expressed (Shi et al. 2002). This strategy would
be problematic for most other types of cells, where extruded Na* will imme-
diately become a problem for neighboring cells. This is especially important
in leaves where, due to the small apoplasmic volume (~3%j; Flowers and Yeo
1986), Na* extrusion via SOS1 would cause a rapid increase of apoplasmic Na*
leading to cell dehydration, turgor loss and even death of leaf cells and tissues
(Marschner 1995).
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The problem may be overcome if SOS1 acts in concert with AtHKT1, which
has been suggested to mediate Na* loading into the phloem in leaves and
unloading in roots (Nublat et al. 2001; Berthomieu et al. 2003). These two
mechanisms could remove Na* from the apoplast and symplast as long as
their combined efficiency is greater than the rate of Na* delivery. According
to this scenario, SOS1 Na*/H* exchanger will remove Na* from the cell and
AtHKT1 will load it into phloem for removal from the shoot. Earlier Rus et al.
(2001) explained why the mutations in the AtHKT1 gene suppress the sos3
mutant phenotype by this functional interaction between SOS1 and AtHKT1.
The above model of functional interaction between AtHKT1 and AtNHXI1 can
also explain the otherwise puzzling result that transgenic plants overexpress-
ing AtNHX1 accumulate about 30% more Na* in leaves than control plants
(Apse et al. 1999). However, there are no reports of the functional expression
or physiological characterization of the SOS-signaling pathway in leaves, and
few on the functioning of the AtHKT1 gene and associated transporters.
Therefore, the occurrence of this model in planta remains to be confirmed.

The SOS3-SOS2 kinase complex may also regulate Na* compartmentation
by (i) activating NHX1 at the tonoplast, (ii) restricting Na* entry into the
cytosol (by inhibiting the PM Na* transporter HKT1 activity; Zhu 2002), (iii)
negatively controlling the expression of AtNHX family members (Yokoi et al.
2002), and (iv) controlling K* acquisition by the root (Wu et al. 1996). The lat-
ter is confirmed by the fact that under NaCl conditions, sosI mutant plants
accumulate more Na* and less K* (Wu et al. 1996; Ding and Zhu 1997; Rus et al.
2001) and overexpression of SOS1 has been shown to result in increased Na*
export from the cell and improved salt tolerance in transgenic Arabidopsis
(Shi et al. 2002). Also, all sos mutants had a growth defect under K*-limiting
conditions (Zhu et al. 1998). Which specific K* transport system is targeted by
SOS signaling pathway, remains a mystery. Patch-clamp experiments suggest
that the extrusion of Na* from the cytoplasm by SOS1 protects the K* perme-
ability of the membrane, and the AKT1 K* channel in particular, from inhibi-
tion by Na* (Qi and Spalding 2004). However, experiments in our laboratory
showed no difference in NaCl-induced K* fluxes from roots of WT and akt1
Arabidopsis mutant (S. Shabala and L. Shabala, unpublished) questioning the
AKT1 involvement. Also, NaCl-induced K* efflux from barley mesophyll was
strongly inhibited by K* channel blocker TEA" (Shabala et al. 2005). The pos-
sible involvement of other K* transporters remains to be evaluated.

13.4.2.2 Tonoplast Na*/H" antiporters

Compartmentation of Na* into the vacuole is important in the maintenance of
lower cytosolic Na* concentrations, while maintaining a lower cellular osmotic
potential. Significant progress has been made in deducing the genes and trans-
porters responsible for Na* sequestration. Active transport across the tono-
plast utilizes the electrochemical gradient generated by V-type H*-ATPase and
H*-PPase. Vacuolar Na*/H* antiporter activity was first measured in tonoplast
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enriched membranes isolated from red beet storage tissue (Blumwald and
Poole 1985), and has subsequently been measured in many plants (Apse et al.
1999; Blumwald et al. 2000 and references within). Salinity also upregulates
the expression of a V-type H-ATPase (Golldack and Dietz 2001), and overex-
pression of the native vacuolar H*-PPase gene (AVP1) increases salt tolerance
in Arabidopsis (Gaxiola et al. 2001).

Cloning of AtNHX1 (Apse et al. 1999; Gaxiola et al. 1999) was followed by
its functional complementation in yeast nhxI mutants (Gaxiola et al. 1999),
measurement of its Na*/H" exchange activity in vacuoles isolated from
AtNHX1 overexpressing Arabidopsis (Apse et al. 1999) and in vacuolar vesicle
membranes isolated from yeast expressing AtNHX1 (Darley et al. 2000). These
studies clearly confirm the function of AtNHXI1 as an Na/H" antiporter.
Increased expression of AtNHXI1 by transformation with AtNHX driven by a
strong constitutive promoter, improves salinity tolerance in Arabidopsis
(Apse et al. 1999), Brassica napus (Zhang et al. 2001) and tomato (Zhang and
Blumwald 2001). These results show that an increased capacity for vacuolar
Na* sequestration is important for salinity tolerance. Importantly, transgenic
tomato and Brassica plants accumulated a high concentration of Na* in leaves,
but not in fruit or seed, thus were highly tolerant of salt stress while at the
same time maintaining the quality of fruit and oil (Zhang and Blumwald 2001;
Zhang et al. 2001). This is the first real progress in the development of geneti-
cally modified salt tolerant crop species.

This increased capacity for Na* uptake by vacuoles by a NHX1 Na*/H*
antiport is found in many salt tolerant species, e.g. Beta maritima, Atriplex
gmelini and Mesembryanthemum crystallinum. All show strong induction of
both Na*/H* antiporter expression and activity in response to NaCl treatment
(Barkla et al. 1995; Hamada et al. 2001; Xia et al. 2002).

The AtNHXI1 gene is also able to mediate K* transport in addition to Na*/H*
exchange (Zhang and Blumwald 2001; Venema et al. 2002; Apse et al. 2003).
Similar K* transporter activity has been reported in rice, where overexpression
of the tonoplast located OsNHX1 increased salt tolerance (Fukuda et al. 2004).
A tomato tonoplast LeNHX2 antiporter maintained higher K* concentration
in intracellular compartments under salt stress conditions (Venema et al.
2003) The AtCHX17 in Arabidopsis was reported to have a greater role in K*
acquisition and homeostasis rather than in Na* transport (Cellier et al. 2004).
This suggests that members of the NHX family may have different substrate
specificities and play different roles in salt tolerance (Yokoi et al. 2002).
Overall, the importance of NHX Na*/H* antiporters at the tonoplast in the
maintenance of K* and Na* homeostasis in plant cells is beyond doubt.

13.4.2.3 HAL genes

The yeast HALI and HAL3 genes are proposed to improve salt tolerance by
increasing the cellular K*/Na* ratio (Gaxiola et al. 1992; Serrano 1996; Rios et al.
1997). Transcription of HALI favors Na* extrusion and restricts K* efflux
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through an unknown pathway (Bordas et al. 1997), effectively increasing the
intracellular K*/Na* ratio (Gaxiola et al. 1992).

In yeast, HALI expression is induced by salt (Gaxiola et al. 1992) and its
overexpression confers increased salt tolerance in transgenic Saccharomyces
cerevisiae (Rios et al. 1997). Increased salt tolerance has also been reported in
transgenic plants expressing the HALI gene, including tomato (Gisbert et al.
2000; Rus et al. 2001) and melon (Bordas et al. 1997). Genes homologous to
the yeast HAL genes could be present in higher plants and may be relevant to
salt tolerance (Bordas et al. 1997). For example, Espinosa-Ruiz et al. (1999)
isolated two Arabidopsis genes AtHAL3a and AtHAL3b which show homol-
ogy with HAL3. Gain of AtHAL3a function Arabidopsis show increased
growth rates and improved salt tolerance. Alterations in intracellular cation
concentrations associated with changes in HAL3 expression indicated that
HAL3 directly increased cytoplasmic K* concentration and decreased Na*
concentrations (Espinosa-Ruiz et al. 1999).

13.4.3 Mitigating effect of calcium

An important determinant for plant salt tolerance that is particularly relevant
to Na* and K* homeostasis is the sensitivity of many transport processes to
Ca?". Increased Ca®" supply has a protective effect on plants under salt stress
(reviewed by Rengel 1992). Physiological effects of supplemental Ca?* include
(i) diminished membrane leakiness, (ii) improved PM structural integrity,
(iii) improved K* status of the cell and (iv) reduced Na* accumulation in
plants (Cramer et al. 1985, 1987; Rengel 1992; Bressan et al. 1998; Munns 2002).

At the transporter level, the traditional view is that elevated Ca?* restricts
Na* uptake via NSCC (Tyerman et al. 1997; Demidchik and Tester 2002; Tester
and Davenport 2003). Other divalent cations may also control NSCC perme-
ability for Na* (Elphick et al. 2001; Demidchik and Tester 2002). However,
work in our laboratory suggested that NSCC blockage by elevated Ca** is not
the only mechanism involved. MIFE experiments on root (Shabala et al. 2003)
and leaf (Shabala 2000; Shabala et al. 2005) tissue of various species showed
that both supplemental Ca?* and other divalent cations (Mg?**, Ba®, Zn?")
reduce or prevent NaCl-induced K* efflux from the cell. Thus, our results sug-
gest that, in addition to their known ability to block NSCC, divalent cations
also control the activity or gating properties of PM K* transporters, assisting
in maintaining an optimal K*/Na* ratio. Results of pharmacological studies
and patch-clamp experiments suggest that depolarization-activated outward-
rectifying K* channels are involved (S. Shabala, V. Demidchik and J. Davies,
unpublished data).

13.4.4 Ion compartmentation between roots and shoots

The regulation of Na* transport to the shoot is another feature that governs
plant responses to salinity. The differences in the growth responses of salt
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tolerant and salt sensitive species are often related to differences in the
translocation of Na' to leaves (Marschner 1995). In salt tolerant species,
increased salt supply leads to a large accumulation of Na* in the shoots where
it is utilized in the vacuoles of leaf cells for osmotic adjustment (Flowers and
Lauchli 1983), often replacing most of K* in the vacuole (Hawker et al. 1974).
In more salt sensitive species, substitution of K* by Na* is much more limited.
The higher salt tolerance of many species is often attributed to a more effec-
tive restriction on shoot directed transport of Na* (Tester and Davenport
2003). There is also some evidence of extensive recirculation of shoot Na* to
the roots (Méser et al. 2002; Berthomieu et al. 2003), although it has been sug-
gested that Na* transport is largely unidirectional and results in progressive
accumulation of Na* as the leaves age (Tester and Davenport 2003). As such,
retranslocation of Na* from shoots to roots was found to contribute to low
Na* contents in the shoots of beans (Matsushita and Matoh 1991) and clover
(Winter 1982), but not barley (Munns et al. 1987).

The importance of Na* and K* compartmentation at the whole-plant level
was highlighted in a recent study on two closely related species, contrasting
in their salt tolerance. Thellungiella halophila (salt cress) is closely related to
Arabidopsis (90-95% identity at the cDNA level; Bressan et al. 2001). Volkov
etal. (2003) showed that under saline conditions T. halophila had a much bet-
ter ability to retain or even increase shoot elemental K* content compared
with Arabidopsis. The observed differences in K* accumulation were larger in
roots than in shoots. At the same time, the differences in Na* accumulation
(higher in Arabidopsis) were more pronounced in shoots than in roots. This
suggests that control of Na* loading into xylem is particularly strong in
T. halophila (Volkov et al. 2003).

The control of shoot Na* will undoubtedly affect the K*/Na* ratio in leaf cells.
For example, the sasl mutant of Arabidopsis shows a deficiency in the control of
radial transport of Na* (Nublat et al. 2001). This led to a 5.5-fold higher concen-
tration of Na* in the xylem and a severe overaccumulation of Na* in the shoot,
corresponding with increased sensitivity to NaCl. Although Na* was accumu-
lated preferentially over K* in a similar manner for sasI and WT, the greater
amounts of Na* in the sasI mutants resulted in a much higher Na*/K* ratio than
in the WT. Overaccumulation of Na* was only in shoots, not in roots, which sug-
gested that sas] mutation impaired Na* long-distance transport from roots to
shoots. This emphasizes the importance of xylem loading in salinity tolerance.
In wheat, a K*/Na* discrimination factor limiting Na* translocation to the shoot
for the benefit of K* loading operates at the xylem uptake step (Gorham et al.
1990). In soybean, Na* is removed from the xylem vessels and exchanged for K*
at the xylem parenchyma (Lauchli 1976; Lacan and Durand 1996).

Another component regulating Na* xylem content is SOS1. In sosI mutants,
the Na* concentration in the xylem sap is higher than in the WT, suggesting
that SOS1 controls Na* loading into, and/or retrieval from the xylem (Zhu
2003). SOS1 is expressed around the vacuolar tissue, consistent with it function
in xylem Na* concentration (Shi et al. 2002).
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13.4.5 Compartmentation at the tissue level

Salt stress is known to have different effects on the K*/Na* ratio in various
plant tissues in both roots and leaves (Fricke 2004). In leaves, epidermal cells
accumulate a greater amount of Na* than the mesophyll cells and the latter
show a greater ability to maintain a high K* levels (Fricke et al. 1996; Cuin et al.
2003). Volkov et al. (2003) found different trends in the distribution between
the epidermis and the bulk tissue of T. halophila and Arabidopsis. Salt stress
decreased epidermal K* concentrations dramatically, but bulk K* increased in
T. halophila while decreasing in both epidermal and bulk K* after salt treat-
ment in Arabidopsis (Volkov et al. 2003). This is consistent with the important
role of the tissue-specific compartmentation of Na* and K* for plant salt toler-
ance and suggests that some mechanisms are in place within the mesophyll,
but not the epidermis, to ameliorate ionic changes and protect and maintain
the photosynthetic activity of the mesophyll cells. This is consistent with recent
studies in our laboratory showing that improving K*/Na* ratios by externally
applied divalent cations enables normal leaf photochemistry in plant grown
even under high (100 mM) salinity conditions (Shabala et al. 2005).

The ionic mechanisms underlying the above difference in Na* and K* com-
partmentation between epidermis and mesophyll remain to be revealed. One
explanation could be that differences in gene expression account for the dif-
ferences in ion compartmentation under saline conditions. For example, in
fully expanded leaves, under unsalinized conditions, the K* channel genes
AtKC1 and AKT1 are expressed in hydrathodes and stipules (Lagarde et al.
1996; Pilot et al. 2003). However, upon the imposition of salt stress, the
expression pattern of AtKCI broadens out to the leaf epidermis (Pilot et al.
2003) where both AKT1 and AKT2 are also expressed (Dennison et al. 2001),
indicating reprogramming of K channel gene expression in leaves (Pilot
et al. 2003). The strong increase in expression in leaves upon salt stress could
underlie changes in the compartmentalization of Na* and K* ions between the
different tissues. As described above, in barley, the leaf epidermis may act as
a “storage compartment” for Na*, thus protecting the mesophyll cells, at least
for a period, from Na* toxicity, allowing it to maintain higher concentrations
of K* (Dietz et al. 1992; Fricke et al. 1996). It might be speculated that the leaf
epidermis in Arabidopsis could play a similar role, requiring high AtKCI
expression levels for as yet unidentified reasons.

However, Karley et al. (2000) reported similar types of ion-selective chan-
nels and membrane transporters catalyzing the transport of K* and Na* in
epidermal and mesophyll cells from barley. They suggest that the presence or
absence of ion transporters cannot explain cell type specific differences in
K*/Na* ratios. More likely, altered permeability or gating properties of these
transporters may be the key to understanding salt tolerance. The difference
in salt tolerance between T. halophila and Arabidopsis was attributed to much
higher selectivity for K* over Na* of both inward- and outward-rectifying K*
channels between these species (Volkov et al. 2003). This highlights the
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importance of a plant’s ability to retain K* as a key feature of salt tolerance
and is consistent with our recent findings that the magnitude of NaCl-
induced K" efflux from plant roots correlates with salt tolerance in barley
(Chen et al. 2005).

13.5 Conclusions and future perspectives

Knowledge regarding K* transport and the effects of salinity on K* home-
ostasis has increased considerably in recent years. New awareness concerning
Na* compartmentalization into the vacuole opens up exciting prospects for
developing salt tolerant crops. The sequencing of the Arabidopsis genome has
led to the identification of a plethora of K* transporters, some of which have
already been characterized electrophysiologically. Microarray experiments
are starting to indicate the genes induced by salt stress. The more recent
sequencing of the rice genome, which is likely to be followed by other crops,
will add to our knowledge of K* transporters and the effects of salinity on
these, as these putative genes are characterized.

However, there is still a very long way to go to gain a full extent of knowl-
edge about the mechanisms of salt tolerance in plants. Only a small numbers
of genes responsible for K* or Na* transport are characterized physiologi-
cally. Moreover, the majority of these results are through experiments in het-
erologous systems. Thus, in planta studies on ionic mechanisms regulating
K* homeostasis under saline conditions are needed. Also, we have just
scratched the surface of the signaling mechanisms that mediate the salt stress
regulation of the expression and activities of ion transporters. Other ques-
tions such as the involvement of compatible solutes in ion homeostasis and
the interaction of salt stress with other abiotic stress such as drought, high
temperatures, light intensity, pollution etc also remain a grey area.

Much research on salinity tolerance has recently focused on Arabidopsis.
Being methodologically convenient, this species is rather “non-typical” from
the point of view of plant physiologists. As a result, direct extrapolation of
findings from Arabidopsis to other species is not always possible. Now that
we appear to have most of the “basics” concerning Arabidopsis salt tolerance
mechanisms, it is time that the salt tolerance mechanisms other species are
tackled at the same level of scrutiny.

Another area that is severely lacking information and is of particular con-
cern is the regulation of K* and Na* at the leaf level, most studies on K trans-
port under saline conditions have been attributed to root tissues. Being
central to plant photosynthesis, leaf mesophyll cells are almost crying to be
studied in this context!

Finally, with all the excitement of a magic of molecular techniques, we
should not forget that plants are more than a combination of genes.
Therefore, the whole-plant perspective should be also kept in mind when
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doing in-depth studies on expression and control modes of some specific
transporters mediating K* homeostasis in plants under saline conditions.
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14 Electrophysiology in Mechanosensing and
Wounding Response

TERUO SHIMMEN

14.1 Mechanosensing

14.1.1 Responses of plants to mechanical stimulus

Touch induces rapid leaf movement in “sensitive” plants such as Mimosa
pudica. This characteristic response indicates the recognition of mechanical
stimuli, and it is termed thigmonasty or seismonasty. On the other hand,
“Insensitive” plants move passively in response to touch. The passive move-
ment is believed to indicate a lack of recognition. However, this is not the case.
After daily touching, the plants become shorter and thicker. Increased thick-
ness reinforces the physical strength of the plant, therefore reducing the impact
of mechanical stress on the plants. According to Jaffe and Forbes (1993), this
phenomenon is termed thigmomophogenesis. Aequorin-expressing, trans-
genic plants undergo increases in cytoplasmic free Ca®', a second messenger
(Knight et al. 1992). Thus, it is clear that even insensitive plants can sense
mechanical stimuli.

In the plasma membrane, ionic processes are believed to play important
roles in stimulus-perception and signal processing. Electrophysiological
techniques are useful when monitoring the rapid ionic processes in the
mechanosensing of plants.

14.1.2 Receptor potential in higher plants

Since the perception of the stimuli can easily be visualized, action plants are
frequently utilized in mechanosensing analysis. M. pudica is the most com-
mon plant used in this type of investigation (Fig. 14.1). The leaves are
equipped with three types of motile structures: main pulvinus (primary pul-
vinus), sub-pulvinus (secondary pulvinus) and pulvinule (tertiary pulvinus).
These structures are responsible for movement of the petiole, pinna, and
leaflet, respectively. The mechanosensitive leaf movement of M. pudica has
been extensively studied. In the first step of mechanoperception, mechanical
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Fig. 14.1. Leaf movement of Mimosa pudia. Leaf is equipped with three kinds of motile struc-
tures, main pulvinus (MP), sub-pulvinus (SP) and pulvinule (PN), and responsible for move-
ment of petiole