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266 THE BOTANICAL REVIEW

Now in the further development of science, we want more than just a formula. First
we have an observation, then we have numbers that we measure, then we have a law
which summarizes all the numbers. But the real glory of science is that we can find a
way of thinking such that the law is evident.

—Richard Feynman (in Feynman et al., 1963)

Mathematicians may flatter themselves that they possess new ideas which mere
human language is as yet unable to express. Let them make the effort to express
these ideas in appropriate words without the aid of symbols, and if they succeed they
will not only lay us laymen under a lasting obligation, but, we venture to say, they
will find themselves very much enlightened during the process, and will even be
doubtful whether the ideas expressed in symbols had ever quite found their way out
of the equations into their minds.

—James Clerk Maxwell (cited in Agin, 1972)

I. Abstract

This review describes the basic principles of electrophysiology using the generation
of an action potential in characean internodal cells as a pedagogical tool. Electrophys-
iology has proven to be a powerful tool in understanding animal physiology and
development, yet it has been virtually neglected in the study of plant physiology and
development. This review is, in essence, a written account of my personal journey
over the past five years to understand the basic principles of electrophysiology so that
I can apply them to the study of plant physiology and development.

My formal background is in classical botany and cell biology. I have learned
electrophysiology by reading many books on physics written for the lay person and
by talking informally with many patient biophysicists. I have written this review for
the botanist who is unfamiliar with the basics of membrane biology but would like to
know that she or he can become familiar with the latest information without much
effort. I also wrote it for the neurophysiologist who is proficient in membrane biology
but knows little about plant biology (but may want to teach one lecture on *‘plant
action potentials’’). And lastly, I wrote this for people interested in the history of
science and how the studies of electrical and chemical communication in physiology
and development progressed in the botanical and zoological disciplines.

Ubersicht

Dieser Uberblick beschreibt die Grundprinzipen der Electrophysiologie unter Ver-
wendung eines Aktionspotentials in internodalen Zellen der characean Algen als
péadagogeshes Mittel. Die Elektrophysiologie hat sich beim Verstidndnis von
Tierphysiologie und entwicklung als wirksames Mittel erwiesen; dennoch ist sie
bisher beim Studium der Pflanzenphysiologie und entwicklung praktish
vernachlissigt worden. Dieser Uberblick istim Wesentlichen ein schriftlichen Bericht
meiner personlichen Bemiihungen in den letzten fiinf Jahren die Grungprinzipen der
Electrophysiologie zu verstehen, um sie auf das Studium der Pflanzenphysiologie und
entwicklung anzuwenden.

Meine Spezialitit ist klassische Botanik und Zellbiologie. Elektrophysiologie habe
ich durch das Lesen von vielen Physikbiichern fiir den Laien erlerut; daneben hatte
ich auch die Gelengheit, informell mit vielen geduldigen Biophysikern dariiber zu
sprechen. Ich habe diesen Uberblick fiir den Botaniker geschreiben, der mit den
Grundlagen der Membranbiologie nicht vertraut ist, der aber wissen mochte, dass
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EXCITABILITY OF PLANT CELLS 267

er/sie ohne allerzu grossen Aufwand mit dem neuesten Stand der Wissenschaft
vertraut werden kann. Ich habe ihn weiterhin fiir den Neurophysiologen geschrieben,
der mit der Membranphysiologie wohl vertraut ist, der aber wenig tiber
Pflanzenbiologie weiss (aber velleicht eine Vorlesung iiber
‘‘Pflanzenaktionspotentials’’ halten mochte). Schlieslich habe ich ihn auch fiir den
Leser geschrieben, der sich fiir die Wissenschaftsgeschichte interessiert und dafiir, wie
das Studium der Elektrischen und chemischen Kommunikation in der Physiologie und
Entwicklung in den botanischen und zoologischen Disziplinen fortgeschritten ist.

- LHic—-
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Db DT H b,
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BYMFEosHTEhAhENEOKRICED SN IRBLOND 32 Hic b BK
o TWhiFSHTHAI,

Resumen

Este estudio analiza los principios bésicos de electrofisiologia utilizando la
generacion de un potencial de accién en células internodiales de algas characean como
herramienta pedagégica. Electrofisiologia ha demostrado ser un excelente método
para el entendimiento de la fisiologfa y del desarrollo animal pero ha sido ignorada en
el estudio de la fisiologia y del desarrollo de plantas. Este estudio es, esencialmente,
un testimonio de mi experiencia personal durante los dltimos cinco afios en los que he
estado estudiando los principios bdsicos de electrofisiologia para poder aplicarlos al
estudio de fisiologia y desarrollo de plantas.

Mis estudios se concentraron en boténica clasica y biologia celular. He aprendido
electrofisiologia a base de leer muchos libros de fisica escritos para gente sin gran
conocimiento de la materia, ademds he tenido el placer de hablar informalmente con
muchos biofisicos de gran paciencia. He escrito este estudio para el botdnico que
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268 THE BOTANICAL REVIEW

desconoce la base de biologia membranal pero al que le gustaria saber que él o ella
puede familiarizarse con la informacién mds actual sin mucho esfuerzo. También lo
escribi para el neurofisi6logo, experto en biologia membranal, pero que no sabe mucho
sobre biologia de plantas (y que desee ensefiar una clase sobre los ‘‘potenciales de
accion de las plantas’’). Y finalmente, escribf esto para gente interesada en la historia
de la ciencia y en cémo los estudios de comunicacién eléctrica y quimica en la
fisiologia y el desarrollo progresaron en las disciplinas zooldgicas y botdnicas.

II. Introduction:
Plants Sense Environmental Cues and Act Appropriately

Every day we can observe the fact that plants respond to the environment. For
example, plants respond to gravity. ‘‘Remember the little seed in the styrofoam cup:
The roots go down and the plants go up’’ (Fulghum, 1989). Plants also respond to light
and temperature. In a perennial garden, each variety flowers at a certain time of the
year because the plants are capable of identifying the season by detecting both the day
length and the temperature. Plants can also perceive the time of day, and many plants
have ‘‘sleep movements’’ where they change the orientation of their leaves so that
they maximize the absorption of light during the day and minimize the loss of heat at
night. Plants adjust their height and leaf shape depending on whether they are growing
in the sun or shade. In this case, they detect the difference in the quality of light (i.e.,
color distribution) that occurs in full sun compared to shade. Plants can determine the
direction of light, and they bend toward the light in a way that presents the maximum
surface area to the sun to maximize photosynthesis. After sensing the various envi-
ronmental stimuli, the sensor region must transmit a signal to the responding region.
In theory, this signal can be chemical (e.g., hormonal), physical (e.g., electrical or
hydraulic), or both (Kudoyarova et al., 1990; Malone, 1993; Appendix B).

It has been known since Charles Darwin’s time that many plants, like animals,
respond to mechanical stimulation (Bernard, 1974; Darwin, 1893, 1966; Davies, 1987,
1993a, 1993b; Galston, 1994; Jaffe, 1973, 1976; Jaffe & Galston, 1968; Pickard, 1973;
Sibaoka, 1966, 1969; Simons, 1981, 1992; Smith, 1788; Thomson, 1932; Wayne,
1993). Insectivorous plants that live in nitrogen- and mineral-depleted areas get their
required nitrogen and minerals by capturing and digesting insects. The sundew
immobilizes an insect in its mucilage. Subsequently, the mechanical stimulation
induced by the insect trying to escape is sensed by the tip of the tentacle. The sensitive
tip then produces a series of action potentials, that is, pulse-like, propagating electrical
disturbances that can communicate information (Fig. 1). In the case of the sundew,
the action potentials induce the marginal tentacles to bend, pushing the insect toward

._)

Fig. 1. Action potentials of various organisms. A. Action potentials of Mimosa (the sensitive plant) and
Dionaea (Venus fly trap) (redrawn from Sibaoka, 1966). B. Action potential of a squid giant axon (redrawn
from Hodgkin & Katz, 1949). Note the differences in the ordinates and abscissae in A and B. C. Receptor
potentials of the sensory (trigger) hair of Dionaea induced by a mechanical force (redrawn from Benolken
& Jacobson, 1970). The ‘‘force’” in these experiments is given in kilograms. This is incorrect: Since
kilograms are a unit of mass, force should be given in newtons. Force (F, in N) can be obtained from the
mass (m, in kg), according to Newton’s Second Law (F = ma), by multiplying the mass by its acceleration
(@, in m s72). However, Benolkin and Jacobson neither estimated nor measured the acceleration in these
experiments. Thus, we cannot transform the ‘‘force’’ given in kilograms into proper units. In any case, the
first stimulating force (F) was greater than threshold and induced an action potential; the second stimulating
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force was below the threshold and the resulting membrane depolarization was smaller than the first. The
rate of change in the force as well as the magnitude was further reduced in the third stimulating force, and
the change in membrane potential was even smaller than the first or second. Thus, a graded response

occurred in response to subthreshold stimuli. When the stimulus is subthreshold, a receptor potential appears
as an electrical replica of the stimulus.
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leaf’s center (Williams & Spanswick, 1976). Although action potentials are not
transmitted to neighboring tentacles, a slower hormonal signal induces them to wrap
around the insect and provide a secure trap (Williams & Pickard, 1972a, 1972b).
Nearby secretory cells subsequently exude digestive enzymes ‘‘to the little stomach
thus formed, and the plant makes a meal of its prey’’ (Pickard, 1973). The lobes of a
Venus fly trap capture its prey by closing when an insect walking across it strikes two
hairs or one hair twice. This ‘‘primitive memory’’ ensures that the trap closes only
around live prey. The trap closes only after the stimulated sensory hairs communicate
to the motor cells by means of an action potential (Benolken & Jacobson, 1970; Brown
& Sharp, 1910; Burdon-Sanderson, 1873; Burdon-Sanderson & Page, 1876; Di Palma
etal., 1961; Hodick & Sievers, 1989; Jacobson, 1965; Stuhlman & Darden, 1950; Williams
& Bennett, 1982). John Burdon-Sanderson, an uncle of J. B. S. Haldane, first studied the
movements and electrical properties of the Venus fly trap for Charles Darwin (Gillespie,
1970, 1972). Upon closure, the gland cells secrete enzymes that effect digestion of the
insect and uptake of nutrients (Rea & Whatley, 1983; Rea et al., 1983; Robins, 1976;
Robins & Juniper, 1980; Scala et al., 1968; Schwab et al., 1969).

The leaves of many sensitive plants, includinig Mimosa, fall and look dead and
unappealing to a would-be herbivore once the grazing animal touches it (Aimi, 1963;
Allen, 1969; Setty & Jaffe, 1972; Tinz-Fiichtmeier & Gradmann, 1991; Toriyama,
1954, 1955, 1957, 1967; Toriyama & Jaffe, 1972; Toriyama & Sato, 1968; Turnquist
etal., 1993). Leaflet collapse may act as a defense mechanism since the collapse results
in an increased exposure of sharp thorns (Eisner, 1981). Touching induces an action
potential that propagates from the stimulated region to the rest of the plant (Sibaoka,
1962). This propagated ‘information’’ causes the rest of the plant to look unappealing
also and to ‘‘deploy their thorns.”” It is also possible that mechanical stimulation by
the wind induces an action potential that causes the leaflets to collapse. This reduces
the exposed surface from which moisture may be lost (D. F. Grether, pers. comm.).

Plants that do not show obvious movements also elicit action potentials (Paszewski
& Zawadzki, 1973; Scott, 1962). In Luffa, action potentials cause a transient inhibition
of growth (Shiina & Tazawa, 1986a). Action potentials may be involved in phloem
unloading and, consequently, the distribution of nutrients in plants (Eschrich et al.,
1988; Fromm, 1991). Action potentials propagated through the phloem may also be
involved in pathogen resistance (Wildonetal., 1992). In various flowers, pollen falling
on the stigma generates an action potential that may be involved in subsequent
pollination, incompatibility, or maturation processes (Goldsmith & Hafenrichter,
1932; Sinyukhin & Britikov, 1967). At the level of stimulus—response coupling, plants
and animal cells undergo many similar processes, including the generation and
propagation of action potentials and perhaps stimulation by neurotransmitters, includ-
ing acetylcholine (Dettbarn, 1962; Fluck & Jaffe, 1974; Tretyn & Kendrick, 1991).
Including studies on plant excitability with studies of animal excitability may help us
understand the evolution of our own nervous system (Hille, 1984, 1992).

In order to understand the physiological basis of the complex behaviors of animals,
neurobiologists took a reductionist approach and began studying the long nerve cells
of squids which are so large they were originally thought to be blood vessels (Cole,
1968; Eckert et al., 1988; Hodgkin, 1964; Junge, 1981; Katz, 1966; Lakshmi-
narayanaiah, 1969; Matthews, 1986; Stevens, 1966; Tasaki, 1968; Young, 1936,
1947). Studying simple systems allows the development of techniques and the
formulation of theories necessary for understanding more complex systems. Likewise,
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in order to understand the complex behaviors of whole plants, some plant physiologists
have turned to the giant algal cells, such as Chara and Nitella, where vegetative and
reproductive growth and development, adaptive physiological mechanisms, and nu-
trient uptake and translocation can be readily studied (Amino & Tazawa, 1989; Andjus
& Vucelic, 1990; Barber, 1911a, 1911b; Beilby et al., 1993; Bisson & Bartholomew,
1984; Bisson et al., 1991; Blatt & Kuo, 1976; M. Brooks, 1939; S. Brooks, 1939;
Brooks & Brooks, 1941; Brown, 1938; Buchen et al., 1991, 1993; Coleman, 1986;
Collander, 1949, 1954; Cote et al., 1987; Dainty, 1962, 1963a, 1963b; Dainty &
Ginzburg, 1964a, 1964b, 1964c; Dainty & Hope, 1959; Diamond & Solomon, 1959;
Ding et al., 1991, 1992; Dorn & Weisenseel, 1984; Forsberg, 1965; Gertel & Green,
1977; Green, 1954, 1958a, 1958b, 1959, 1960, 1962, 1963, 1964, 1968; Green &
Chapman, 1955; Green & Chen, 1960; Gillet et al., 1989, 1992, 1994; Green et al.,
1971; Hansen, 1990; Hejnowicz et al., 1985; Hoagland & Broyer, 1942; Hoagland &
Davis, 1923a, 1923b; Hoagland et al., 1926; Hodge et al., 1956; Hogg et al., 1968a,
1968b; Homblé & Foissner, 1993; Homblé et al., 1989; Hotchkiss & Brown, 1987;
Kamiya & Kuroda, 1956a; Kamiya & Tazawa, 1956; Katsuhara et al., 1990; Katsuhara
& Tazawa, 1992; Kersey et al., 1976; Kishimoto, 1957; Kiss & Staehelin, 1993;
Kitasato, 1968; Kiyosawa, 1993; Kwiatkowska, 1988, 1991; Kwiatkowska & Mas-
zewski, 1985, 1986; Kwiatkowska et al., 1990; Levy, 1991; Lucas, 1975, 1976, 1977,
1979, 1982; Lucas & Alexander, 1981; Lucas & Dainty, 1977a, 1977b; Lucas &
Shimmen, 1981; Lucas & Smith, 1973; Lucas et al., 1978, 1989; MacRobbie & Dainty,
1958; MacRobbie & Fensom, 1969; Maszewski & Kolodziejczyk, 1991; McCon-
naughey, 1991; McConnaughey & Falk, 1991; McCurdy & Harmon, 1992; Métraux,
1982; Métraux & Taiz, 1977, 1978, 1979; Métraux et al., 1980; Miller & Sanders,
1987; Mimura & Kirino, 1984; Moestrup, 1970; Morrison et al., 1993; Mullins, 1939;
Nagai & Hayama, 1979; Nagai & Kishimoto, 1964; Nagai & Rebhun, 1966; Nagai &
Tazawa, 1962; Nothnagel & Webb, 1979; Nothnagel et al., 1982; Ogata, 1983; Ogata
& Kishimoto, 1976; Ohkawa & Kishimoto, 1977; Ohkawa & Tsutsui, 1988; Okazaki
& Tazawa, 1990; Okazaki et al., 1987; Osterhaut, 1927, 1931, 1958; Osterhaut & Hill,
1930a, 1930b; Palevitz & Hepler, 1974, 1975; Pickard, 1969, 1972; Pickett-Heaps,
1967a, 1967b, 1968; Ping et al., 1990; Pottosin et al., 1993; Probine & Barber, 1966;
Probine & Preston, 1961, 1962; Reid & Overall, 1992; Reid & Smith, 1988, 1993;
Reid et al., 1989; Rethy, 1968; Richmond et al., 1980; Riidinger et al., 1992; Sakano
& Tazawa, 1986; Shen, 1966, 1967; Shepherd & Goodwin, 1992a, 1992b; Shimmen
& Mimura, 1993; Shimmen & Yoshida, 1993; Sievers & Volkmann, 1979; Spanswick,
1970; Staves et al., 1992; Steudle & Tyerman, 1983; Steudle & Zimmermann, 1974;
Studener, 1947; Sun et al., 1988; Takamatsu et al., 1993; Takatori & Imahori, 1971;
Taylor & Whitaker, 1927; Tazawa, 1957, 1964; Tazawa & Kishimoto, 1964; Tazawa
et al., 1994; Thiel et al., 1990; Tolbert & Zill, 1954; Trontelj et al., 1994; Tsutsui &
Ohkawa, 1993; Turner, 1968, 1970; Volkmann et al., 1991; Vorobiev, 1967; Walker
& Sanders, 1991; Wasteneys & Williamson, 1992; Wasteneys et al., 1993; Wayne &
Tazawa, 1988, 1990; Wayne et al., 1990, 1992, 1994; Weidmann, 1949a, 1949b;
Weisenseel & Ruppert, 1977; Yao et al., 1992; Zanello & Barrantes, 1992, 1994;
Zhang et al., 1989; Zhu & Boyer, 1992).

The characean algae, which'include Chara and Nitella, are thought to be the
ancestors of all higher plants (Chapman & Buchheim, 1991; Graham, 1993; Graham
& Kaneko, 1991; Grambast, 1974; Groves & Bullock-Webster, 1920, 1924; Imahori,
1954; Manhart & Palmer, 1990; Pal et al., 1962; Pickett-Heaps & Marchant, 1972; Wilcox
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et al., 1993; Wood & Imahori, 1964, 1965). Indeed, Pliny the Younger considered the
charophytes to be members of the genus Equisetum (Plinius Secundus, 1469).

The study of excitability in plant cells forms the foundation of the study of
excitability in isolated cells. Although excitability in tissues and organs of whole plants
and animals were well known since the early work of Luigi Galvani, the electrical
phenomena were too complicated to allow much progress (Green, 1953). A giant
breakthrough came when electrical measurements were made on single cells. Indeed,
action potentials were observed in the isolated internodal cells of Nitella in 1898 by
Georg Hormann, using extracellular electrodes, approximately 30 years before they
were observed in isolated nerve cells by Adrian and Bronk (1928). In fact, action
potentials (also known as negative variations, action currents, and death currents) were
so well studied in characean cells by Blinks (1936), Osterhaut (1931), and Osterhaut’s
colleagues at the Rockefeller Institute, that Cole and his colleagues at the National
Institutes of Health began studying excitability in characean cells. It may be surprising
to know that Cole and Curtis wrote the following in their 1939 paper ‘‘Electrical
impedance of the squid giant axon during activity’’:

Recently the transverse alternating current impedance of Nitella has been
measured during the passage of an impulse which originated several centimeters
away (Cole and Curtis, 1938b). These measurements showed that the membrane
capacity decreased 15 per cent or less while the membrane conductance in-
creased to about 200 times its resting value. Also this conductance increase and
the membrane electromotive force decrease occurred at nearly the same time,
which was late in the rising phase of the monophasic action potential. Similar
measurements have now been made on Young’s giant nerve fiber preparation
Jfrom the squid (Young, 1936). These were undertaken first, to determine whether
or not a functional nerve propagates an impulse in a manner similar to Nitella,
and second, because the microscopic structure of the squid axon corresponds
considerably better than that of Nitella to the postulates upon which the mea-
Surements are interpreted.

Characean action potentials can be induced by various stimuli, including suddenly
lowered or raised temperature or pressure, UV irradiation, and odorants, as well as by
amechanical stimulation or a depolarizing current (Harvey, 1942a, 1942b; Hill, 1935;
Kishimoto, 1968; Osterhaut & Hill, 1935; Staves & Wayne, 1993; Uedaet al., 1975a,
1975b; Zimmermann & Beckers, 1978). As in animal cells, the action potential is an
all-or-none response and does not usually depend on the strength of the stimulus. In
characean cells there is a refractory period following an action potential, during which
a stimulus cannot cause a second action potential. Details of the characean action
potential have been reviewed by Kishimoto (1972), Hope and Walker (1975), Beilby
(1984), Tazawa et al. (1987), and Tazawa and Shimmen (1987).

The action potential is conducted in both directions away from the place at which
the plasma membrane is first depolarized past the threshold. The conduction rate is
0.01-0.4 m s71 (Auger, 1933; Sibaoka, 1958; Umrath, 1933), depending on the
conductivity of the medium (Sibaoka, 1958). This is faster than the conduction
velocity in sponges (0.003 m s~1; Mackie et al., 1983) and slower than the conduction
velocity of action potentials in nerves, which is between 0.4 and 42 m 571 (Eckert et
al., 1988; Matthews, 1986).
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The propagation velocity of an action potential along a cell depends on how rapidly
the depolarization (i.e., the decrease in membrane potential) diminishes with distance.
The membrane will become depolarized next to the initial site of depolarization, and
the potential will increase (i.e., hyperpolarize) with distance away from the initial site
of depolarization until the membrane potential is equal to the resting potential. This
is known as electrotonic transmission. An action potential can be propagated only if
sufficient current travels down the cell to depolarize the adjacent membrane below
the threshold in membrane potential. A new action potential will begin only if the
membrane potential of the adjacent membrane is depolarized past the threshold.

The ionic current responsible for depolarizing the membrane and propagating the
action potential can travel through the cytoplasm or across the plasma membrane. The
current moves along a potential difference in a manner described by Ohm’s Law:

[=-EIR' =-EG 1
where
I is current density (in A m2)
E is potential (in V)

R’ is the specific resistance (in Q m?)
G is the specific conductance (in siemens per m2 (S m2) or Q-1 m=2).

The magnitude of depolarization of the adjacent membrane depends on the amount
of current traveling through the cytoplasm, which in turn depends on the relative
resistances of the cytoplasm and the membrane. In order to select for the movement
of the ionic current through the cell from one end to the other, instead of through the
membrane and outside the cell (which would negate the depolarizing effect of the ionic
current), the resistance of the cytoplasm must be low and the resistance of the plasma
membrane must be high (like an insulated wire). Thus, fast action potentials propagate
along nerve cells whose cytoplasmic resistances have been lowered by making their
diameters large and whose plasma membrane resistance has been increased by surround-
ing the axon with a high-resistance myelin sheath. Thus, the difference in propagation
velocity between various excitable cells depends on their structure. As in excitable cells
in animals, the action potential in characean cells is transmitted from cell to cell (Sibaoka
& Tabata, 1981; Spanswick 1974b; Spanswick & Costerton, 1967; Tabata, 1990).

Characean internodal cells exhibit a response to electrical stimulation that is similar
to the contraction response skeletal muscles display following an electrical stimulation
by nerve cells. In both cases, the response is nicknamed E~C coupling. In animal cells,
it refers to excitation—contraction coupling, where electrical excitation causes muscle
contraction (Ebashi, 1976). In characean cells, E-C coupling refers to the fact that
electrical stimulation causes the cessation of protoplasmic streaming (Findlay, 1959;
Hill, 1941; Hormann, 1898; Kishimoto & Akabori, 1959).

The protoplasm of characean cells constantly moves around the periphery of the cell
like a rotating belt at a rate of 10 m s1, in a process known as protoplasmic streaming
(Allen & Allen, 1978; Corti, 1774; Ewart, 1903; Goppert & Cohn, 1849; Kamiya, 1959,
1981; Kamiya & Kuroda, 1956b; Shimmen, 1988; Shimmen & Yokota, 1994). Protoplas-
mic streaming, which is driven by the same interactions between actin and myosin that
cause contraction in muscles, allows the mixing and transport of essential molecules
through the protoplasm of large cells where diffusion would be limiting (Fig. 2).
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Fig. 2. Diagram of characean internodal cell. The cell is essentially aright circular cylinder with a volume
equal to (nr21)] and a surface area equal to 277 + 2772, The length (/, in m) of a “‘typical’” cell depends on
the species but may vary from 102 min Nitella to 3 x 10~! m in Nitellopsis. The diameter (2r, in m) varies
from 0.3 x 103 m in Nitellato 10~ min Chara. C, chloroplasts; V, vacuole; Ac, actin bundles; Pm, plasma
membrane; En, flowing endoplasm; Ex, stationary ectoplasm; W, extracellular matrix (= cell wall).
(Redrawn from Tazawa et al., 1987.)

The time it takes for the average particle to diffuse a given distance through a cell
can be calculated using Einstein’s random walk equation (Berg, 1993; Einstein, 1926;
Perrin, 1923; Pickard, 1974):

t=x2/(2D) )

where
tis the time (in s)
x is the average distance the particles move (in m)
D is the diffusion coefficient (in m2 s™1).

Note that equation 2 describes the simple case where diffusion is restricted to one
dimension. Diffusion can also be described in two dimensions (x and y) where t =
r2/(4D) and 2 = x2 + y2, In three dimensions (x, y, and z), # = r2/(6D) and r2 = x2 + y2
+ 72 (Berg, 1993).

According to the above equation, the time it takes for a particle to diffuse a given
distance is governed only by its diffusion coefficient. The diffusion coefficient of a
spherical particle in solution depends on the thermal motion of the particle; conse-
quently, the diffusion coefficient is proportional to temperature. Boltzmann’s Constant
(k, in T K1) is the coefficient of proportionality that relates the energy of the particle to
the temperature. The kinetic energy [(1/2)mv?] of a particle moving in three dimensions
is a consequence of the thermal motion of the particle and is equal to (3/2)kT where T is
the absolute temperature (in K). The velocity of a particle of mass m; (in kg) is equal to
(3kTIm)) 122 Tf we consider that the particle is large compared with water, then we can use
the equations of fluid mechanics to describe the movement of the particle through an
aqueous environment. Thus, the movement of the particle depends on the hydrody-

This content downloaded from 128.84.125.94 on Thu, 12 Nov 2015 14:20:46 UTC
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

EXCITABILITY OF PLANT CELLS 275

namic radius of the particle (ry, in m) and the viscosity of the solution (1, in Pa s).
Formally, the diffusion coefficient D is given by the Stokes-Einstein equation:

D = kT/(6mrym) 3)

where
D is the diffusion coefficient (in m? s~1)
k is Boltzmann’s Constant (1.38 x 10723 J K1)
T is the absolute temperature (in K)
ry is the hydrodynamic radius (in m)
7 is the viscosity of the solution (in Pa s).

If we assume that the viscosity of the fluid phase of the cytoplasm is 0.004 Pa s
(Luby-Phelpsetal., 1986) and that most small metabolites have a hydrodynamic radius
between 10719 and 10-° m, then most diffusion coefficients will be between 5 x 10-11
and 5x 10719 m2 s~ at 298 K. Thus, a “‘typical’’ metabolite will take between 25 and
250 ms to diffuse all the way across a 5 X 1076 m cell, but it will take between 103 and
10%s (2.8 h) to diffuse across a 103 m diam. characean internodal cell and 107 and 108 s
(4 months) to diffuse along the long axis of a 10 x 10~2 m long characean internodal cell.
Diffusion is thus limiting in large cells (i.e., slower than the rates of enzymatic reactions),
and mixing by protoplasmic streaming (i.e., convection) becomes necessary. In general,
the larger the cell, the more organized the protoplasmic streaming.

In the natural world, cessation of streaming results not from electrical excitation but
from the mechanical stimulation of internodal cells by a predator or other objects such
as falling sticks. This mechanical stimulation generates a depolarization of the plasma
membrane that is known as a receptor potential (Kishimoto, 1968). The receptor
potential is an amplification mechanism whereby the minuscule mechanical energy
of the tactile stimulus is transduced by the receptor of the stimulus (in this case a
mechanoreceptor) into electrical energy that is amplified in proportion to the magni-
tude of the initial stimulus. (Energy is not created from this amplification process but
isreleased in the form of ionic currents from the electrical energy already stored across
the cell membrane in the form of a membrane potential.) The receptor potential usually
lasts as long as the stimulus is present and can be considered an electrical replica of
the stimulus. However, the stimulus must be given rapidly enough or the receptor
shows a slow decrease in its sensitivity to the stimulus, known as accommodation
(Kishimoto, 1968; Staves & Wayne, 1993). The actin- or tubulin-based cytoskeleton
appears not to be involved in the function of this mechanoreceptor (Staves & Wayne,
1993); however, the involvement of a membrane skeleton (Faraday & Spanswick,
1993) has not been ruled out.

The receptor potential is not self-perpetuating, and thus the depolarization due to
the receptor potential decreases with distance away from the activated receptor. [The
theoretical description of how potentials and currents spread through cells, known as
“cable theory,” was originally worked out by Lord Kelvin (1855; Wheatstone, 1855)
to describe the electrical properties of the transatlantic telegraph cable. He showed
that the potential drops linearly along an insulated cable placed between a battery and
ground just like the temperature drops across a substance placed between a heat source
and a heat sink.] If the stimulus is great enough and fast enough to cause the membrane
potential to depolarize below a certain threshold level, an action potential will be
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Fig. 3. Diagrams of the cable properties of a nerve cell (or other nonvacuolated cell), a myelinated nerve
cell, and a characean internodal cell (or other vacuolated cell). A. In a nerve cell, the depolarizing current
(Ig) crosses the plasma membrane (PM) and travels through the cytoplasm and back out through the plasma
membrane. The amount of current that moves through the cytoplasm and thus is capable of depolarizing
adjacent membrane areas depends on the relative resistance of the cytoplasm and the plasma membrane.
The greater the ratio of membrane resistance to cytoplasmic resistance, the greater the amount of
depolarizing current that travels through the cytoplasm. The cytoplasmic resistance is inversely proportional
to the radius of the axon. If the cytoplasmic depolarizing current is large, then the electrotonic transmission
will depolarize an adjacent membrane area enough to surpass a threshold of a voltage-gated channel and
initiate an action potential in the adjacent membrane patch. B. In a myelinated nerve, the membrane
resistance is increased by tightly wrapping Schwann cells around the axon. Schwann cells have membranes
that are almost purely lipid, so the axon becomes analogous to a wire wrapped with an insulator. The
Schwann cells are discontinuous at points known as the nodes of Ranvier, where the plasma membrane of
the axon is in communication with the ions in the external medium and thus, at these points, a sufficient
depolarizing current traveling through the cytoplasm will initiate an action potential. C. In a Chara cell, a
depolarizing current can follow many pathways, including the plasma membrane, the cytoplasm, the
vacuolar membrane (VM), and the vacuole. A characean internodal cell is thus analogous to an insulated
wire within an insulated wire. This makes the pathway of current more difficult to calculate than for
(vacuole-less) nerve cells. Note: In all the cases mentioned above, the depolarizing current will travel in all
directions so that the current in any direction will be inversely proportional to the resistance in that direction.

elicited (Fig. 3). An action potential is a large transient depolarization of the membrane
potential that is self-perpetuating (i.e., regenerative) and thus allows the rapid transmission
of information over long distances without any loss of signal strength (information). Thus,
receptor potentials are useful for signal transduction within a single small cell, and action

This content downloaded from 128.84.125.94 on Thu, 12 Nov 2015 14:20:46 UTC
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

EXCITABILITY OF PLANT CELLS 277

potentials are necessary for signal transmission in a giant cell or between cells.

The action potential generated in one area of a characean cell is responsible for
causing the cessation of protoplasmic streaming throughout the cell (Sibaoka & Oda,
1956). When streaming stops, the outer layer of the flowing protoplasm gels (i.e.,
forms cross-bridges with the actin cables) and prevents any leakage of protoplasm that
may occur as a result of a small-animal attack (Kamitsubo et al., 1989; Kamitsubo &
Kikuyama, 1992). Moreover, the stimulated cell may become isolated from the neighbor-
ing cells since the intercellular passage of substances through small tubes known as
plasmodesmata is also inhibited. The cessation of streaming inhibits transport through the
plasmodesmata indirectly since, in the absence of streaming, unstirred layers form around
the openings of the plasmodesmata and arrival of substances at the pore becomes diffusion
limited (Ding & Tazawa, 1989). The cessation of cytoplasmic streaming has no effect on
plasmodesmatal transport in small cells where diffusion is not limiting (Tucker, 1987).

IT1. Recording the Voltage Changes During an Action Potential

The action potential in characean internodal cells can be observed using simple
electrophysiological techniques (Fig. 4; Brooks & Gelfan, 1928; Umrath, 1930, 1932,
1934, 1940). According to Alan Hodgkin (1951),

The most satisfactory way of recording the electrical activity of a living cell
membrane is to insert a small electrode into the interior of the cell and to measure
the potential (i.e voltage) of this electrode with reference to a second electrode
in the external medium. This method was first employed in plant cells (see
Osterhaut, 1931) and has now been widely used in animal tissues.

When a glass microcapillary electrode is placed into the vacuole and the reference
electrode is placed in the external medium, an action potential is observed following
stimulation. The action potential appears to be composed of two components: a fast
and a slow one (Fig. 5; Findlay, 1970; Findlay & Hope, 1964a; Kishimoto, 1959;
Shimmen & Nishikawa, 1988). If we insert two microcapillary electrodes in the cell,
we can resolve that these two components are the result of two action potentials; a fast
one that occurs across the plasma membrane and a slow one that occurs across the
vacuolar membrane (Findlay & Hope, 1964a). The average resting potentials across
the plasma membrane and vacuolar membrane are —0.180 V and -0.010 V, respec-
tively. [Note: In both cases the potential on the exoplasmic side of the membrane
(E-space) is considered to be zero by convention and the protoplasmic side of the
membrane (P-space), i.e., the side that is facing the cytosol, is negative.]

During an action potential, the plasma membrane depolarizes to approximately 0 V
and the vacuolar membrane hyperpolarizes to approximately —0.050 V. The changes
in the membrane potential, according to the Goldman-Hodgkin-Katz Equation, are
due to the ionic currents that flow as a consequence of a change in the membrane
permeability of each ion.

The change in membrane permeability that occurs during an action potential can be
visualized by measuring the specific conductance of the membrane. The specific
conductance is an electrical measure of the overall membrane permeability to all ions.
The specific conductances of the plasma membrane and vacuolar membrane at rest
are 0.83 siemens m~2 (S m~2) and 9.1 S m2, respectively. The specific conductances
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Fig. 4. Diagram of setup used to measure membrane potential. A. A characean internodal cell is placed
in an acrylic block in which three holes (0.4-1 cm diam.) have been drilled. The cell parts situated in a
groove in the region between the three wells is coated with silicone grease or petrolatum (Vaseline) so that
the three wells are electrically isolated and current can only travel across the plasma membrane and through
the cells). A reference electrode (containing ca. 100 mol m™3 KCl and 1-2% agar) is placed in the middle
chamber and a microcapillary electrode (filled with 3000 mol m™ KCI) is placed in the cytoplasm of the
cell part in the middle chamber. The electrical potential across the plasma membrane is measured with an
electrometer. The cell is electrically stimulated by applying a depolarizing current to the middle chamber.
The current travels through the cell in all directions and is returned to the other terminal of the current
generator by way of the wires placed in the two end chambers. Similarly, in order to measure membrane
resistance, current pulses (square waves of approximately 107 A, 1 Hz) are applied to the middle chamber.
The current travels from the current generator through the cell in all directions and is returned to the other
terminal of the current generator by way of the wires placed in the two end chambers. B. In order to measure
both the plasma membrane potential and the vacuolar membrane potential, two microcapillary electrodes
are placed in the cell part in the middle chamber. One electrode is placed in the vacuole and the other is
placed in the cytoplasm. Thus, the electrical potential across the plasma membrane (E,,) can be measured
by comparing the voltage measured with the electrode in the cytoplasm with the reference electrode in the
bath (0V by convention). The electrical potential of the vacuolar membrane (E,,) is measured by comparing
the voltage measured by the electrodes placed in the vacuole and cytoplasm. Using the “patch clamping
convention,” the voltage of the electrode in the vacuole (or E-space) is considered to be zero and the potential
of the cytoplasmic side of the vacuolar membrane is negative. Note that in earlier work, the convention was
to consider the cytoplasmic side (P-space) of the vacuolar membrane to be zero, and consequently the
vacuolar membrane potential on the vacuolar side was positive. The sum of the potentials of the plasma
membrane and vacuolar membranes (E,,) can be determined simultaneously by comparing the voltage
between the electrode in the vacuole with the reference electrode. Remember that the polarity of the
membrane potentials across the vacuolar and plasma membrane are oppositely directed, the sum of the two
potentials is less hyperpolarized than the potential across the plasma membrane alone. (Redrawn from
Shimmen & Nishikawa, 1988.)

change with time during an action potential (Fig. 6). The peak conductances during
the action potential of the plasma membrane and vacuolar membrane are 30 S m—2
and 15 S m=2, respectively (Cole & Curtis, 1938; Findlay & Hope, 1964a; Oda, 1962).
In the squid giant axon, the specific conductance of the plasma membrane increases
from 10 S m™2 to 400 S m2 during an action potential (Cole & Curtis, 1939). In both
Nitella and squid, the specific conductance of the plasma membrane increases approx-
imately 40 times during an action potential.

While the specific conductance is an important measure of membrane permeability,
it does not tell us which ions are permeating the membrane and carrying the current
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Fig. 5. Voltage-time graphs during an action potential in characean internodal cells. An action potential
was initiated electrically at 1 second. A. The time course of membrane potential changes across both the
plasma membrane and vacuolar membrane (E,,). B. The time course of membrane potential changes across
the plasma membrane only (E,). C. The time course of membrane potential changes across the vacuolar
membrane only (E,.). (Redrawn from Findlay & Hope, 1964a.)
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Fig. 6. Graphs of conductance changes during an action potential in characean internodal cells. An action
potential was initiated electrically at O time. A. The time course of specific membrane conductance changes
across the plasma membrane (G). The time course of the plasma membrane potential changes are given for
comparison (E). B. The time course of specific membrane conductance changes across the vacuolar
membrane (G). The time course of the vacuolar membrane potential changes are given for comparison (E).
In these cases, the specific membrane conductances were determined from voltage clamping experiments.
Note the different time scales in the two graphs. (Redrawn from Findlay & Hope, 1964a.)

that leads to the action potential. Next, we will determine which ions are responsible
for carrying the currents that cause the membrane voltage changes that characterize
the action potential.
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IV. The Ionic Basis of the Resting Potential

Before we can understand the ionic basis of the action potential, we must first
understand the ionic basis of the resting potential and ask, How do the ion concentra-
tions in the cell and extracellular milieu affect membrane potential? The electrical
potential across a membrane is determined to a large extent by the difference in ion
concentrations across the membrane. Therefore, it is important to know the concen-
trations of the major ions on each side of a membrane. The concentrations of CI-, Na*,
K*, and Ca?* in the external medium, protoplasm, and cell sap of characean cells as
reported by Lunevsky et al. (1983) are given in Table I.

As a comparison, the concentrations of these ions in the protoplasm and the extracellular
milieu of a squid axon are also given (Eckert etal., 1988). When we compare the characean
internodal cell to the squid axon, we see first that the plant cell has three compartments
that bathe two excitable membranes, whereas the animal cell has only two compartments
that bathe one excitable membrane. This very fact makes the axon a much simpler system
to study since it is geometrically similar to the transatlantic telegraph cable, thus making
cable theory easily applied to the analysis of the results. This is the reason that Kenneth
Cole and Howard Curtis (1939) began studying the giant squid axon rather than continue
with characean internodal cells. Secondly, we see that the Na* concentration in the
external medium is drastically different in the two cell types.

The difference in the concentration of each ion across a differentially permeable
membrane creates the driving force for diffusion across the membrane. As each
permeant cation diffuses across the membrane, it leaves behind a negative charge (e.g.,
protein with ionized carboxyl groups) that will tend to attract the cation back to the
original side. Thus, there is a chemical force that causes the cations to move from high
concentrations to low concentrations and at the same time sets up an electrical force
that tends to move the cations back. Because the membrane is permeable to some ions
(e.g., K*) and impermeable to others (e.g., proteins), at equilibrium there is no net
movement of charge and the chemical force equals the electrical force (see Appendix
D). There is thus a stable electrical potential that results from the initial uneven
distribution of ions, as was shown by Leonor Michaelis (1925) using dried collodion
and apple skins as ‘‘the prototype of what we will call a semipermeable membrane.”’
The unequal distribution of ions thus gives rise to a transmembrane potential differ-
ence that is electrically equivalent to a battery.

The unequal distribution of charge is only possible because the nonconducting lipid
bilayer that separates two conducting aqueous solutions acts as a capacitor, that is, a
component that has the capacity to separate charges (Appendix C). Otherwise, the
membrane potential difference (i.e., the battery) would eventually run down. A
capacitor is a component that resists changes in voltage when current flows through
it (much like a pH buffer resists changes in pH). The specific membrane capacitance
is a measure of how many charges (ions) must be transferred from one side of the
membrane to the other side either to set up or to dissipate a given membrane potential.
The specific membrane capacitance of all membranes is approximately 0.01 F m™2
(Cole, 1970; Cole & Cole, 1936a, 1936b; Cole & Curtis, 1938; Curtis & Cole, 1937;
Dean et al., 1940; Findlay, 1970; Fricke, 1925; Fricke & Morse, 1925; Williams et al.,
1964). Using this value, it is possible to calculate the minimum number of ions that
must diffuse across the membrane in order to establish or dissipate a membrane
potential using the following relation:
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Table I

The ionic composition of characean internodal cells and squid nerves
(concentration in mol m'3)

Characean internodal cell Squid nerve
External Protoplasm Vacuole External Protoplasm
cr 0.4 22 162 560 40-100
Nat 0.1 5 34 440 49
K* 0.1 110 103 22 410
Ca?* 0.1 <0.001 12 10 <0.001

Note: For intact cells the extracellular milieu is easy to control the protoplasmic ion concentration is
probably under strict regulation, but the vacuolar ion concentration probably varies tremendously with
the age and growing conditions of the cell, and this will affect the shape of the action potential.

gj = ~(Cm Em)/(zje) “

where
g; is the number of ions that diffuse across a membrane per unit area (in ions m2)
ém is the specific membrane capacitance (0.01 Fm2 =0.01 C V-1 m2)
E,, is the membrane potential set up by the diffusion of ions (in V)
z; is the valence of the ion
e is the elementary charge (1.6 x 1019 Cion™!)
qzje is equal to the charge density (in C m=2).

Using the equation for membrane capacitance (4) and the equilibrium potentials that
we will calculate below, we will see that, at equilibrium, the initial concentrations
change by less than 0.001% after the establishment of an equilibrium potential
(Plonsey & Barr, 1991). This is important to ensure that there is no violation of the
principle of electroneutrality, which states that in a volume greater than a given size
(e.g., macroscopic dimensions) the number of positive charges must equal the number
of negative charges. Electroneutrality is an outcome of the fact that any net charge
sets up an electric field that tends to attract oppositely charged particles (as described
by Coulomb’s Law) that consequently restore the net charge of the volume to zero.

As a consequence of a membrane capacitance, and the diffusion of ions across a
differentially permeable membrane, an equilibrium potential (or Nernst potential) is
established (Nernst, 1888, 1889). The resultant equilibrium potential for each ion
species is described by the Nernst Equation:

E; = (RT/ZjF) In (ne/np) (5)

where
E; is the equilibrium potential for ion j (in V) on the protoplasmic side of the
membrane, assuming the potential of the exoplasmic side is 0 V
R is the gas constant (8.31 J mol~! K1)
T is the absolute temperature (in K)
z;is the valence of jon j
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Table IT

The equilibrium potential (in V) of each ion across the plasma membrane and vacuolar
membrane of a characean internodal cell and the plasma membrane of a squid nerve.

Characean internodal cell Squid nerve
Plasma membrane Vacuolar membrane Plasma membrane
cr 0.103 -0.051 -0.026
Na* -0.100 0.049 0.075
Kt -0.180 -0.002 -0.075
Ca%* 0.059 0.121 0.118

F is the Faraday Constant (9.65 x 10% coulombs mol~!)

n. and n, are the concentrations of a given ion on the exoplasmic and protoplas-
mic sides of the membrane, respectively (in mol m=3). We are (simply but
wrongly) assuming that the activity coefficients of the ions are identical
and equal to 1 on both sides of the membrane. See Appendix D for the
derivation of the Nernst Equation.

The equilibrium potentials for each ion across the plasma membrane and the
vacuolar membrane calculated from the Nernst Equation (at 298 K) are given in Table
II. The equilibrium potentials across the plasma membrane of a squid axon are given
for comparison.

The equilibrium potentials of all the ions diffusing across a membrane contribute
to the resting membrane potential. David Goldman (1943) and Hodgkin and Katz
(1949) showed that at equilibrium the net flow of all ions through the membrane is
zero and the equilibrium potential is determined by the permeability of the membrane
to a given ion (P;) according to the following equation known as the Goldman-Hodg-
kin-Katz Equation:

Pk [Ke] + PNa [Nae] + Pcy [Cly] ©
Px [Kp] + PnalNap] + Pci[Cle]

Eq=(RT/F)In

where

E, is the diffusion potential (in V) on the protoplasmic side of the membrane,
assuming the potential of the exoplasmic side is 0 V

R is the gas constant (8.31 J mol~! K1)

T is the absolute temperature (in K)

F is the Faraday Constant (9.65 x 10% coulombs mol-!)

Py, Py, and Pgy are the permeability coefficients of K*, Na*, and CI" ions,
respectively (in m s71)

K., Na,, and Cl, are the concentrations of K*, Na*, and CI- on the exoplasmic
side of the membrane (in mol m3)

K, Na, and Cl, are the concentrations of K*, Na*, and CI- on the protoplasmic

side of the membrane (in mol m3). See Appendix E for the derivation of
the Goldman-Hodgkin-Katz Equation.
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The resting potential of the plasma membrane of characean internodal cells and
squid axons is approximately —0.18 V and —0.075 V, respectively, indicating that for
both cell types Pg >> PNa > Pcp and the membrane potential is determined to a large
extent by the passive diffusion of Kt (MacRobbie, 1962; Spanswick et al., 1967). The
greater the permeability to K*, the more hyperpolarized the membrane will tend to be.
As we will see later, a hyperpolarized membrane is a stable membrane, compared to
a depolarized membrane. Thus increasing the K* permeability has a stabilizing effect
on the membrane. Notice that when Pg >> Py, > Pcy, the Goldman-Hodgkin-Katz
Equation reduces to the Nernst Equation for K* (equation 2).

If the plasma membrane potential was only a consequence of the diffusion of K*
from the protoplasm (=100 mol m™3) to the extracellular solution (0.1 mol m=3), the
cell would have a membrane potential of —0.18 V. According to equation 4, 1.125 x
1016 K* m~2 would have to diffuse across the plasma membrane in order to ‘‘charge
the capacitance’’ of the membrane to —0.18 V. If we assume that the typical characean
internodal cell is a cylinder 0.5 x 10~3 m in diameter (d) and 3 x 102 m long (J), it has
a surface area (ndl) of 4.7 x 10~5 m2. Thus, 5.3 x 10!! K+ ions must diffuse across the
plasma membrane of one cell to make a membrane potential of -0.18 V. A cylindrical
internodal cell with the above dimensions will have a volume (rr2l) of 5.89 x 10~
m3. Thus, there were initially 5.89 x 10~7 mol K* in the cell. Using Avogadro’s
Number, we see that there were initially 3.5 x 1017 K* in the cell. Thus, only [(5.3 X
1011)/(3.5 x 1017)] x 100% = 0.00015% of the initial K* ions must diffuse out of the
cell in order to charge the capacitance of the membrane and create a membrane
potential of -0.018 V.

A closer look at the Goldman-Hodgkin-Katz Equation shows that when Py, and
P are nonzero, the resting potential will be less than that predicted by the Nernst
potential for K*. However, the plasma membranes of both cell types have electrogenic
pumps that pump out cations at the expense of ATP to help generate a more negative
membrane potential. Characean cells have a H*-ATPase (Spanswick, 1974a, 1980,
1981) and squid nerves have a Nat/K* ATPase (Eckert et al., 1988). The membrane
potential of the characean plasma membrane is usually between —0.18 and -0.30 V.
The characean plasma membrane has three stable states. The K-state, where the
membrane potential (more positive than —0.18 V) is determined predominantly by the
diffusion of K*; the pump state, where the electrogenic H*-pumping ATPase contrib-
utes to the resting potential of approximately between —0.18 and —0.30 V; and a third
stable state which occurs at high pH where the permeability to H* or OH- becomes so
large that the diffusion potential is determined by the permeability coefficients for H*
or OH~ (Py or Poy; Beilby & Bisson, 1992; Bisson & Walker, 1980, 1981, 1982).
While the plasma membranes of characean cells in the pump state and high pH state
are excitable, and cells in the K*-state are inexcitable, we will only talk about the
action potential in cells that are just at the interface between the K*-state and the pump
state (—0.18 V), since it has been shown that the action potential is mostly due to the
changes in the conductance of the passive diffusion channels and not the electrogenic
H*-pumping ATPase (Kishimoto et al., 1985).

The vacuolar membrane of characean cells also has an electrogenic H*-pumping
ATPase as well as an electrogenic H*-pumping pyrophosphatase (Shimmen &
MacRobbie, 1987; Takeshige et al., 1988; Takeshige & Tazawa, 1989) capable of
hyperpolarizing the membrane potential to values greater than —0.25 V, yet the
vacuolar membrane potential (= —0.01 V) is similar to the equilibrium potential for
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Table III

The electrochemical potential (in V) of each ion across the plasma membrane and vacuolar
membrane of a characean internodal cell and the plasma membrane of a squid nerve

Characean internodal cell Squid nerve
Plasma membrane Vacuolar membrane Plasma membrane
cr -0.283 0.041 -0.049
Na*t -0.080 -0.059 ~0.150
K* 0 -0.008 0
CaZ* -0.239 -0.131 -0.193

If we assume that an ion is moving from a P-space (initial state) to an E-space (final state), we can tell
whether the movement is spontaneous (passive, or exergonic) in this direction by multiplying the
electrochemical potential with the product of the valence of the ion times the Faraday (zF).

When the product of the electrochemical potential and zF is negative, cations and anions are
accumulated passively (spontaneously) and efflux is active.

When the product of the electrochemical potential and zF is positive, cations and anions are
accumulated actively and efflux is passive (spontaneous).

In reality, active transport usually results from the energy available from the electrochemical gradient
of H established by the primary H*-pumping ATPase. Secondary transporters then move the actively
accumulated ions across the membrane.

K* and CI, indicating that there is a large permeability to K+ and CI~ that effectively
short-circuits the pumps (Rea & Sanders, 1987; Tyerman, 1992).

The difference between the resting membrane potential (Ep,) and the equilibrium
potential for anion (Ej) across that membrane, known as the electrochemical potential,
is an indication of whether or not that ion is in passive equilibrium, actively taken up,
or actively extruded. Assuming that the membrane potentials across the characean
plasma membrane and vacuolar membrane are —0.18 V and -0.01 V, respectively, the
electrochemical potentials (Ey, - Ej) across each membrane can be calculated and are
given in Table III. The electrochemical potentials across the plasma membrane of a
squid axon are given for comparison (assuming E,, = -0.075).

At the resting potentials of the characean and squid plasma membrane, K* is
passively (spontaneously) distributed across the plasma membrane [zF(Ey, — Ex )=0];
CI" is actively (not spontaneously) accumulated against its electrochemical potential
gradient [zF(Ey, — Ecy )< 0] and moves passively out of the cell; Na*t is actively
extruded against its electrochemical potential gradient and moves passively into the
cell [zF(Emy—Ena )< 0]; and Ca?* is also actively extruded against its electrochemical
potential gradient [zF(Ey, — Ec,) < 0] and moves passively into the cell. On the other hand,
at the resting potential of the characean vacuolar membrane, CI-, K+, Na*, and Ca2* are
actively extruded from the protoplasm to the vacuole across the vacuolar membrane. The
active movement of ions requires energy and is thus an endergonic reaction. The passive
movement of ions is an exergonic process which releases energy. This energy can be coupled
to endergonic processes to do work, including the cotransport of substances.

In order to better understand the electrophysiology of excitable cells, it helps to draw
an equivalent circuit that explains the electrical analogs in the membrane. First, let us
assume that at the resting potential, the sum of all ionic currents (2L, in A m2)is 0
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5

Fig. 7. Equivalent circuit and structural interpretation of a Nitella plasma membrane. A. The equivalent
circuit as interpreted by Cole and Curtis (1938). An equivalent circuit is an electrical circuit that is made
up of the minimum number of electrical components (resistors, capacitors, batteries, etc.) that, when
connected, can mimic complicated electrical (or other) behaviors. E represents the electromotive force of
acell of abattery; Cp, represents the membrane capacitance; and r4 represents the resistance of the membrane
that is in parallel with the membrane capacitance. B. Structural interpretation of the equivalent circuit. The
electromotive force or membrane potential (E) is determined by the difference in the K* concentration on
both sides of the membrane. The lipid bilayer, by virtue of its thickness (2.7 x 10° m) and its relative
permittivity (3), separates two conducting layers and thus acts as a capacitor. The conductance (the
reciprocal of resistance) is provided to a large extent by the proteinaceous pores through the membrane.

A. The model put forth by Cole and Curtis (1938) includes the observations that the
membrane potential is due to an electromotive force (the equilibrium potential due to
the unequal distribution of ions) and is equivalent to a battery that is in series with a
conductance (proteinaceous ion channels) and in parallel with a capacitor (as a result
of the lipid bilayer). Their model is shown in Fig. 7A and a structural interpretation
of the equivalent circuit is given in Fig. 7B.

In order to describe the resting and action potential in giant squid axons, Hodgkin
(1964) partitioned the series conductance and electromotive force of the equivalent
circuit into a number of conductances (one for Na*, one for K*, and one for the ions
that do not contribute to the action potential—the leak) and a number of electromotive
forces due to the equilibrium potentials of each ion (Fig. 8).

The contribution of the electromotive force for each ion to the overall membrane
potential depends on the ability of that ion to carry current. The fact that the
electromotive force and the conductance for an ion are in series means that if the
conductance is zero for a given ion, then the electromotive force for that jon will not
contribute anything to the membrane potential, even if there is a large electromotive
force. Since the conductance for all ions except K* is so small in the resting cell, the
membrane potential is essentially equal to Ex (the equilibrium potential for K*).

The current density (/;, in A m~2) carried by each ion depends on both the specific
conductance of the membrane for that ion (gj, in S m~2) and the electrochemical
potential for that ion (Ey, - Ej). This relationship is just another form of Ohm’s Law
where the specific membrane conductance for an ion (g;) is eq2ua1 to the reciprocal of
the specific resistance of the membrane to that ion (7}, in  m*).
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Fig. 8. Equivalent circuit of a squid axon according to Hodgkin (1964). V represents the membrane
potential. Vi, Vi, and Vi represent the electromotive force across the plasma membrane (i.e,. the difference
between the membrane potential and the Nernst potential) for sodium ions, potassium ions, and ions that
do not contribute to the action potential (i.e., the leak), respectively. Rn,, Rk, and Ry represent the (variable)
resistance of the plasma to sodium, potassium, and leak ions, respectively. C represents the membrane
capacitance that is in parallel to the resistances. The electrical resistance of the cytoplasm, in which the
microcapillary electrode resides, is denoted by r.

1= ~g{(Em — E)) =~(Em - Ey)r; (7)
where
I, is the current density (in A m™2) carried by ion j
g; is the partial specific conductance (in S m™2) of the membrane for ion j
Elm is the membrane potential (in V)
E. is the Nernst potential or equilibrium potential (in V) for ion j
r; is the partial specific resistance of the membrane (in m?) for ion j.

We use Benjamin Franklin’s convention that positive current is carried by positive
charges (Cohen, 1941). So a current carried by CI~ is negative and a current carried
by Na* or K* is positive. (Consequently, an inward current is carried by the influx of
a cation and the efflux of an anion). At rest the sum of all currents equals zero. We
can now use the equivalent circuit of the resting membrane to help us understand the
action potential. We will see that there is a change in the membrane potential during
an action potential because there is a change in the conductance (or the permeability)
of the membrane to certain ions.

V. The Ionic Basis of the Action Potential

The basic principles involved in the generation of an action potential are the same
in animal, plant, and fungal cells. The specifics of the action potentials are different
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Fig. 9. The effect of sodium on the action potential of squid neurons. Trace 1 shows an action potential
that was initiated in axons bathed in artificial sea water (ASW) containing NaCl. Traces 2—5 show action
potentials initiated after various periods of time after the Na* in the ASW was then replaced with Choline-CL.
It takes a certain amount of time for the Na* concentration near the membrane to decrease. (Redrawn from
Hodgkin & Katz, 1949.)

and result from the fact that, in general, animal cells live in solutions that are isotonic
and are full of ions, while plants and fungi live in dilute solutions that are very close
to distilled water. The capability of cells to live in dilute solutions is a consequence
of the presence of a rigid extracellular matrix (cell wall) that can support and prevent
the lysis of the plasma membrane that otherwise would occur when the osmotic
pressure on the two sides of the membrane differ by more than 100 Pa. (Plant and
fungal cells can build up pressure differences 1000~10,000 times greater than this
value.) Therefore, the “animal type of action potential” is not possible in plant cells
(and vice versa), because the ion concentrations surrounding a plant cell are different
from those found in the extracellular milieu of animal cells.

Hodgkin and Katz (1949) found that external Na* is required for the action potential
of squid axons. Upon stimulation in normal seawater, the squid axon depolarizes from
approximately —0.075 V to +0.04 V at the peak of the action potential. However, when
the Nat is replaced by choline, both the rate of depolarization and the amplitude of
the action potential decreases (Fig. 9). Hodgkin and Katz (1949) then proposed the
sodium hypothesis, which states that the massive depolarization and overshoot of the
membrane potential to positive potentials results from an influx of Na*. Using the
radioactive tracer 24Na*, Keynes (1951) then showed that electrical stimulation causes
an 18-fold increase in Na% influx. Later it was found that tetrodotoxin (TTX), the
deadly poison found in and (mostly) removed from the Japanese puffer fish eaten as
sashimi, prevents the action potential by specifically blocking Na* currents in giant
axons (Narahashi et al., 1964). Not all animal cells have Na*-based, TTX-inhibited
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action potentials. The Nat-based action potentials occur only in higher animals.
Evolutionarily, they begin to appear with the Coelenterates. The more ancient and
ubiquitous action potentials result from “Ca2* spikes” (Hille, 1984, 1992).

The equilibrium potential for Nat (Eny) is not large enough in characean cells to
account for the large depolarization that occurs during an action potential (Williams
& Bradley, 1968). Upon stimulation, the characean plasma membrane depolarizes to
approximately 0 V. While the electrochemical potential of Na* will tend to drive Na*
into the cell at the resting potential, it will cease to move passively into the cell once
the potential depolarizes to —0.100 V and the electrochemical potential for Na*
approaches 0 V. Thus Cl- and CaZ* ions have positive equilibrium potentials and are
the only ions that are capable of depolarizing the membrane to 0 V. The cation Ca2+
can depolarize the membrane by entering the cell, and the anion CI~ can depolarize
the membrane by leaving the cell. Thus, while the action potentials of the squid and
characean plasma membrane are similar in terms of the voltage changes, the ions that
carry the depolarizing currents are different.

Characean cells have a vacuolar membrane in addition to the plasma membrane.
The membrane potential of the vacuolar membrane hyperpolarizes from -0.01 V
(protoplasmic side negative) to —-0.05 V (protoplasmic side negative) during an action
potential. Using similar logic, we see that CI is the only current carrier capable of
bringing the vacuolar membrane membrane potential to the —~0.05 V it attains at the
peak of the action potential. In this case, CI~ will move from the vacuole to the
protoplasm.

VI. Chloride Efflux Occurs in Response to Stimulation

Using a thermodynamic approach, we have determined that Ca2+ and CI ions are
capable of carrying the current that leads to the change in the plasma membrane
potential that occurs during an action potential in characean cells. There are two ions
that are candidates for the charge carrier during the action potential, and there were
two schools of thought on which was the charge carrier: One thought that Ca2+ was
important and the other thought that CI~ was important. Hope (1961a, 1961b) and
Findlay (1961, 1962), working in Australia, noticed that the magnitude of the depo-
larization that occurred during an action potential depended on the external Ca2+
concentration, where the depolarization increased as the external Ca2* concentration
increased, and, further, that external Ca?* was required for the action potential
(Findlay & Hope, 1964b). They suggested that the action potential was due to an
increase in the permeability to CaZ* and Ca?* was the current-carrying ion. However,
using 43Ca?* as a tracer, they were unable to observe any change in 45Ca2* influx
(probably due to the difficulty in separating wall-bound 45Ca2* from cytoplasmic
45Ca2*). Thus the role of Ca?* in the action potential remained enigmatic (Hope &
Findlay, 1964). Fifteen years later, Hayama et al. (1979) detected a Ca2* influx, again
bringing the action of a Ca?* influx into the picture.

On the other hand, Mullins (1962), working in the United States, proposed that the
action of Ca?* was to activate the mechanism responsible for CI- efflux. Gaffey and
Mullins (1958), Mullins (1962), and Hope and Findlay (1964) loaded internodal cells
with 36CI~ and measured its efflux in the resting cell and following stimulation. They
found that there is an increase in CI~ efflux during an action potential. Mailman and
Mullins (1966) measured the CI- efflux using a Ag/AgCl electrode, confirming the
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Table IV
CI™ efflux in a characean internodal cell at rest and during an action potential.

Efflux (mol m™2 s~1)

Resting cell 1x10°8
Excited cell 100x 1078

data obtained using radioactive tracers and improving on the time resolution from
hours using the tracer technique (Hope et al., 1966) to seconds using the electrode
technique (Coster, 1966). Typical CI" efflux values are given in Table IV.

Given a membrane depolarization of 0.18 V and a sFecific membrane capacitance
of 102 F m2, an increase in the efflux to 1.125 x 1016 CI- m~2 (= 1.87 x 108 mol
m~2, using Avogadro’s Number as a conversion factor) would be needed to discharge
the membrane capacitance and depolarize the membrane to 0 V (equation 4). Assum-
ing that the action potential lasted 1 s, this would be equivalent to an efflux of 1.86 x
1078 mol m~2 s~!. Thus, the increase in the efflux in response to stimulation is more
than enough to overcome the membrane capacitance and account for the depolariza-
tion observed during the action potential.

We can estimate the change in membrane permeability to Cl™ (P¢y) during excitation
using the following formula (Dainty, 1962) based on the Goldman flux equation
(Goldman, 1943):

_ Pl F/R T)Em]{”%z — nexpl(zgF/ RT)Em]}
a- explzF/RT)E ] - 1

®)

where

Jcy is the flux of CI-in (mol m2 s71)

E_, is the diffusion potential (in V) on the protoplasmic side of the membrane,
assuming the potential of the exoplasmic side is 0 V.

R is the gas constant (8.31 J mol~! K1)

T is the absolute temperature (in K)

F is the Faraday Constant (9.65 X 10* coulombs mol-1)

Z(y is the valence of CI~ (1)

P is the permeability coefficient of the membrane to CI~ (in m s~1)

ne®is thc; concentration of C1~ on the exoplasmic side of the membrane (in mol
m™)

nCli is the concentration of CI~ on the protoplasmic side of the membrane (in
mol m—3). See Appendix E for a derivation of the Goldman-Hodgkin-Katz
Equation.

Given the observed fluxes of CI~ and assuming that the cytosolic and extracellular
concentrations of Cl~ remain constant at 22 and 0.4 mol m3, respectively, and the
membrane potential is —0.18 V, we find that the average permeability coefficient of
the membrane for CI™ rises approximately 100-fold from 4.5 x 10-10m s~ to 4.5 x
1078 m s~! during an action potential.

We can also relate the C1~ flux (J¢p) measured chemically to the conductance of the
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membrane (gcy) for CI~ measured electrically using the following equation (Hodgkin,
1951; Hodgkin & Keynes, 1955; Hope & Walker, 1961; Keynes, 1951; Linderholm,
1952; Smith, 1987; Teorell, 1953; Ussing, 1949a, 1949b; Ussing & Zerahn, 1951):

ga1 = @ciPFYRT) ¢y 9)

where
gcy is the partial specific membrane conductance for CI- (in S m™2)
Zcy is the valence of CI~ (-1)
F is the Faraday Constant (9.65 x 10* coulombs mol~!)
R is the gas constant (8.31 J mol~! K1)
T is the absolute temperature (in K)
Jcy is the unidirectional flux of CI- (in mol m=2 s71).

The result is only approximate since the equation only holds when the C1~ions move
across the membrane independently of each other and the membrane potential is at
the equilibrium potential for C1~ (i.e., +0.103 V). Many ions probably move through
long narrow pores and interact with each other, invalidating the use of this equation
(MacRobbie, 1962). Moreover, the membrane potential never reaches the equilibrium
potential for CI~. However, using equation 9, we can approximate the partial specific
conductance of the resting membrane (gc; =0.037 S m™2) and of the excited membrane
(gc1 = 3.7 S m2). Thus gcy contributes approximately 4% to the overall conductance
of the resting membrane and about 12% to the overall conductance of the excited
membrane.

Following the massive depolarization, the membrane repolarizes again due to the
efflux of K*. This is true for axons as well as for characean cells (Hodgkin & Huxley,
1953; Keynes, 1951). K* efflux has been determined by measuring 32K* fluxes or by
using flame photometry (Kikuyama et al., 1984; Oda, 1976; Spear et al., 1969;
Spyropoulos et al., 1961). The K* efflux is equal to the CI~ efflux. They are both 1.8
x 107 mol m~2 impulse~! (Oda, 1976). Therefore, during excitation, P is approxi-
mately 2.3 x 10~ m s~! (calculated using equation 8). This is 1000 times greater than
the resting Pk (Gaffey & Mullins, 1958; Smith, 1987; Smith & Kerr, 1987; Smith et
al., 1987a, 1987b). The necessity of a K* efflux for the subsequent repolarization is
supported by the observation that a K*-channel blocker, tetraecthylammonium (TEA)
causes a prolongation of the action potential in some but not all cells (Belton & Van
Netten, 1971; Shimmen & Tazawa, 1983a; Staves and Wayne, 1993; Tester, 1988).

The massive efflux of CI~ and K* from the cell is accompanied by water loss and a
transient decrease in turgor (Barry, 1970a, 1970b). The water loss results in a transient
change in the volume of the cell that can be detected with a position transducer
(Kishimoto & Ohkawa, 1966) and by laser interferometry (Sandlin et al., 1968).

Now we can begin to account for the membrane potential changes that occur during
a characean action potential by the movement of CI~ and K*. We can make an
equivalent circuit to help us visualize the changes in membrane potential that results
from the changes in conductance.

Figure 10 shows an equivalent circuit of a characean cell. The resistors symbolize
the channels that provide the conducting pathway for a given ion. The batteries
represent the electomotive force for each ion due to the unequal distribution of ions
(i.e., Nernst potential or equilibrium potential). The capacitor represents the ability of
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Fig. 10. Equivalent circuit of a characean cell. PM and VM represent the plasma membrane and vacuolar
membrane, respectively. The external, cytosolic, and vacuolar solutions are represented by e, ¢, and v,
respectively. Both the plasma membrane and the vacuolar membrane have electromotive forces and
conductances (1/resistance) for potassium, sodium, chloride, and calcium ions. The two membranes, both
with resistances and capacitances, are in parallel. The plasma membrane has a H*-pumping ATPase, which
has aconductance. The vacuolar membrane has a H*-pumping ATPase and a H*-pumping pyrophosphatase,
both of which have conductances. The electrical resistance of the cytoplasm, in which the microcapillary
electrode resides, is denoted by r.

the lipid bilayer to separate charge. The plasma membrane has an electrogenic H*-
pumping ATPase with an electromotive force of -0.46 V (due to the hydrolysis of ATP;
Blatt et al., 1990). The potential difference across the plasma membrane (approximately
—0.180 V, inside negative) is defined as the membrane potential of the protoplasmic side
minus the membrane potential of the exoplasmic side (defined as 0 V).

The vacuolar membrane has a negative potential difference that is also defined as
the membrane potential of the protoplasmic side (-0.010 V) minus the membrane
potential of the exoplasmic side (defined as 0 V). The membrane potential of the
vacuole is determined to a large extent by the K*-dependent electromotive force since
the K* conductance is so high. This conductance effectively shunts the H*-pumping
ATPase and pyrophosphatase on the vacuolar membrane so they do not contribute
significantly to the vacuolar membrane potential. Note that the potential differences
across the plasma membrane and the vacuolar membrane are oppositely directed.

VII. Application of a Voltage Clamp to Relate Ions to Specific Currents

Up until now we have been talking about experimental setups where the current is
applied as a stimulus and we record the changes in membrane potential. This experi-
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ment can be done in reverse by using a voltage clamp, which was designed by K. S.
Cole in 1949 to measure the current that flows when the membrane potential is
“clamped” to a given voltage (Sherman-Gold, 1993; Standen et al., 1987). No net
current flows when the membrane potential is clamped to the resting potential,
whereas there is a current flow when the membrane potential is clamped to potentials
less negative than the “threshold potential for excitation.” When the membrane
potential remains constant, the change in the amount of current that flows is a measure
of the conductance. The voltage clamp is superior to the traditional current clamp in
that it can rapidly clamp the membrane and allow one to distinguish the “instan-
taneous” currents that flow from the discharge of the membrane capacity (capacity
currents) from the time-dependent ionic currents (Hodgkin et al., 1952; Kishimoto,
1964).

The pioneering work on voltage clamping the giant squid axons by Alan Hodgkin,
Andrew Huxley, and Bernard Katz established the classical principles of membrane
biophysics (Hille, 1984, 1992). When Hodgkin and his colleagues clamped the
membrane potential at values less negative than the threshold potential (-0.056 V),
they saw a time-dependent current. First there was an inward current and then this was
replaced by an outward current (Fig. 11A). They noticed that when they removed the
Nat from the external medium, the early inward current disappeared but the late
outward current remained (Fig. 11B). By subtracting the current trace obtained in the
absence of Na* from the one obtained in the presence of Na*, they obtained a
difference trace that represented the Na* current. They assumed that the current trace
obtained in the absence of Na* represented the K* current. This was confirmed by
removing the natural protoplasm by perfusion and substituting it with either K*-con-
taining or K*-free fluid and observing that the late current disappeared when they used
K*-free fluid. By dividing the magnitude of the Na* current or the K* current at a
given time by the membrane potential which was held constant by the clamp, they
could calculate the change in Na* and K* conductances with time that occurred during
an action potential (Hodgkin, 1964).

Hodgkin and his colleagues found that the resting membrane potential results from
the fact that gx > gn, > gc1- The action potential occurs after a stimulus causes an
increase in the conductance to Na* (gn,). Thus, upon stimulation, a substantial amount
of Na* moves down its electrochemical potential gradient from the external medium
into the axoplasm. This inward current causes a shift in the membrane potential toward
the Na* equilibrium potential (i.e., depolarization). The membrane potential conse-
quently shifts away from the K* equilibrium potential so that the electrochemical
potential gradient now drives an increased efflux of K*. This is accompanied by an
increase in the conductance to K* (gk). The increased conductance for K+ will
repolarize the membrane back to its resting level. The repolarization of the membrane
to its resting level due to K* efflux is facilitated by the time-dependent decrease in
8Na (i.e., inactivation). Since the K* efflux overlaps the Na* influx, the membrane
never depolarizes all the way to Ey,. The peak depolarization is somewhere between
Ex and Enj, and can be predicted from the Goldman-Hodgkin-Katz Equation using
the time-dependent relative permeabilities and concentrations of K* and Na* (see
Eckert et al., 1988; Junge, 1981; Matthews, 1986).

Lunevsky et al. (1983), working in the former Soviet Union, used a voltage clamp
to study the action potential across the plasma membrane of the characean alga
Nitellopsis. They inserted one electrode in the protoplasm and one in the medium to
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Fig. 11. A. Current recordings from a squid axon. Separation of currents carried by Na* and K* using a
voltage clamp. K,Na represents currents measured in the presence of extracellular Na* and intracellular K*.
K represents the currents measured in the absence of extracellular Na*. (In this case the Na* was replaced
by choline). Na represents the Na* current, which was obtained by subtracting the K* current from the total
current. Note: By convention, inward currents are always downward. B. Change in conductance over time.
The conductance for Na* and K* were determined by dividing the current density (in A m™2) carried by Na*
or K* by the potential at which the membrane was held by the voltage clamp (0.056 V). (Redrawn from
Hodgkin, 1964.)
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Fig. 12. Setup of voltage clamp to study characean cells. Aninternodal cell is placed in a three-chambered
acrylic holder (1). A microcapillary electrode (2), used to record the membrane potential, is placed in the
cytoplasm. The voltage is followed by a preamplifier (4) and passed to a voltage clamp amplifier (5). The
voltage clamp amplifier compares the membrane potential to the desired potential and outputs current to
the Ag/AgCl wires (3) so that the membrane potential is held at a desired value. The current is then passed
to a current monitor (6) and an oscilloscope or oscillograph (7) so that the current and voltage can be recorded
simultaneously (7). (Redrawn from Lunevsky et al., 1983.)

measure the membrane potential. The membrane is clamped to the desired voltage by
passing just enough current through the cell using Ag/AgCl wires (Fig. 12).

Using a step-voltage clamp, where the membrane potential can be varied in a
stepwise manner, Lunevsky et al. (1983) obtained a series of current traces that
represented current movement through the plasma membrane at each membrane
potential (Fig. 13). They resolved their data into three currents: the quick transient,
the slow transient, and the steady state current (in addition to the leakage current).

The first, quick transient component lasts for several hundred milliseconds. When
the membrane is depolarized to —0.05 V it appears as an inward current. It changes
from an inward current to an outward current as the membrane potential is clamped
to more and more depolarized values. The reversal potential for this current—that is,
the voltage where the current is neither inward nor outward (/;=0 A m2)—is between
—0.060 and —0.020V in artificial pond water (APW). This rapid, transient current could
be studied better if we could block the second current, so we’ll talk about the second
current and then come back to the first.

The second, slow transient current appears when the membrane is depolarized below
a threshold between —0.09 and —0.12 V and the maximum peak inward current is seen
at potentials 0.01 t0 0.02 V more positive than the threshold. The slow transient current
exhibits activation—inactivation kinetics that are similar to, although slower than, the
Nat current in squid axons. The reversal potential of the slow transient current depends
on the external Cl" concentration. When the external Cl~ concentration is increased
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Fig. 13. Current recordings from a characean internodal cell. The membrane was clamped at various
potentials and the current that flowed through the cell was recorded. V;, and I, represent the potential of the
plasma membrane and the current density through the plasma membrane, respectively. The reversal
potential for the first quick transient current is ~0.045 V in this cell. (Redrawn from Lunevsky et al., 1983.)

3.25-fold, from 32 mM to 104 mM, the reversal potential changes from —0.010 V to
—0.040 V in a manner completely accounted for by the Nernst Equation, as CI~ is the
only ion carrying the current. Further evidence that the second slow transient current
is carried by C1~ comes from the observation that this current is inhibited by the well-
known Cl-channel blockers, ethacrynic acid and anthracene-9-carboxylic acid (Fig.
14). The peak current carried by CI- ions is between 4 and 7 A m=2. The net flux can
be linked to the observed current using the following equation:

Jar = Io/(zaiF) (10

where
Jgy is the flux of CI~ (in mol m~2 s71).
I is the electric current carried by C1™ (in A m2)
Z¢y is the valence of CI~ (-1)
F is the Faraday Constant (9.65 x 104 coulombs mol~1).

This means that at the peak of the action potential the instantaneous rate of C1-
efflux must be 4-7 x 10~5 mol m2 s~1.

When the CI~ current is inhibited by ethacrynic acid, it is possible to study only the
first quick transient current. The first current rapidly activates in 100-250 ms and
slowly inactivates over the next 0.5-1 s (Fig. 15). The channel that passes the first
current passes cations, including Na*, K+, and Ca2+, although under normal conditions
it will pass Ca?* ions selectively.
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Fig. 14. Inhibition of the CI” current by the CI channel blocker ethacrynic acid. Trace 1 represents the
initial current and traces 2-5 represent currents measured at successive 10-minute intervals after the
application of ethacrynic acid. (Redrawn from Lunevsky et al., 1983.)

The voltage-clamp experiments show that membrane depolarization can activate
two transient (inward) currents: The first one is carried by Ca?* ions moving into the
cell and the second one is carried by Cl ions moving out of the cell. Thus, there is an
initial quick transient increase in the conductance for Ca2*, followed by a slow
transient increase in the conductance for CI™. Following these two transient currents
there is a steady state current that probably is carried by K*, as determined by its
reversal potential (Fig. 16). The changes in conductances over time have been
estimated from the work of Lunevsky et al. (1983). Beilby and Coster (1979a, 1979b)
carried out a Hodgkin—Huxley type analysis on their voltage-clamp data which cannot
bereconciled at the present time with that of Lunevsky et al. (1983). Hirono and Mitsui
(1983) also have done a Hodgkin—Huxley type analysis on the activation—inactivation
of the combined Ca2* and CI- currents. A complete analysis and reconciliation of the
data will have to await new methods for specifically identifying and completely
blocking each individual ionic current.

Lunevsky et al. (1983) postulated that the C1~ channel is activated by an increase in
the protoplasmic Ca2* concentration that occurs as a consequence of the activation of
the Ca%* conductance. The activation of the CI~ channel is inhibited when cells are
treated with the Ca2* channel blocker, La3* (Tsutsui et al., 1987a, 1987b, 1987c¢).
Moreover, Ca2* is required for the repolarization of the membrane potential which
results from K* efflux across the plasma membrane (Shimmen & Tazawa, 1983a) as
well as the activation of a K* channel responsible for the repolarization of the vacuolar
membrane (Katsuhara et al., 1989; Laver, 1992; Laver & Walker, 1991).

Now let’s study the excitability of each membrane separately instead of observing
two membranes in series. First we’ll look at the vacuolar membrane. The vacuolar
membrane is studied by gently permeabilizing the plasma membrane (with 5 mM
EGTA and no CaZ* at 4°C) so that the plasma membrane becomes completely
permeable to ions and small molecules yet keeps macromolecules in the protoplasm
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Fig. 15. Activation-inactivation of the first current. The CI” current has been inhibited i m this cell by
ethacrynic acid. This transient current represents the passage of monovalent jons (60 mol m™ K* or Na*)
through a cation channel. This channel probably functions as a Ca®* channel under physiological conditions,
where the Na*, K*, and Ca2* concentrations are approximately 0.1 mol m™> each. (Redrawn from Lunevsky
etal., 1983.)
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Fig. 16. Change in conductance over time. Estimate of partial specific conductances derived from data
presented in Figures 13-15.
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Fig. 17. Diagram of a permeabilized cell. / and P represent intact and permeabilized cells, respec-
tively. In the intact cell, both the plasma membrane and the vacuolar membrane are semipermeable. In
the permeabilized cell, only the vacuolar membrane is semipermeable. (Redrawn from Tazawa &
Shimmen, 1987.)

(Shepherd & Goodwin, 1989; Fig. 17). Since ATP leaks out (and streaming stops),
the cells must be bathed in Mg2*+-ATP, which results in a reactivation of protoplasmic
streaming (Shimmen & Tazawa, 1983b). The action potential of the vacuolar mem-
brane can also be studied on protoplasmic droplets (Kobatake et al., 1975; Takenaka
etal., 1975).

VIII. The Action Potential at the Vacuolar Membrane

In plasma membrane—permeabilized cells of Chara, the vacuolar membrane action
potential can be activated by increasing the Ca2* concentration of the external medium
from O to 1 uM (Fig. 18; Kikuyama, 1989). The increased Ca2* concentration on the
protoplasmic side of the vacuolar membrane causes the vacuolar membrane to
depolarize for as long as the Ca?* is present; however, a short pulse will activate a
normal-looking depolarization and repolarization. When the CI- concentration on the
protoplasmic side is increased, the degree of Ca?*-induced depolarization decreases
as predicted by the Nernst Equation if Cl™ is the only current-carrying ion. The CI-
current flows through a specific CI™ channel, since the CI- channel blocker, anthracene—
9-carboxylic acid, completely eliminates the Ca2*+-induced depolarization (Kikuyama,
1989). In order to confirm that a CI~ channel was actually opening, Kikuyama (1988)
measured the flux of CI~ from the vacuole using a Ag/AgCl electrode. He found that
an increase of the Ca?* concentration on the protoplasmic side of the membrane from
0 to 5 UM caused an increase in the flux of CI~ from the vacuole by approximately
1076 mol m~2 s~1. If the natural cell sap is replaced by perfusion with a Cl~-free cell
sap, no C1~ flux can be measured, indicating that the observed C1~ flux originates from
the vacuole (Kikuyama, 1988).

How is the vacuolar membrane action potential activated in intact cells? In intact
cells, it is generated when the plasma membrane has been excited, indicating that there
must be a coupling mechanism between the two membranes (Findlay, 1970; Kikuyama
& Tazawa, 1976). Ca%* is assumed to be the intracellular coupling agent since:

1. The [Ca?*]; increases upon excitation from approximately 0.1 to 10 UM as mea-
sured by aequorin luminescence (Kikuyama et al., 1993; Kikuyama & Tazawa,
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Fig. 18. The effect of Ca?* on the vacuolar membrane action potential in plasma membrane permeabilized
cells. A. The Ca2* concentration on the protoplasmic side of the vacuolar membrane of permeabilized cells
was increased at various times (black bars) and the membrane potential was recorded. A downward
deflection represents a hyperpolarization. B. The Ca?* concentration on the protoplasmic side of the vacuolar
membrane of permeabilized cells was increased (down arrow) or decreased (up arrow), and the CI”
concentration of the medium was measured. The CI~ concentration was measured with a Ag/AgCl wire and
given in volts, where, in accordance with the Nernst Equation, a 10-fold change in CI™ causes a 0.059 V
change in the potential of the wire. C. The Ca®* concentration on the protoplasmic side of the vacuolar
membrane of permeabilized cells was increased at various times (black bars) and the membrane potential
was recorded. This experiment was done in the presence or absence of A-9-C. A downward deflection
represents a hyperpolarization. (Redrawn from Kikuyama, 1988, 1989.)

1983; Williamson & Ashley, 1982). The influx of Ca* increases from 10~ mol
m2 571 to 3 x 10-7 mol m~2 s~! upon excitation (Hayama et al., 1979).
2. Replacement of external Ca2+ with Ba2+, Mg2*, or Mn2* does not inhibit the plasma
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Fig. 19. Diagram of a vacuolar membrane-free cell. A represents the intact cell, B represents a cell whose
natural cell sap has been replaced with artificial cell sap, and C represents a cell in which the cell sap was
replaced with a solution that causes the disintegration of the vacuolar membrane and the dilution of the
cytosol. (Redrawn from Tazawa & Shimmen, 1987.)

membrane action potential (Barry, 1968), but inhibits the generation of the vacuolar
membrane action potential and the cessation of streaming (Kikuyama, 1986).

3. Microinjection of Ca?* into the protoplasm induces an action potential at the
vacuolar membrane (Kikuyama, 1986).

It seems clear that the vacuolar membrane action potential results from the stimu-
lation by Ca2*, the “messenger” activated by the plasma membrane action potential.

IX. The Plasma Membrane Action Potential

The action potential at the plasma membrane can be studied by endoplasm-enriched
fragments using centrifugation (Beilby & Shepherd, 1989) or by making vacuolar
membrane—free cells (Tazawa & Shimmen, 1987; Williamson, 1975). This is done by
cutting off the ends and perfusing the cell with a Ca?+-free solution (Fig. 19). The
vacuolar membrane subsequently becomes unstable and breaks. The plasma mem-
brane then becomes the only surface membrane. The composition of the two solutions
on each side of the plasma membrane can be readily adjusted to study the excitability
of the plasma membrane (Tazawa & Shimmen, 1987).

In rapidly perfused, vacuolar membrane—free cells, containing the Ca%*-chelator
EGTA, the Cl~ channel in the plasma membrane is inactivated (Mimura & Tazawa,
1983) and the Ca?* current can be studied in isolation (Fig. 20; Shiina & Tazawa,
1987a). There are at least three classes of Ca%* channels in the plasma membrane of
characean internodal cells that are differentiated based on their localization and
pharmacological properties (Staves et al., 1993; Wayne et al., 1993). In a resting
Nitellopsis cell, the Ca2* (Sr2*) flux is approximately 130 x 10~ mol m™2 s~1, and it
increases to 1640 x 10~ mol m~2 s~! during an action potential. These ionic fluxes
can be related to the ionic currents by multiplying the fluxes by zF (19.3 x 10%
coulombs mol™1). Thus, the current resulting from the flux of Ca?* transiently
increases from 0.025 A m2 to 0.316 A m~2 during an action potential. [Note that these
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Fig. 20. The Ca* current in rapidly perfused, vacuolar membrane—free cells. A. The current density of
vacuolar membrane—free cells was measured with a voltage clamp. B. The membrane potential of a vacuolar
membrane—free cell was measured with a current clamp. The membrane was excited by a depolarizing
current. (Redrawn from Shiina & Tazawa, 1987a.)

fluxes observed in tonoplast-free Nitellopsis cells are higher than those observed in
normal Chara cells (Staves, unpublished results)]. The current that passes through the
Ca?* channel involved in the generation of the action potential is blocked by La3*

This content downloaded from 128.84.125.94 on Thu, 12 Nov 2015 14:20:46 UTC
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

EXCITABILITY OF PLANT CELLS 303

(Shiina & Tazawa, 1987a). The shape of the action potential of the plasma membrane is
different in vacuolar membrane-free cells compared with intact cells. In vacuolar mem-
brane-free cells the action potential is typically rectangular in shape, indicating that the
Ca?* current does not show time-dependent inactivation. This activation may be regulated
through the phosphorylation of a Ca?* channel, since the Ca2* channel can be activated
only when it is dephosphorylated (Shiina & Tazawa, 1986b; Shiina et al., 1988).

In slowly perfused vacuolar membrane—free cells, the plasma membrane CI-
channel is still functional (Shiina & Tazawa, 1988). In these cells, membrane depo-
larization causes a large inward current (Fig. 21). CI~ ions carry the inward current
since the large depolarization and the CI~ efflux are inhibited by the Cl~ channel
blocker A-9-C. The CI~ channel is activated in response to extracellular Ca2* since
the CI" current and CI™ efflux require extracellular Ca?* and are inhibited by the Ca%*
channel blocker, La3t (Shiina & Tazawa, 1987b).

X. Identification of the Ca>*-Activated CI' Channel on the
Plasma Membrane Using Patch Clamp Techniques

Up to now we have talked about the specific conductance of the membrane to a
given ion, and we have assumed that this conductance is due to the presence of
channels. Channels are single protein molecules embedded in the membrane that act
like little regulated (i.e., gated) pores through which ions can pass. Recently, the patch
clamp technique has made possible the visualization of single channels (Hamill et al.,
1981; Sakmann & Neher, 1983). With this technique, a tiny piece of the plasma
membrane (=10-12 m2) can be pulled away from the cell, thus making certain the
identity of the membrane in which the channel resides (Fig. 22). The isolated
membrane patch no longer has a natural membrane potential, so a voltage clamp is
used to set (and vary) the membrane potential to any given value. Typically, channels
are activated at certain potentials and a current can be measured. When the channels
are closed, no current passes; and when the channels open, a small current in the
picoampere range can be observed. It is possible to observe the behavior of single
channels opening and closing. Okihara et al. (1991, 1993), using patch clamping
techniques, have actually identified the Ca2*-activated CI~ channels in the plasma
membrane that are responsible for the action potential (Fig. 23).

The current passing through the channels is observed only when the Ca%* concen-
tration on the protoplasmic side of the membrane is about 1 uM. When the Ca2*
concentration is either lower or higher, the current decreases, indicating that a small
amount of Ca?* is needed to activate the channel and greater amounts cause it to
inactivate. This behavior may account for the kinetics of the “slow transient second”
current observed by Lunevsky et al. (1983) in their voltage clamp experiments on
intact cells.

The reversal potential of the Ca2*-activated current is positive and depends on the CI-
concentration in a manner predicted by the Nernst Equation if Cl™ is the only ion carrying
the current. The Ca2*-activated CI™ channel is also voltage-dependent. This channel is
activated upon depolarization to voltages less than —0.16 V, indicating that a membrane
depolarization (i.e., receptor potential alone) is necessary but not sufficient for the
activation of the CI~ channel that is responsible for the realization of the massive
depolarization and increase in conductance characteristic of the action potential.

The magnitude of the CI~ current observed (/,) in a patch depends upon the number

This content downloaded from 128.84.125.94 on Thu, 12 Nov 2015 14:20:46 UTC
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

304 THE BOTANICAL REVIEW

A
™
[ ]
n £
Time 8 ‘E’
120s
Fl
o>
T T T T e Trw. ~
RORUTITE N ERRaN |:°-<
A Aa A
76 54 “as* 7 pCa
B
Control A9C
Wash . ®
*0
Time Og
120s
f__\*—p- “-'>
warwet L-..m o
AV A v A v pCa

Fig. 21. The action potential in vacuolar membrane—free cells. A. The effect of Ca®* on the CI~ efflux
and membrane potential. CI~ efflux was measured with Ag/AgCl wires in the external medium. Membrane
potential was measured with a microcapillary electrode. pCa represents the -log{Ca?*]. B. The effect of
A-9-C on CI” efflux and membrane potential. (Redrawn from Shiina & Tazawa, 1987b.)
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Fig. 22. Diagram of a patch clamp setup. A patch of membrane is held by a high-resistance seal to a glass
microcapillary pipette. One side of the membrane is exposed to the bath and the other side of the membrane
is exposed to the pipette solution. The electrode is connected to a patch clamp amplifier, which in principle
is identical to a voltage clamp amplifier except that the currents that flow are smaller (picoampere compared
to microampere). The patch clamp amplifier can issue a command to hold the membrane at a given voltage
and measure the current that flows at the command voltage [see Hamill et al. (1981) for details].

of CI~ channels in the patch (), the probability of a channel being open (P,), and the
current passed by a single channel (/) according to the following relation:

Io = bPols (11)

where
I, is the current passed through the patch (in A)
b is the number of channels in the patch (dimensionless), assuming that all the
channels are identical
P, is the probability of a channel being open (dimensionless)
I, is the current passed by a single channel (in A).

A kinetic analysis of the results shows that the increase in the observed current
induced by an increase in the Ca?* concentration on the protoplasmic side of the
membrane from 0.1 to 1 UM results from an increase in the probability of the
CaZ*-activated Cl1~ channel being open. Likewise, the decrease in the current observed
when the Ca2* concentration increases from 1 to 10 uM results from a decrease in the
probability that the Ca?*-activated CI~ channel will be open. This appears to be part
of the molecular mechanism to explain the activation—inactivation kinetics of the
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Fig. 23. Patch clamping analysis of the Ca**-activated Cl- channel. A. Patch clamp analysis of inside
out patches treated with various concentrations of Ca?* in the bath and held at various command voltages.
The observed currents are discrete, which is due to the opening and closing of CI~ channels. There are
probably 3 or 4 channels in the patch. B. I-V curves of single channels. C. The effect of Ca?* on the open
probability of the Clchannel. V;, and I, represent the electrical potential of the plasma membrane and the
current through the plasma membrane, respectively. P, represents the open probability of the C1~ channel
and pCa = -log (Ca**). (Redrawn from Okihara et al., 1991.)
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Fig. 24. Summary diagram of the generation of an action potential and the subsequent cessation of
streaming. A mechanical stimulus, perceived by a mechanoreceptor (MR), causes a depolarization of the plasma
membrane known as the receptor potential (1). The receptor potentlal is probably due to the activation of Ca?
channels (2). If the i 1ncrease in the intracellular Ca®* concentration is sufficient, the membrane potential further
depolarizes when Ca®* and the accompanying depolarization activates the CI~ channel in the plasma membrane
(3). This results in an inward current carried by CI™ (i.e., CI” efflux). Subsequently, the membrane potential
moves away from the equilibrium potential for K*, Thus, K* moves out of the cell down its electrochemical
gradient and the membrane potential repolanzes (4). The permeability of the membrane to K* may also increase
asa oonseguenoe of the activation of a Ca?*-activated K* channel.

The Ca** that enters the cell in response to mechamcal stimulation then diffuses across the 5-20 um
protoplasm at a velocity of approximately 1 pm s~ 1 (5) and activates the CI" channel of the vacuolar
membrane. Cl" moves from the vacuole into the protoplasm, causing a slower vacuolar membrane action
potential, which is observed as a hyperpolan'zation of the vacuolar membrane (6). CaZ* also activates a K*
channel on the vacuolar membrane which results in a repolarization of the vacuolar membrane potential.
The transient increase in protoplasmic Ca®* stops streammg as the wave of Ca?* moves through the cell.
Protoplasmic streammg stops because the increased Ca?* activates a protem kinase that phosphorylates the
heavy chain of myosin and inhibits the interaction of actin and myosm thus inhibiting the proteins that
provide the motive force for streammg (7). Eventually the elevated Ca?* concentration returns to the resting
level due to the pumping out of Ca 2+ by Ca?*-ATPases on the plasma membrane and sequestering into
internal compartments (8).

inward CI~ current. Patch clamping has provided a visualization of membrane phe-
nomena that would have been beyond the wildest ideation of Julius Bernstein (1912),
the creator of the membrane theory of excitation.

XI. Summary

A mechanical stimulus causes a depolarization of the plasma membrane known as
the receptor potential (Fig. 24). The receptor potential is probably due to the activation
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of Ca2+ channels. Probably the value of the receptor potential is directly related to the
number of Ca%* channels activated. If a sufficient number of Ca2* channels are not
activated, the increased CaZ* influx will not cause a large enough increase in the
intracellular Ca?* concentration to activate the processes necessary to cause the
regenerative action potential, since Ca?* influx must be much greater than the Ca2*
efflux brought about by the Ca2*-pumping ATPases in the plasma membrane. If the
increase in the intracellular Ca2* concentration is sufficient, the membrane potential
further depolarizes when Ca%* and the accompanying depolarization activates the Cl-
channel in the plasma membrane. This results in an inward current carried by Cl- (i.e.,
CI™ efflux). Subsequently, the membrane potential moves away from the equilibrium
potential for K*. Thus K* moves out of the cell down its electrochemical gradient and
the membrane potential repolarizes. The permeability of the membrane to K+ may
also increase as a consequence of the activation of a Ca%*-activated K* channel.

The Ca?* that enters the cell in response to mechanical stimulation then diffuses
across the 5-20 wm protoplasm at a velocity of approximately 1 um s™! and activates
the CI~ channel of the vacuolar membrane. CI~ moves from the vacuole into the
protoplasm, causing a slower vacuolar membrane action potential which is observed
as a hyperpolarization of the vacuolar membrane. Ca2* also activates a K* channel on
the vacuolar membrane which results in a repolarization of the vacuolar membrane
potential. The transient increase in protoplasmic Ca2* stops streaming as the wave of
CaZ* moves through the cell. Protoplasmic streaming stops because the increased Ca2*
activates a protein kinase that phosphorylates the heavy chain of myosin and inhibits
the interaction of actin and myosin, thus inhibiting the proteins that provide the motive
force for streaming (Tominaga et al., 1986). Eventually the elevated Ca%* concentra-
tion returns to the resting level due to the pumping out of Ca2* by Ca2+-ATPases on
the plasma membrane and sequestration into internal compartments.

XII. Coda

In this paper I have tried to show that work on excitability of plants and particularly
of characean internodal cells has advanced considerably over the past century. We are
just beginning to know the extent to which action potentials in higher plants are similar
to or different from those in characean cells (Hodick & Sievers, 1986; Iijima &
Hagiwara, 1987; Iijima & Sibaoka, 1981, 1982, 1983, 1985; Samejima & Shibaoka,
1982; Tazawa, 1984). Likewise, we are beginning to realize the extent to which action
potentials may be involved in long-range communication in higher plants (Davies,
1987; Shiina & Tazawa, 1986a; Wildon et al., 1992). Could action potentials commu-
nicate some of the information needed for whole-plant development and responses to
environmental stimulation? Living organisms use both chemical (e.g., hormonal) and
physical (e.g., electrical) messengers for long-range (i.e., cell to cell) information
transfer. It is noteworthy that animal physiologists are split approximately 50%/50%
between those who study chemical communication and those who study electrical
communication, while plant physiologists are split approximately 99%/1% between
those who study chemical communication and those who study electrical communi-
cation, with a few studying both (Bandurski, 1991; Bates & Goldsmith, 1983; Cleland
et al., 1977; Felle et al., 1986; Liu et al., 1991; Lund, 1947; Pickard, 1984). This
unequal division among plant physiologists is especially puzzling after we realize that
plant electrophysiology played such a prominent role in the early history of electrical
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communication. I suggest that there may be five possible explanations that explain the
unequal division that has been so prominent during the last half of the twentieth century:

. the discovery of auxin, a ubiquitous and omnipotent chemical messenger

. institutional nationalism, racism, and sexism

. the belief that plant cells do not have a plasma membrane

. the apprehension of plant physiologists in using physical laws to model biological
systems

5. the use of plants in parapsychological work.

AW

Perhaps the split into a chemical thesis of communication and an electrical antithesis of
communication in plants resulted from the notion that one type of messenger must be more
important than the other (the “one God, one Messenger” theory). Thus, the great successes
of the prominent, chemical-oriented plant physiologists Frits Went and Kenneth Thimann
(documented in Went & Thimann, 1937) in purifying a chemical messenger (the plant
hormone auxin) that caused so many profound physiological and developmental responses
left the physical-oriented plant physiologists powerless to continue their work on electrical
communication in plants. Indeed, since that time, plant growth and development have
almost become synonymous with the study of hormones.

Auxin was discovered in the 1930s, a time when the world was in political turmoil.
Perhaps the division of the world into the Allies and Axis exacerbated the birth of the
thesis—antithesis conviction. The discovery of auxin coincided with the rise of Adolph
Hitler in Germany. While Germany had been the “center” of plant physiological
research prior to the discovery of auxin, America (particularly Cal Tech) became the
“center” of plant physiological research after the discovery of auxin (Boysen-Jensen,
1936; Brauner & Rau, 1966; Bunning, 1939, 1948, 1953; Goebel, 1920; Haberlandt,
1890, 1901; Kohl, 1894; Nemec, 1901; Pfeffer, 1875; Skoog, 1951; Stern, 1924; von
Guttenberg, 1971). Thus the false dichotomy was set up: Choose the physical-oriented
plant physiology dogma established by W. Pfeffer’s school in Germany or the
chemical-oriented plant physiology dogma authorized by F. Went’s and K. Thimann’s
school in America. Interestingly, following World War II, the political alliance
between Germany and Japan also led to a scientific alliance, and physical-oriented
plant physiology also became prominent in Japan.

I believe it possible that racism and sexism further compounded the problem in
America since the results and conclusions of an Indian man (Jagadischandra Bose)
and an American woman (Barbara Pickard), the two major proponents of the import-
ance of electrical communication in plants (Bose, 1906, 1913, 1926, 1985; Pickard,
1973, 1984), were somewhat overlooked. Interestingly, the work of Sir J. C. Bose that
showed that plants have almost the same life reactions as humans inspired the Nobel
Laureate Rabindranath Tagore to dedicate to him a book of poems entitled Vanavani
(Voice of the forest) (Kripalani, 1962).

Another reason why the study of electrical communication in plants lacked popu-
larity by plant physiologists may have arisen from the belief held by some biophysical
plant physiologists through the late 1950s, that plant cells do not have a differentially
permeable plasma membrane but only a cytoplasmic surface layer or “plasmalemma” (see
Briggs, 1957; Briggs & Hope, 1958; Briggs & Robertson, 1948, 1957; Briggs et al., 1961;
Dainty, 1962; Hope, 1951; Hope & Robertson, 1956; Hope & Stevens, 1952; Hope &
Walker, 1975; MacRobbie & Dainty, 1958; Robertson, 1992; Walker, 1955, 1957). This
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view was championed by the prominent biochemical (Briggs & Haldane, 1925) and
biophysical plant physiologist G. E. Briggs, who with R. Robertson wrote in 1957:

It is generally accepted that there is, between the vacuole and the outside of a
plant cell, a barrier or barriers which offer a high resistance to the passage of
many solutes including salts of strong acids and bases. The tonoplast which
separates the vacuole from the cytoplasm is accepted as one such barrier, but
many assume that there is also another barrier [the plasma membrane] at the
outside of the cytoplasm adjoining the cell wall. Although we believe that no such
barrier exists for many solutes we do not propose to consider all the evidence in
detail, nor is it the purpose of this article to survey the history of what we believe
to be erroneous concepts.

This conclusion came from the application of Ockam’s razor (Ockam, 1487; cited
in Hope & Walker, 1975). The logic was that since animal cells have only one limiting
membrane, it stood to reason that plant cells, too, have only one limiting membrane.
It was obvious that plant cells have a visible vacuolar membrane, surrounded by the
protoplasmic “free space,” so there seemed to be “no reason” to have a second
membrane (Hope & Walker, 1975: 32).

Even today many botanists use the term “plasmalemma,” which was first used by
Mast in 1924 and defined by him in 1926 to signify the outer layer of the protoplasm
of Amoeba that may or may not be a distinct differentially permeable barrier. Plasma-
lemma was introduced by Mast (1926) as a noncommittal term to replace controversial
terms like Zellhaut, Plasmahaut, or Plasmamembran, used by Pfeffer to indicate a
differentially permeable membrane; or Héutchen (third layer, pellicle, or pellicula),
used by Biitschli, Rhumbler, Schaeffer, Chambers, and Howland to indicate a surface
layer surrounding a colloidal or foam-like protoplasm, a protoplasm which itself is
capable of causing differential permeability.

Plasmalemma was supposed to be a harmonious word that fit somewhere between
Pfeffer’s (1877) operational definition of the plasma membrane and Biitschli’s (1984)
opinion:

The surface of the protoplasm has been referred to as the “Hautschicht”,
“Hautplasma” or best of all “hyaloplasma”. . . . I have decided to designate this
semipermeable layer [the surface of the protoplasm] as “plasmahaut” or “plas-
mamembran”. . .. The “plasmamembran” can only be defined by its osmotic
properties and not by its morphological characteristics. (Translatedfrom Pfeffer,
1877).

I am only doubtful whether the so-called protoplasmic membrane possesses
the importance for osmotic processes which Pfeffer ascribes to it; on the ground
of which processes Pfeffer was really first led to assume its existence; they are
now also supposed by him to prove its presence, even when direct observation
shows nothing of it for certain. (Biitschli, 1984)

“Plasmalemma” was then introduced into the plant literature by Plowe (1931a):

Mast (1924) has given us the term “plasmalemma” for the thin external layer
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which is the “membrane” if an osmotic function exists. This term seems free from
the difficulties presented by both “ectoplast” and “plasma membrane.” It has
seemed permissible, therefore, to extend its use to the botanical world, and to employ
it to denote adistinct, differentiated layer on the outer surface of the plant protoplast.

Incidently, the two papers published in 1931 by Plowe present definitive evidence
showing that in the plant cells she studied, the “plasmalemma’ was a differentially
permeable “membrane” (Plowe, 1931a, 1931b). Given the preponderance of the
evidence that the “plasmalemma” of the plant cell is a differentially permeable
membrane, it is both meaningful and correct to refer to it as a plasma membrane.

The study of electrical communication in plants requires the application of physical
laws to biological systems, and the application of physical laws to organisms usually
requires the use of the most simple organisms available or the isolation of single cells.
The apprehension of plant physiologists in using simple lower plant systems and
physical laws to model biological systems is evident in the following quote by F. C.
Steward (1935) in his assessment of Osterhaut’s work:

It is in these operations that undue weight seems to have been given to certain
features, not applicable to cells in general, of what is after all an obscure
organism [Valonia].

Lastly, there seems grave danger that the admittedly ingenious and extensive
work devoted to models may divert attention from the fundamental facts that, not
only are they far removed from physiological reality, but also that the very
principles upon which they are based are such that judgement must be reserved
concerning their applicability to the general problem of salt absorption in vivo.

This view is still prevalent today. As late as 1986, Steward wrote in the Treatise of
Plant Physiology:

This chapter [Solutes in Cells] has developed its main theme with reference to
cells of angiosperms, that is, the cells of the most highly organized land plants
which encounter in nature the most complex environments. The earlier chapter
(25) properly gave much attention . .. to the uses made of aquatic plants in
investigations on cell physiology, especially in studies which capitalized on
special features of their morphology. As, for example, the so-called giant cells
of members of the Siphonales and the large internodal cells of Chara and Nitella.
Interesting as these organisms were, and are, the special features that make them
attractive experimental objects also render them, from the standpoint of this
chapter, atypical and not representative of the plant kingdom as a whole.

It appears that the philosophy (Osterhaut, 1924) and experiments of W. Osterhaut—
the scientist so instrumental in enticing the animal physiologists Curtis and Cole and,
later, Hodgkin and Huxley into studying simple systems that could be physically
modeled—had the opposite effect on plant physiologists.

In physics, fundamental laws were discovered by choosing simple “ideal” systems
like gases or dilute liquids, but not solids, to demonstrate the existence and behavior
of atoms (Feynman, 1965, 1985). Hydrogen atoms, not tin atoms, were used to explain
the quantum nature of the atom. Likewise, animal behaviorists study the electrical
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behavior of isolated nerve cells in order to understand complex behaviors from the
knee-jerk response to the regulation of the heartbeat. However, within the scientific
realm of plant physiology, the presentation of the “botanical equivalent of an ideal gas
in a real world” (i.e., algal cells) has typically met with the reaction that they are “far
removed from physiological reality.”

While progress is being made in applying the laws of physics to the study of plants
at the organ level (Cosgrove, 1993a, 1993b, 1993c; Green, 1981; Niklas, 1992; Silk,
1984; Thompson, 1963) and the suborganellar level (Jean et al., 1989), the single cell
has been under-utilized in applying these laws to the study of plant physiology and
development. The study of plant growth and development at the single-cell level
complements investigations done on the whole plant, isolated organelles, and protein
complexes (Delbriick, 1970).

Once a cellular approach is taken, it is very important to identify the cell type that
is responding to the physiological or developmental stimulus (Wayne, 1992). This is
necessary since the signal transduction chains and response characteristics of a given
cell type in a multicellular organism may vary (Hamill et al., 1991). Perhaps the reason
that we have no evidence for the involvement of cyclic AMP (cAMP) in plants is
because the average CAMP concentration of all cells in seedlings, and not just the
cAMP concentration in the responding cells, was assayed (Amrhein, 1977; Brown &
Newton, 1973; Elliot & Murray, 1975). This experimental approach would be analo-
gous to treating a whole calf with light or hormones and then grinding it all up to
determine whether or not the level of cAMP has changed or not.

I believe that, even today, plant physiologists prefer the vitalistic approach to
science rather than the unificationist approach that is based on the hypothesis that
there are certain fundamental laws of nature that can describe physics, chemistry,
and biology in mathematical form (Brillouin, 1949; Elasser, 1958; Loeb, 1912, 1916;
Lotka, 1925). There is still a strong belief that there is a “grave danger” in applying
the fundamental laws of physics to plant physiology. Steward was wary of Osterhaut
applying electrical theory to membrane transport since membrane transport de-
pended on respiration, a component not included in the Nernst Equation. However,
Kitasato and Spanswick later showed the relationship between the product of
respiration (ATP) and membrane transport when they discovered the electrogenic
pump and the equivalent electrical circuit that includes both the Nernst Equation
and the ATP-utilizing electrogenic H* pump. In my opinion, more progress can be
made and has been made by building up a synthetic plant physiology from
fundamental principles (unificationist approach) than from describing phenomena
and making interpretations without considering whether or not the interpretations
obey the laws of physics.

I'hope this review inspires some people to apply biophysical principles to the study
of plant physiology and development. Using the common language of mathematics
and principles of physics allows a ready transference of information between related
fields (Rothstein, 1951). Since all measurements are based on physical principles, we
have a chance of understanding our instruments as well as understanding the plant if
we include biophysical thinking in our approach. When we make theories in plant
physiology and development, we are implicitly or explicitly assuming that certain
mathematical or physical principles are either true or false. Implicit and wrong
assumptions can mislead the field for years.

Interestingly, while sometimes the assumptions of physical principles are met in
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biological systems, often they are not (Bohr, 1933; Donnan, 1927; Klieber &
Gradmann, 1993; Schrodinger, 1946; Szent-Gyorgi, 1960). This gives biologists a
chance to broaden the current laws of physics or, if you like, “natural laws.” According
to Brillouin (1949),

We have been looking, up to now, for a physiochemical interpretation of life. It
may well happen that the discovery of new laws and of some new principles in
biology could result in a broad redefinition of our present laws of physics and
chemistry, and produce a complete change in point of view.

This is not so farfetched as it seems when we realize that botanists have already
played a leading role in the development of new physical principles. It was the work
of the botanist Robert Brown (1828, 1866) on the movement of organelles in the
cytoplasm of pollen that gave rise to the acceptance of the reality of atoms and the
determination of Avogadro’s Number (Einstein, 1926; Perrin, 1923). And it was the
work of botanists H. de Vries, C. von Négeli, W. Hofmeister, and W. Pfeffer that led
J. H. van’t Hoff to apply the gas laws to dilute solutions and develop the Boyle-van’t
Hoff Law, which relates concentration to osmotic pressure (Ling, 1984). The botanist
Friedrich Reinitzer discoverd liquid crystals (Brown & Wolton, 1979). And the
physicist George Stokes used his own studies on the fluorescence of chlorophyll
extracted from bay leaves to develop the relationship between absorption and fluores-
cence known as Stokes’ Law (Harvey, 1957; Lloyd, 1924). In fact, the botanist
Andrew Caesalpinus, who was the Chair of Medicine at the University of Pisa from
1597 to 1592, was Galileo’s teacher (Brewster, 1846).

Some animal physiologists of the nineteenth century, including Adolf Fick, Her-
mann von Helmholtz, and Jean Poiseuille also contributed greatly to physics. They
were members of a “new school of physiologists” who rejected vitalist explanations
of life and attempted to describe physiological phenomena in terms of physical and
chemical principles. J. B. S. Haldane (1924) and R. A. Fisher (1930) contributed
greatly to mathematics in the twentieth century as a consequence of their need to
describe genetics quantitatively. These nineteenth- and twentieth-century scientists
tried to unite natural history (e.g., botany, zoology, physical geography, geology, and
mineralogy) with natural philosophy (e.g., mathematics, physics, astronomy, and
chemistry). Natural philosophy and natural history were separated based on the
assumption that the former but not the latter was susceptible to mathematical and
experimental treatments (Huxley, 1902).

Lastly, although the study of electrical communication in plants had already been
ignored by the plant physiology community for years, during the 1960s the study of
electrical communication in plants became taboo following the publication of high-
profile, irreproducible work that reported that plants that were connected to a lie
detector were able to perceive danger and gave a perceptible change in the electrical
resistance of a leaf while witnessing the murder of brine shrimp (Backster, 1968;
Horowitz et al., 1975).

As aresult of the renewed interest in ionic messengers, particularly Ca?t, in plant
development (Trewavas, 1986), coupled with the successful introduction of the
vibrating electrode (Nuccitelli, 1986) and patch clamp techniques to plant physiology
(Hamill et al., 1981; Hedrich & Schroeder, 1989), many more plant physiologists are
bridging the gap between the chemical-oriented thesis of communication and the
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physical-oriented antithesis of communication to form a synthesis that recognizes the
importance of both chemical and electrical communication in considering the mechanisms
responsible for plant development and the responses of plants to the environment.

I will end with a passage from a letter Benjamin Franklin wrote to Peter Collinson
on 29 April 1749:

Chagrined a little that we have been hitherto able to produce nothing in this way
of use to mankind; and the hot weather coming on, when electrical experiments
are not so agreeable, it is proposed to put an end to them for this season,
somewhat humorously, in a party of pleasure, on the banks of the Skuylkil. Spirits,
at the same time, are to be fired by a spark sent from side to side through the
river, without any other conductor than the water,; an experiment which we some
time since performed, to the amazement of many. A turkey is to be killed for our
dinner by the electrical shock, and roasted by the electrical jack, before a fire
kindled by the electrified bottle: when the healths of all the famous electricians
in England, Holland, France, and Germany are to be drank in electrified
bumpers [small thin glass tumblers, nearly filled with wine, and electrified as
the bottle. This when brought to the lips gives a shock, if the party be close shaved,
and does not breathe on the liquor (Cohen, 1941)], under the discharge of guns
from the electrical battery.
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V. Appendix A: List of Abbreviations

a is (-Kju;zjeldx)

b is the number of channels in a patch (dimensionless)

c is the speed of light (3 x 108 m s~1; Spiridonov, 1986)

d represents an infinitesimal difference

exp is the base of the natural logarithm (2.72)

e is the elementary charge (1.60 x 10719 coulombs per particle; Spiridonov, 1986)

frepresents a function

fix) is U[exp(z;FER/RT) — 1] where x = E, and is a constant when E, = E;

g is the acceleration due to gravity (9.80 m s~2) on the surface of the earth on an object
of mass m; (in kg), and is derived from the gravitational constant (G, 6.67 x 10711
N m? kg™4; Spiridonov, 1986), the mass of the earth (m,, 5.98 X 1054 kg) and the
radius of the earth (r, = 6.38 x 106 m) using the equivalence of the following
formula for force: Force = m;g = Gy(mem;/re?)

gj is the partial specific conductance of the membrane for substance j (in S m2)

his Planck’s Constant (6.65 X 10-34 J s; Spiridonov, 1986)

A’ is a height (in m)

iis a subscript or superscript that represents “in”

Jj is a subscript that represents substance j

J=3E

k is Boltzmann’s Constant (1.38 x 10723 J K-1; Spiridonov, 1986)

K = (ng/n;) = exp(zBE))

1 is length (in m)

m is molecular mass of a substance (in kg mol™!)

my is the mass of substance j (in kg)

n; is the concentration of substance j (in mol m3)

ne is the concentration of a given ion on the exoplasmic side of the membrane (the
E-space, in mol m™3)

np, is the concentration of a given ion on the protoplasmic side of the membrane (the
P-space, in mol m™3)

o is a subscript or superscript that represents “out”

q is the number of charged particles that move across an area (in m2)

q' is the number of charged particles (dimensionless)

gjis the number of ions j that move across an area (in m?2)

ris the radius (in m)

ry is the hydrodynamic radius (in m)

rj is the specific resistance of the membrane for substance j (in Q m?)

tis time (in s)

u is the mobility (in m2 J-1 s~1)

U is the molar mobility constant (in mol m? J-1 s~1)

u’ is the mobility (in m? V-1 s~1)

v is velocity (in m s~1)

x is a distance (in m)
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z is the valence of an ion or electron (dimensionless)
Z, 1s the valence of an anion (-)

Zc 1s the valence of a cation (+)

z; is the valence of substance j (dimensionless)

A is the area (in m?2)

C is the specific capacitance (in F m2)

Cp is the specific membrane capacitance (=102 F m™2)

C’ is capacitance (in F)

D is the diffusion coefficient (in m2 s™1)

Dj is the diffusion coefficient of substance j (in m? s!)

Eis an electric potential (in V)

Ej is the diffusion potential determined by the G-H-K Equation (in V)
E, is the total driving force on an ion (in V)

E,, is a membrane potential (in V)

Ej is the equilibrium potential of ion j (in V)

E'; is the potential (in V) at time ¢

E, is the potential (in V) at time 0

E.. is the potential (in V) at time infinity

F is Faraday’s Constant (9.65 x 10* coulombs mol-!; Spiridonov, 1986)
F’ is force (in N)

F" is the electric force between two charged bodies (in N)
G is the specific conductance of the membrane (in S m2)
G’ is Gibbs’s free energy (defined as an intrinsic quantity, in J mol~1)
H is enthalpy (defined as an intrinsic quantity, in J mol~!)

I is electrical current density (in A m™2 = coulombs m=2 s~1)
I’ is electrical current (in A = coulombs s~1)

1, is the current passed through a patch (in A)

I is the current passed by a single channel (in A).

1; is electrical current density carried by ion j (in A m2)
1*is information (inJKT)

Jion, Jn are the total net flux (in mol m=2 s-1)

Jp is the net flux due to pressure (in mol m2s-1)

Jg is the net flux due to gravity (in mol m—2 s1)

Jq is the net flux due to diffusion (in mol m=2 s1)

Je1 is the net flux of charged particles (in mol m=2 s~!)

J; is the net flux of substance j (in mol m=2 s~1)

Jy is the net volume flow of water (in m3 m2 s~1)

Jx is the net flux of K* (in mol m2 s~1)

JNa is the net flux of Na* (in mol m2 s~1)

Je is the net flux of CI- (in mol m2 s™1)

Ji is the influx (in mol m™2 s~1)

J, is the efflux (in mol m2 s~1)

K; is the partition coefficient of substance j (oil/water; dimensionless)
KE is kinetic energy (in J)

L, is the hydraulic conductivity (in m s~! Pa™1)

Na is Avogadro’s Number (6.02 x 1023 mol-1)

P is pressure (in Pa)
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P; is the permeability coefficient of substance j (in m s

P, is the probability of a channel being open (dimensionless)

R is the gas constant (8.31] mol~! K-1; Spiridonov, 1986)

R’ is the specific resistance (in Q m?2)

Ry, is the specific membrane resistance (in Q m?2)

S is entropy (defined as an intrinsic quantity, in J mol-! K-1)

T is absolute temperature (in K); with absolute temperature scales, the “value of a
degree” is independent of temperature and 273.16 K is defined as the triple point
of water (American Society for Testing and Materials, 1974)

TI" is the thermal information (in J mol~!)

T’ is tension (in N m™!)

V is volume (in m3)

1% ] is the partial molal volume of a substance (in m> mol~!)

Yis Jidx lujzjedE

Z is the total specific impedance due to resistors and capacitors (in Q m?2)

Zg is the impedance due to resistors (in )

Z is the reactance (in Q)

B = F/RT = e/lkT

A represents an infinitesimal difference between state variables
n=3.14

X represents “‘the sum of”

€ =relative permittivity (dimensionless)

€, is the permittivity of a vacuum (8.85 x 10~12F m™1)

7 is the viscosity (in Pa s)

W is the chemical potential (in J mol-1)

W, is the chemical potential of substance j (in J mol1)

W, is the chemical potential of substance j in the standard state (in J mol1)
T is the membrane time constant (in s)

Note: All units are given in SI units and all constants are rounded off to two decimal
places or less.

XVI. Appendix B: Information Theory,
Thermodynamics, and Cell Communication

The development and adaptive behavior of multicellular organisms depends on
communication between cells. Communication is the faithful transfer of information.
Information transfer can occur at many levels: between the environment and the cell,
between cells in a tissue, between tissues, and between organs. In order to get a better
understanding of communication and methods of communication, we are going to
define information in thermodynamic terms. It appears that information theory
(Bialek, 1987; Block, 1992; Mehra, 1994; Mercer, 1981; Orl6zi, 1991; Raisbeck,
1963; von Neumann, 1963; Young, 1987) may provide a sturdy framework for
understanding the information transfer involved in plant growth and development.

According to Brillouin (1949, 1950, 1956, 1959, 1964), Shannon and Weaver
(1949), Szilard (1964), Rothstein (1951), Tribus and Mclrvine (1971), and von
Neumann (1963), information can be considered equivalent to negative entropy (or
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negentropy) where entropy is equivalent to the number of possible states. The greater
the number of possible states, the greater the entropy and the greater the lack of
information.

I =-AS B.1)

where
I" is information (in J K1)
AS is entropy (in J mol~! K-1)

It is useful to think about information in energy units. In order to do this we multiply
by the absolute temperature (7, in K).

TI" = -TAS (B.2)

where
TI" represents thermal information (in J mol™!)

We can relate the thermal information to Gibbs’s free energy using the following
formula:

AG’= AH - TAS (B3)

where
AG’ is the Gibbs free energy (in J mol1)
AH is the enthalpy (in J mol 1)
T is the absolute temperature (in K; and is assumed to be constant)
AS is the entropy (in J mol~! K-!1; Bergethon & Simons, 1990; Klotz, 1967;
Lewis & Randall, 1923; van Ness, 1983).

I have defined Gibbs’s free energy as an intrinsic quantity. This is in keeping with
the spirit of Josiah Gibbs, who defined it in terms of free energy (, in kcal) per implied
mass of 1kg. Gibbs used kilograms instead of moles because in the nineteenth century,
when the atomic and formula masses were constantly being revised, moles were not
reliable units compared to the mass of a substance (Lewis & Randall, 1923).

Since TI* = ~TAS,
TI'= AG’ — AH. (B.4)
We can relate thermal information to the chemical potential of a system since
AG’ (defined as an intrinsic quantity) is related to the chemical potential according to
the following definition:
AG’ =Ap (B.5)
where
AG’ is Gibbs’s free energy (in J mol-1)

Ay is the chemical potential (in J mol-!)

The chemical potential as conceived by Gibbs (1928) describes the contribution of
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every type of energy (including concentration effects, mechanical energy, etc.) to the
system. Thus,

A= AL +RTA(Inn) + zFAE+ PAV+ F ‘Ax+ AT'A + mgAh’ +... (B.6)
where

Au is the difference in the chemical potential (in J mol™!) of the system in the
final state minus the initial state

W° is the chemical potential of the system in the standard state (in J mol~!) and
Ap’, and is assumed to be equal to 0 J mol-!

R is the gas constant (8.31 J mol~! K1)

T is the absolute temperature (in K)

A(In n) is the difference in the natural log of the concentration of a substance in
the final state minus the initial state (dimensionless)

z is the valence of a substance (dimensionless)

F is the Faraday Constant (9.65 x 10% coulombs mol~!)

AE is the electrical potential difference of the system containing the substance
in the final state minus the initial state (in V or J coulomb™1)

Vis the partial molar volume of a substance (in m3 mol-1)

AP is the difference in the pressure on the system containing the substance in
the final state minus the initial state (in Pa)

F' is the translational force applied to the system (in N)

Ax is the difference in the dimension of the system containing the substance in
the final state minus the initial state (in m mol!)

A is the surface area of the system (in m? mol~!)

AT’ is the difference in the tension of the surface of the system containing the
substance in the final state minus the initial state (in N m~1)

m is the molecular mass of a substance (kg mol™)

g is the acceleration due to gravity (9.80 m s72)

Ah' is the difference in height of the system containing the substance in the final
state minus the initial state (in m).

Thus, by combining equations B.4 and B.5, and since Ap’ =0 J mol™!, we get
TI" = RTA (In n) + zFAE + PAV+ F 'Ax + AT'A + mgAh' - AH.  (B.7)

Equation B.7 tells us that electrical, mechanical, and gravitational energy, as well
as chemical energy, can be used for information. This information can be used to direct
plant growth and development (Sinnott, 1946). Thus, in thermodynamic terms, infor-
mation can be released or stored following a change in the concentration of a substance
[A (In n)], a change in electrical potential (AE), or a change in volume (AV), distance
(Ax or Ah), and/or tension (AT"). AH (at constant pressure) represents energy con-
verted into heat. The thermal information of the message is positive only if the energy
in the stimulus (or stimuli) is greater than AH, the level of thermal noise in the system.
At room temperature (298 K), the minimum heat content of (or thermal noise in) the
system is equal to (3/2)RT, or 3714.6 Jmol~1. The energy absorbed by any one receptor
must be greater than (3/2)(R/Na)T or (3/2)kT which is 6.2 x 1021 J.
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Information can also be released and stored following a change in other types of
energy, including light energy [ANAAv where A is Planck’s Constant (6.65 x 10734 J
s), Na is Avogadro’s Number (6.02 x 1023 mol-1), and Av is the difference in
frequency of the light absorbed or radiated (in s~!), assuming that the frequency of the
initial state is O], or by changing the sensitivity of a receptor (protein) to substance (n),
an electrical potential difference (AE), mechanical deformation (P, F” and AT").

The concept of energy has changed over the past 200 years since Count Rumford
(Benjamin Thompson) observed that the heat produced during the boring of a cannon
was roughly equivalent to the mechanical energy expended. Later, James Joule
determined the quantitative relationship between mechanical energy and heat by
measuring the change in temperature of water in which a paddle wheel was turning
(Joule, 1852). Joule also determined the relationship between electrical energy and
heat by measuring the change in temperature of water as electricity was passed through
it. Other experiments showed the equivalence of chemical energy and heat by adding
reactants to a solution (Joule, 1852). These and other experiments led to the principle
of the equivalence beween various types of energy and the powerful concept of the
conservation of energy. This review treats electrical energy and chemical energy as
equivalent in providing information needed for plant growth and development, and
focuses on the methods and results gained from studies on how electrical energy plays
a part in information transfer in plant cells.

XVII. Appendix C: Membrane Capacitance

A capacitor is composed of an insulating layer sandwiched between two conducting
layers (Cole, 1928; Horowitz & Hill, 1989). Capacitance (C’ in F) is the property of
amembrane that resists changes in voltage. It is a measure of the charge in coulombs
that must be added to the membrane in order to raise its potential by 1 V. The
magnitude of the capacitance is dependent on the electrical properties of the insulating
layer or dielectric (g€,, in F m™1), the area of one side of the insulating layer (A, in
m?), and the thickness of the insulating layer (x, in m). The capacitance can be
determined from the following equation:

C' =(ggp)Alx (C.1D

where
C’ = capacitance (in F)
€ = relative permittivity of the insulating layer (3 for lipids and 80 for water,
dimensionless)
€, is the permittivity of a vacuum (8.85 x 10~12F m™1)
A is the surface area of one side of the insulating layer (in m?)
x is the thickness of the insulating layer (in m).

Since the capacitance depends on the surface area of the capacitor, we usually talk
about the specific capacitance (C, in F m~2) which is normalized with respect to area
and is equal to C'/A. The specific capacitance of many membranes is approximately
0.01 Fm2 (Cole, 1970; Cole & Cole, 1936a, 1936b; Cole & Curtis, 1938; Curtis &
Cole, 1937; Dean et al., 1940; Findlay, 1970; Fricke, 1925; Fricke & Morse, 1925;
Williams et al., 1964).
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The specific membrane capacitance (Cp, in F m2) is thought to be a property of
the nonconducting lipid bilayer since it can be accounted for by the properties of the
bilayer (Cole, 1970). Assuming the relative permittivity of lipids is approximately 3
and the thickness of the lipid bilayer is approximately 2.7 x 10~ m, the specific
membrane capacitance will be approximately 102 F m~2, according to equation C.2.

Cm = (€€,)/x. (C2)

The capacitance of a material or membrane can be determined algebraically from
the definition of a capacitor given inequation C.1 or C.2, respectively. These equations
can also be used to determine the identity of the dielectric material or the area of the
membrane if the specific capacitance is known.

The capacitance can be measured empirically since the capacitance is defined as the
amount of charge per unit area (in coulombs m™2) that can be separated when an
electrical potential (E, in V) is placed across two conducting elements that are
separated by a nonconducting substance.

When 1 V is placed across a 1 F m2 capacitor, 1 coulomb of positive charge builds
up on the plate of the capacitor connected to the positive terminal of the battery and
1 coulomb of negative charge builds up on the plate of the capacitor connected to the
negative terminal of the battery (Horowitz & Hill, 1989). Conversely, capacitance can
be defined as the number of either positive or negative charges per unit area that must
be separated in order to establish an electrical potential of 1 V.

Since the capacitance relates the charge separation to an electrical potential, we get
the following relation:

C =—(zeq)/E or E = —(zeq)/C (C.3)
where
C is the specific capacitance (in F m~2)
z is the valence of the charged particle

e is the elementary charge (1.6 x 10719 coulombs)
q is the number of charged particles that move to one side of the capacitor (in

)
Eis thI:el?actrical potential difference across the capacitor (in V).
If we differentiate equation C.3 with respect to time, we get

dE/dt = —d[(zeq)/C)/dt. (C4)

Since C is a constant, we can take it out of the differential and we get
dE/dt = —(1/C)[d(zeg)/dt)]. (C5)
We can simplify. Since d(zeg)/dt is equal to the amount of charge moving per
unit area per unit time (in coulombs m~2 s71), it is equal to the current density (/,

in A m2).

dE/dt =-1IC (C.6)
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where
C is the specific capacitance (in F m™2)
(zeg)/dt is equal to current density (1, in A m™2).

Thus a capacitor determines how long it will take a given current to cause a change
in voltage. By combining equation C.6 with Ohm’s Law,

I=-EIR’ (C.7
where R’ is the specific resistance (in Q m2), we see that
dE/dt = -E/(R'C) or (dE/E) = —dt/(R'C) (C.8)

We can integrate equation C.8 to determine the potential difference at any time # (in
s). Remember that for the indefinite integral, [dE/E = In E +/— constant of integration,
In x —In y =In (x/y), In and exp are inverse functions, and exp(ln x) = x; thus,

InE';—In E,=-[t/(R'C)] or E'; = Epexp[-t/(R’ C)] (C9

where
tis the time (in s)
E’, is the potential (in V) at time ¢
E,, is the potential (in V) at time 0
R’ is the specific resistance (in Q m?)
C is the specific capacitance (in F m™2).

Thus, the membrane potential (Ep,) will not change instantaneously in response to
a change in current, but will change logarithmically in a manner that depends on
RmChy. RpnCn determines the time it takes for the current to charge the membrane
capacity. For this reason, R, Cy, is called the membrane time constant (T, in s; Duncan,
1990). When we are considering the time dependence of how membrane potentials
respond to a change in current, it is important to take into consideration both the
capacitive currents and the ionic currents. Since in a typical characean cell Ry, is
approximately 1 Q m? and Cy, is about 102 F m2, the membrane time constant is
approximately 10 ms. Thus it takes 10 ms to reach 0.63 E.. where E., is the potential
(in V) at time infinity. It takes 20 ms to reach 0.86 E..; 30 ms to reach 0.95 E..; 40 ms
to reach 0.98 E..; and 50 ms (or 5R,,Cyy) to reach 0.99 E....

Equation C.8 is essentially a restatement of Coulomb’s Law, which relates the force
(F*, in N) to the distance between two charged spherical bodies. Coulomb’s Law is
given by the following equation:

F* = (zeq')(zeq )/ (4mx2e ) (C.10)

where
F" is the force of attraction (when F" is negative) or repulsion (when F* is
positive) between two spherical bodies (in N)
q is the number of charges (dimensionless)
z is the valence (dimensionless)
e is the elementary charge (1.6 x 10-19 coulombs)
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x is the distance between the two charged bodies (in m)
€ = relative permittivity of the insulating layer (dimensionless)
€, is the permittivity of a vacuum (8.85 x 10-12F m™1).

Let’s rearrange equation C.10:
[(F*x)/(zeq")](4mxeq€) = (zeq'). (C.11)

Now we can see that (F*x)/(zeq’) is equivalent to the potential (in V) between the
two spheres and can be designated —E (in V). (F*x)/(zeq’) is defined as —E since
positive current moves spontaneously toward negative potentials.

If we assume that the capacitance (4mxeg,, in F) is constant and we differentiate
equation C.11 with respect to time, then after removing the capacitance from the
differential (because we assume that it is constant) we get

—(dE/df) (Anxee,) = d(zeq')/dt (C.12)

where d(zeq)/dt is the positive current that flows between the two spheres and can be
designated I’ (in A). Thus,

—(dE/dt) (4nxeey) =T (C.13)
and

dEldt = -I'[(4mixee,). (C.14)

4mx represents the “average” length (in m) of the lines of force between the two
point spheres. The shortest line between the two spheres is a straight line x m long.
The other lines are curved and get longer (and the force gets weaker) as they approach
infinity. If we line up many point spheres to form plates, the lines of force reinforce
each other so that in essence the “average” length of the lines of force is equal to the
distance between the plates (x, in m). Thus, equation C.14 becomes

dEldt = -T'[(xeg,), (C.15)
and thus
dEldt=-T'IC’ (C.16)

where C’ is the capacitance (in F), defined in equation C.1, and relates the change in
voltage over time to the current.

Up to now, we have made the assumption that the current is constant. However, the
magnitude of the current can vary. The impedance (in Q) is a property of the membrane
that relates the change in current to the change in voltage when the membrane is
clamped by a sinusoidally varying voltage (Horowitz & Hill, 1989; McClendon, 1927;
Remington, 1928). While the magnitude of the current is proportional to the magnitude
of the voltage (according to Ohm’s Law), there will be a time delay if the circuit
contains a capacitor. A capacitor introduces a time delay between the change in voltage
and the change in current. The time delay (also known as the phase change) introduced
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by the capacitor depends on the frequency of the voltage. When the frequency is 0 Hz
(i.e., direct current, d.c.), the frequency-dependent resistance, or reactance, of the
capacitor is infinite, and current will not pass through the capacitor; consequently, no
time delay or phase change is observed.

The time delay introduced by the capacitor can be determined by comparing the
sine wave of the output current with the sine wave of the input voltage. Although this
is conceptually easy, it is mathematically relatively difficult and so we use the algebra
of complex numbers to represent the two sine waves and to determine the phase
relationship.

Complex numbers have areal part and an imaginary part. In the case of impedance,
the real part relates to the impedance due to the resistors in the circuit [Zg (in Q) =R
where R is the resistance of the resistors], and the imaginary part relates to the
impedance due to capacitors in the circuit [i.e., reactance Z¢ (in Q) = 1/j’®C” where
j" =V(~1), wis the frequency of the voltage change (ins~1), and C" is the capacitance
of the capacitor (in F)]. Only the imaginary part of the impedance introduces a
time delay or phase change. Thus, the imaginary impedance is the “frequency-de-
pendent resistance” that introduces a phase delay in the current relative to the
voltage change.

Thus, the specific resistance (R’ in Q m?) is the factor that relates the current to the
voltage in a d.c. circuit, and the specific impedance (Z, in Q m?) is the factor that
relates the current to the voltage in an alternating current (a.c.) circuit.

XVIIIL Appendix D: Derivations of the Nernst Equation

The Nernst Equation is a formula that gives us information on how two different
forces (chemical and electrical, each in N mol!) act on a concentration of particles
(mol m™3) to give us a certain distribution of particles at equilibrium (Nernst, 1888,
1889; Nobel, 1991; Stein, 1986, 1990). It is assumed that the movement of each
particle is independent of the movement of any other particle. The Nernst Equation
describes the electrical potential gradient that may arise when the initial distribution
is uneven.

Like any robust equation, the Nernst Equation can be derived from many starting
points. One way is based exclusively on irreversible thermodynamics (Katchalsky &
Curran, 1965). Irreversible thermodynamics, in contrast to classical thermodynamics,
considers what happens to a system as it approaches equilibrium instead of what
happens at equilibrium.

We derive the Nernst Equation from irreversible thermodynamics by assuming that
all fluxes are a result of an applied force (in N'mol~1) on the particles that are moving:

Flux o Force. ®.1)

We also assume that the force must act on a given amount of substance in a given
volume (i.e., concentration, in mol m=3). Thus,

Flux o Force x Concentration. D.2)
The units of the product of force x concentration are N m3 or force per unit volume.

According to the principles of irreversible thermodynamics, a phenomenological
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coefficient exists to relate a flux to a given force per unit volume (Onsager 1931a,
1931b, 1969, 1970): That is,

Flux = Coefficient (Force per unit volume). D.3)

The permeability coefficient of a substance j (P}, in m s71) relates the flux of that
substance to the difference in its concentration. The permeability coefficient is a
function of the diffusion coefficient (Dj, in m? s~!) and the partition coefficient (Kj,
dimensionless). The partition coefficient is the ratio of the solubility of the substance
in water and oil or any hydrophobic substance that best represents the membrane in
question (Stein, 1986). The partition coefficient relates the concentration of a particle
in the aqueous solution surrounding the membrane to the concentration of the particle
in the “oily” membrane (oil/water). The permeability also depends on the distance (x,
in m) over which the concentration drop occurs. The permeability coefficient is given
by the following equation:

Pj= (DiKjlx). (D.4)

In biology, various phenomenological coefficients exist that relate a given type of
movement (flux) to a driving force. In addition to the permeability coefficient (P}, in
m s~1), which relates the flux of the substance (/}, inmol m2 s71) to the concentration
gradient (dn;, in mol m™3),

P;=—Jjl(dn)), (D.5)

other phenomenological coefficients exist. These include the specific conductance of
the membrane (G, in S m~2) which relates the flux of charge or current density (, in A
m2 or coulombs m~2 s71) to the electrical potential difference (dE, in V). [This is related
to Ohm’s Law where the coefficient is R (specific resistance in Q m?) and R’ = 1/G.]

G =-I/dE. (D.6)

We also have the hydraulic conductivity (L, inm s1Pa~1) which relates the volume
flow of water (J, in m3 m=2 s~!) to the difference in pressure (dP, in Pa).

L, =JyldP. (D.7)

Since the concentration of water, n,, (in mol m=3), is approximately 55,000 mol m=3
(55 M), we can multiply J, by n,, to get the flux (in mol m=2 s-1),

This is related to the Hagen-Poiseuille Law, where the volume flow of water (Jy,
in m3 m~2 s71) is related to the difference in pressure (dP, in Pa) by the coefficient
7tr2/8Im, where r is the radius of the tube (in m), / is the length of the tube (in m), and
1 is the viscosity of the fluid (in Pa s).

Irreversible thermodynamics does not tell us anything about the mechanism of
movement. But it does specify very clearly the direction of movement and whether or
not the movement in a given direction is spontaneous. Figuring out the direction of
movement with respect to the direction of the force can be somewhat confusing, so I
will begin by defining the important conventions and concepts.
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—

. Fluxes occur as a result of a force.
. The magnitude of the flux depends on the magnitude of the force and the magnitude

of the phenomenological coefficient.

. The direction of the net flux is determined exclusively by the chemical potential in

each compartment.

. The net flux always occurs from higher chemical potential to lower chemical

potential.

. Since the difference in chemical potential always is defined as the chemical

potential of the final state minus the chemical potential of the initial state, the net
flux always occurs in a direction exactly opposite to the difference of the chemical
potential. That is, the flux is spontaneous (i.e., passive) when the difference in the
chemical potential is negative.

The chemical potential (, in J mol™!) is defined as

=4 +RTInn+ ZFE+V ;P +mgh’ + ... (D.8)

where

u- is the chemical potcntlal of substance j in the standard state (in J mol™!). The
standard state is defined as 298 K, 1 molar, zero electrical potential, 0.1 MPa
of pressure and zero height above sea level. The other terms describe how the
chemical potential of the substance changes when it is in “nonstandard”
conditions. (In standard conditions, all other terms become zero.)

n; is the concentration of the substance (in mol m=3)

Z; is the valence of the substance (dimensionless)

‘5 is the partial molar volume of the substance (im m3 mol™!). This is the
differential change in volume of a solution when a differential amount of
solute is added. To visualize this, consider how much the volume of a 10—3
m3 (one liter) solution of water changes when you add one mole of solute.
This value is typically close to 3 x 10~ m3 mol~! (for NaCl and KCl, it is
about 2.7 X 107 and 3.7 x 10~5 m3 mol, respectively).

m; is the mass of the substance (in kg)

E'is the electrical potential of the compartment (in V)

P is the hydrostatic pressure (above or below 0.1 MPa) of the compartment (in Pa)

h’ is the height of the substance above or below sea level (in m)

F is the Faraday Constant (9.65 x 10* coulombs mol~!)

R is the gas constant (8.31 J mol~! K1)

T is the absolute temperature (in K)

g is the acceleration due to gravity (9.80 m s~2).

Since, when we talk about cells, we will be talking about the distribution of ions

between compartments that are both at essentially the same pressure and height, we
can eliminate the last two terms and simplify the equation:

1= +RTIn ny +2FE; (D.92)
W =W + RTIn ny + zFE, (D.9b)

where [; and W, refer to the chemical potentials of substance j in compartments 1 and
2, respectively.
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It may seem that the hydrostatic pressure that develops across a plant cell can be so
large that we should not eliminate the pressure term. In fact, we can, as I will show
you. If we have a solute with a partial molar volume (V ;) of 3 x 10-5 m3 mol~! and a
hydrostatic pressure of 0.5 MPa acting on the solution on one side of the membrane
(inside the cell) and a hydrostatic pressure of 0 MPa acting on the solution outside,
the difference in the chemical potential in the two compartments will be —15 J mol!.
By comparison, if we have a 10-fold concentration difference between two compart-
ments, the difference in the chemical potential RT In(ny/n;) of those compartments is
~5702 Y mol~!; or if we have a —0.05 V difference in voltage across the membrane,
the difference in the chemical potential (zFA E) of the two compartments is —4825 J
mol~!. Therefore, we can eliminate the pressure term since it contributes less than1%
to the chemical potential.

Thus, it is valid to consider the electrochemical potential of each compartment to
be equal to equations D.9a and D.9b.

The difference in chemical potential (1 — [11) is defined as the chemical potential
of the final state (which, for a spontaneous process, is the state with the lowest or least
positive chemical potential) minus the initial state (which, for a spontaneous process,
is the state with the highest or most positive chemical potential). Under conditions
where a change in enthalpy is negligible, this means that we are defining the difference
in chemical potential to be the state with higher entropy minus the state with lower
entropy.

(M2 —1) = (W + RTIn ny + zFEy) — (W + RTIn ny + zFEy). (D.10)

Lz — L is negative for a spontaneous, passive, or exergonic process; positive for a

nonspontaneous, active, or endergonic process; and zero for a process which is at
equilibrium.

Let’s consider the flux of an uncharged particle where z = 0. The difference in the
chemical potential (1 — 1L1) is then given by

(M2 - py) = (W + RTIn np) — (W + RTIn ny). (D.11)

We can simplify the equation using algebra and the rules of logarithms:

(My — K1) = (RTn ny) — (RTIn ny) (D.12)
(M = Hy) =RT(In ny — In ny) D.13)
(4p — Uy) = RTIn (ny/n )] (D.14)

When n; > n, the flux is from n; to ny. The initial state is n;. The final state is 5
and the difference in chemical potential is always written (by convention) as final state
minus initial state. The net flux due to diffusion (J4, in mol m~2 s71) is proportional to
the difference in the force per mole (in N mol~!) in the final state minus the initial
state. The force per mole is equal to the difference in chemical potential (dl, in J mol~1)
over the distance (dx, in m) the concentration gradient exists. The flux is related to the
force by the following relation:

J4 o (—dw/dx). (D.15)
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The gradient of the chemical potential (in J mol™! m~! or N mol~!, which is force
per mole) is defined as the difference in chemical potential divided by the distance.
The gradient in chemical potential is opposite in sign to the drop in chemical potential.
The drop is defined as the chemical potential of the initial state minus the chemical
potential of the final state, divided by a distance.

The flux also depends on the concentration of substance (#, in mol m™3) the force
acts upon:

Ja o(n)(—dp/dx). (D.16)

Note: (n)(-di/dx) is in units of force per unit volume (N m=3) and (u/N,) are the
constants of proportionality that relate the flux to the force per unit volume.

Ja = (W/Np)n)(—dp/dx) (D.17)

where
N, is Avogadro’s Number (6.02 x 1023 mol-1)
u is the mobility (in m? J-! s71). The mobility can also be given in units of
velocity (in m s™1) per unit force (in N) and thus relates the velocity of a
particle to the force exerted on it.

Since the derivative of In(ny/ny) = dn/n = (ny — ny)/n where ny and n, are the
concentrations at points 1 and 2, respectively and n is the concentration of the whole
system at equilibrium which is equal to the concentration at the midpoint between
points 1 and 2. Since RT is constant, the derivative of RT is RT; then

dp = dRT In(ny/ny) = (RT)(1/n)(ny — ny), (D.18)
and equation D.17 becomes
Jq = WINA)()RT)(1/n)(ny — ny)ldx. (D.19)
Rearrange terms:
Ja =—W/Np)RT)(n)(1/n)(ny — nq)/dx. (D.20)
Simplify, since (n)(1/n) = 1:
Jd =—W/NA)RT)(ny — np)/dx. D.21)
We will use this form of the equation to derive the Nernst Equation. This equation
relates the flux of particles (4, in mol m=2 s1) to the force per volume on the particles
that results from a concentration gradient [RT(n; — n)/dx, in N m~3] and the mobility
of the particle (u/Ny, in mol m2 J-! s1). Sometimes u/Ny is referred to as the molar
mobility constant (p,, in mol m? J-1 s~1),
We can derive the usual form of Fick’s Law from this equation since R/N, = k,

where R is the gas constant (8.31 J mol~! K1), N is Avogadro’s Number (6.02 x 1023
mol~!), and k is Boltzmann’s Constant (1.38 x 10-23 J K-1). Thus,
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Jq = —(ukT)[(ny — ny)/dx]. (D.22)
Using Einstein’s definition of the diffusion coefficient,
D = ukT, (D.23)
we can put equation D.22 in the following form:
Jy=—(D)(ny — ny)ldx], (D.24)
which, by substituting dn for (n, — ny), can be written
Jy =—(D)(dnldx), (D.25)

which is the usual form of Fick’s First Law. It states that the driving force for the flux
comes from the difference in chemical potential. In this case, the difference in
chemical potential comes exclusively from the difference in concentration. The
diffusion coefficient relates the magnitude and direction of the flux to the magnitude
and sign of the concentration gradient.

In the above derivation we assumed that n; and n, are not equal and that either z or
dE equals zero. However, if nj = ny, and if z and V are not 0, the difference in chemical
potential (U — 1) is given by

(My— 1) = (1 +2FEy) - (W +2FEy). (D.26)

Since p’—p" =0,
(W, — 1) = (ZFE,) — (zFE;) . (D.27)
Like the flux of uncharged particles, the flux of charged particles (Jej, in mol m=2

s71) is also proportional to the negative difference in chemical potential in two
compartments (—dL):

Ty O (~dp/dx). (D.28)

Remember that the gradient of the chemical potential (in units of Jmol~! m™! or N
mol~1, which is force per mol) is defined as the difference in the chemical potential
divided by the distance. The gradient in chemical potential is opposite in sign to the
drop in chemical potential.

We call the flux Jg since the only driving force is electrical. The flux also depends
on the concentration of substance (n, in mol m=3) the force acts upon:

Jo1 O (n)(—dp/dx). (D.29)

(u/Np) are the constants of proportionality that relate the flux to the force per unit

volume. N4 is Avogadro’s Number (6.02 x 1023 mol-!) and u is the mobility in units
of (m2J-! s71). Thus,

Ty = (N \)(n)(—dw/dx). (D.30)
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According to equation D.27, du = (zFE,) — (zFE,); thus,
Jel = (M/NA)(n) -[ (ZFE2 - ZFE])/dX] (D31)

We can simplify the equation using algebra:

Jo1 = ~(UINA)(n)ZFE, — 2FE, )/dx (D.32)
Jog = ~IN\)(n)(F)E, - 2E;)ldx (D.33)
o = ~U)(FIN\)(n)GE, — 2Ey/dx. (D.34)

We will use this form of the equation to derive the Nernst Equation. This equation
relates the flux of particles (Je1, in mol m=2 s71) to the force per unit volume on the
particles that result from an electrical gradient [Fn(zE, — zE1)/dx, in N m=3] and the
mobility of the particle (4/Ny, in mol m? J-! s71). Sometimes u/N, is referred to as
the molar mobility constant (i, in mol m2 J-1 s71),

When zE; > zE», the flux is from E| to E,. Ej is the final state. The difference in
chemical potential is always written (by convention) as final state — initial state. Thus,
the flux is proportional to the negative difference in chemical potential.

(Note: Since both z and E can be either positive or negative, we have an inherently
confusing situation. For spontaneous processes, the initial state is always the most
positive value of the product zE and the final state is always the least positive value
of the product zE. With this convention, then, the difference (final — initial) is always
negative for a spontaneous, passive, exergonic flux. When the difference is positive,
the flux is nonspontaneous, active, or endergonic.)

For example, for a monovalent cation (z; = +) in an electric field that is between 0
VatAand 100V at B, z.E4 =0V and z.Eg = 100 V. The difference in electrochemical
potential is z.E4 — 2cEp =0V - 100 V =-100 V. The gradient is from A to B. The flux
will be spontaneous from B to A but will require energy for transport from A to B. The
passive flux will be proportional to the negative difference in the electrochemical potential.

For a monovalent cation (z, = +) in an electric field that is between 0 V at A and
-100V at B, z.E4 =0V and z.Ep=—100 V. The difference in electrochemical potential
is zc.Ep — 2cEp =—-100 V -0 V =-100 V. The gradient is from B to A. The flux will
be spontaneous from A to B but will require energy for transport from B to A. The passive
flux will be proportional to the negative difference in the electrochemical potential.

For a monovalent anion (z, =-) in an electric field that is between 0 V at A and 100
Vat B, z,E4 =0V and z,Ep =-100 V. The difference in electrochemical potential is
2aEp — 2,E4 =—-100 V-0V =-100 V. The gradient is from B to A. The flux will be
spontaneous from A to B but will require energy for transport from B to A. The passive
flux will be proportional to the negative difference in the electrochemical potential.

For a monovalent anion (z, =-) in an electric field that is between 0 V at A and —100
V at B, z,E4 =0V and z,Ep = 100 V. The difference in electrochemical potential is
ZaE4— 2,Ep =0V — 100 V =-100 V. The gradient will be from A to B. The flux
will be spontaneous from B to A but will require energy for transport from A to B.
The passive flux will be proportional to the negative difference in the electrochemical
potential.

For electron transport (redox) reactions on the mitochondrial membrane, thylakoid
membrane, or plasma membrane, we use the reduction potential for E and —1 for z
to see which way electrons flow spontaneously. In this way, negative differences
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mean the flux is spontaneous. (Do not use the oxidation potential, which is just the
reduction potential X —1.)

We can derive the usual form of Ohm’s Law from equation D.34 since e = F/N,
where e is the elementary charge (1.6 x 1019 coulombs), F is the Faraday Constant
(9.65 x 10% coulombs mol~1), and N is Avogadro’s Number (6.02 x 1023 mol~1):

Jo1 = —(u)(n)(e)(zEp — zE1)/dx. (D.35)
Factor out z:
Je1 = ~W)(n)(€)(2)(E2 — Eq)/dx. (D.36)
Since we will be talking about electrons, let z = —1.
Je1 = (W)(e)(M)(E2 — Ey)/dx . (D.37)

Multiply both sides by F where F is the Faraday Constant (9.65 x 10* coulombs
mol™1).

(F)Jer = F(u)(n)(e)(E — E1)/dx . (D.38)

Note that (F)J; is in units of coulombs m~2 s~! or A m~2 and is thus current density
(I); (w)(c)(e)(1/dx) is in units of coulombs? m? J-! s~1, which is Q-1 m™2 or S m™2, and
is thus the specific conductance or the reciprocal of the specific resistance (G = 1/R").
The potential difference (E; — E1) is in units of volts = (E). Thus,

I=E/R orE=IR’, (D.39)

which is Ohm’s Law for the flow of electrons (where z=—1) and 1 A =1 coulomb/s;
1V =1 J/coulomb and 1 Q = 1 Js/(coulomb)? in SI units.
For the flow of positive current, Ohm’s Law is written

=_ER. (D.40)

We can now use equations D.21 and D.34 to derive the Nernst Equation. The flux
of a particle due to more than one driving force (e.g., concentration, electrical,
pressure, gravity, etc.) is

Jot=Ja+Jer+Jp+Jg+. .. (D.41)

Note that each flux may be in a different direction. Thus, while the individual fluxes
may be large, the total net flux may be small or zero.

In the case of a particle with only two driving forces (concentration gradient and
electrical gradient), we have the following situation:

Jiot =Ja+ Jey (D.42)

where
Jq=—W/N)RT)(ny —ny)ldx (D.21)
Jop = —(W)(FIN A)(n)ZEy — zE)/dx. (D.34)
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Thus,
Jiot = [-(W/NAYRT)(ny — ny)ldx] + [<(u)(FINA)(n)(zEp — zE)/dx].  (D.43)

This equation, according to irreversible thermodynamics, describes the initial flux
of a particle given the initial conditions. As the flux continues, the concentration
gradient and the electrical potential gradient changes and we have to keep modifying
the equation to determine either the flux or the mobility coefficient. For this reason,
this equation is usually used for two special cases: the starting condition or at
equilibrium. The solution to this equation at equilibrium is known as the Nernst
Equation. The Nernst Equation relates the electrical forces to the chemical forces at
equilibrium.

At equilibrium, the net flux is zero. That is, Jior = 0.

Jiot = [(uINA)RT)(np — ny)ldx] + [-()(FINA)(n)(zEp — zE1)/dx] = 0. (D.44)
After rearranging terms, we get
—(u)(FINA)(n)(zEy — zE)/dx = W/NA)(RT)(ny — ny)ldx. (D.45)
Divide both sides by uzF/N to get
—(n)(Ep — Eq)/dx = (RT/zF)(ny — ny)/dx. (D.46)
Divide both sides by n to get
—(Ey — E)ldx = (RT/zF)(1/n)(ny — ny)/dx. (D.47)
Integrating equation D.47 will allow us to solve for the membrane potential that
results from the diffusion of ion j if we know the concentration of the ion on both sides
of the membrane. In integrating this equation we are assuming that the electrical
potential gradient is linear across the membrane. Integrate the concentration across

the memblrane thickness (dx) from side 1 to side 2. Remembering that, for the definite
integral jz (1/n)(dn) = In n, and using the Fundamental Theorem of Calculus, we get

—~(Ey — E1) = (RT/zF)In(ny/ny). (D.48)

This equation tells us that the electrical gradient will always be the opposite, in sign,
of the concentration gradient for a cation.

If ny and E; are always defined as the concentration on the external side of the
membrane (7, in mol m3) and the electrical potential on the external side of the
membrane (E,, in V), respectively, and if n; and E; are always defined as the
concentration on the protoplasmic side of the membrane (r;, in mol m™3) and the electrical
potential on the protoplasmic side of the membrane (E;, in V), respectively, then

—~(Eo - Ep) = (RT/zF)In(ny/ny), (D.49)

and since by convention E, =0 V, then
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—(0 - E;) = (RT/zF)In(ny/n;). (D.50)

We can simplify to
E; = (RT/zF)In(ny/n;), D.51)

which is the common form of the Nernst Equation.

We can also derive the Nernst Equation from statistical mechanics by starting with
Fick’s Law (which describes the motion of particles in a concentration gradient) and
Ohm’s Law (which describes the motion of charged particles in an electric field).
While thermodynamics gives us information about the direction of the overall process,
statistical mechanics can be used to postulate a mechanism for the process.

According to Fick’s Law, there will be a tendency for the particles in any two groups
of particles in communication with each other to mix. The net vector of motion will
be from the dense group to the sparse group (or opposite in direction to the gradient
in chemical potential). The magnitude of the flux depends on the magnitude of the
concentration gradient and the magnitude of the diffusion coefficient (D, in m2 s~1),

Jg=-D (dnldx). (D.25)

The average flux is proportional to temperature. This is reasonable, since diffusion
is a consequence of the thermal motion of particles. Therefore,

D o kT (D.52)

where k is Boltzmann’s Constant (1.38 x 1023 JK-1) and T'is the absolute temperature
(in K). Boltzmann’s Constant relates the translational energy of the particle to the
temperature.

The average translational kinetic energy (KE, in J) of a particle is equal to (3/2)kT.
Hildebrand (1963) and Halliday and Resnick (1970; 382) show that (3/2)kT is equal
to (1/2)mv2, where m is the mass of the particle (in kg) and v is the root mean square
velocity of the particle (in m s~!). The higher the temperature, the more energy a
particle has and the faster it moves. The coefficient that relates D to kT is the mobility
u (in units of m2 J-1 s71),

D = ukT; (D.23)
thus,
Jq = —ukT(dn/dx). (D.53)

The mobility is a frictional component that relates the velocity of a particle (v, in m
s71) to the force (F', in N):

v=uF’. (D.54)
This is the form of Stoke’s Law which states that the friction of a spherical particle

depends on its hydrodynamic radius (ry, in m) and the viscosity (1 in Pa s) of the
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continuous medium through which it travels. (A continuous medium implies that the
size of the moving particle is much larger than the size of the particles that constitute
the medium.) That is,

v = F'/(6mtrgm). (D.55)
By substituting D.55 into D.54, we see that
u = 1/(6nrgm). (D.56)

That is, the mobility is inversely proportional to the hydrodynamic radius of a
spherical particle and the viscosity of the medium through which it moves. Thus, after
substituting D.56 into D.23 we obtain the following equation:

D = kT/(6mrym), (D.57)
and consequently,

J4 = ~[(kTI6mrgm)](@n/dx). (D.58)

Thus, the flux (Jg) of particles is proportional to the concentration gradient (dn/dx)
and its kinetic energy (related to kT), and is inversely proportional to its size (related
to ryy) and the viscosity of the medium through which it moves (1).

We can look at the flux of particles induced by an electrical gradient in a similar
manner. The flux of particles (Je], in mol m~2 s71) is related to the current density (I,
in A m~2 or coulombs m2 s™1) by the following relation:

Je1 = 1/(zF) (D.59)

where F is the Faraday Constant (9.65 x 10* coulombs mol~!) and z is the valence of
the ion (dimensionless).
Now use Ohm’s Law for the flow of positive current:

I=-E/R. (D.40)
Divide both sides by zF:
l/(zF) = -E/(R'ZF). (D.60)

We will see that equation D.60 will be transformed into the form of a typical flux
equation since I/zF is equal to Jj and E/(R'zF) is equal to uzen(dE/dx). In order to
show this I will use dimensional analysis—that is, write out the units of each term
and values of each constant:

(coulombs m2 571)/(9.65 x 10* coulombs/mol)
= — (V)/[(m? Js/coulombs2)(9.65 x 10% coulombs/mol)]. (D.61)

Multiply both sides by 9.65 x 10%:

(coulombs m~2 s~1)/(coulombs/mol)
= —(V)/[(m? Js/coulombs?)(coulombs/mol)]. (D.62)
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Cancel coulombs on both sides:
(mol m2 s~1) = —(V)/[(m? Js/coulombs)(mol)~!]. (D.63)
Multiply the right-hand side by one (m2/m?):
(mol m2 s~1) = (m2/m2)(V)/[(Js/coulombs)(mol)(m?)]. (D.64)
Rearrange the terms on the right:
(mol m~2 s71) = -(V/m)(m?/Js)(coulombs)(mol/m3). (D.65)

Thus, the whole equation (in terms of units) is
(mol m2 s~1) = —(V/m)(m?/Js)(coulombs) (mol/m3); (D.66)

or, in terms of symbols,
Je1 = —(dEldx)(u)(e)(n) (D.67)

where
Je is the flux (in mol m=2 s71)
dE/dx is the electrical potential gradient or electric field (V m™!)
u is the mobility (in m? J-1 s71)
e is the elementary charge (1.6 x 10719 coulombs)
n is the concentration (in mol m=3).

Note: ue is also called the mobility (', but is given in units of m2 V-1 s71),
Equation D.67 describes the flow of monovalent cations. In order to describe the
flow of any ion we must multiply e by the valence (z).

Je1 = — uzen(dE/dx). (D.68)

Equation D.68 is in the form of a flux equation that relates the flux to the force of
the electrical potential gradient (zendE/dx, in N mol m™3) and the mobility of the ion
(1, inm?2 J-1 s70).

Now we are ready to derive the Nernst Equation from Fick’s Law and Ohm’s Law.
The flux described by Fick’s Law of diffusion equals

Jq =—ukT(dn/dx), D.21)
and the flux described by Ohm’s Law is equal to
Je) =—uzen(dEldx), (D.68)

and the total flux (/) is equal to
Jt()t = Jd + Je] . (D42)
After substituting equations D.21 and D.68 into D.42, we get

Jiot = [~ukT(dn/dx)] + [-uzen(dE/dx)] (D.69)
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At equilibrium, J; ; = 0:
Jiot = [—ukT(dn/dx)] + [-uzen (dEldx)] = 0. (D.70)

Thus, after rearranging terms we get

~ukT(dnldx) = uzen(dEldx) (D.71)
Divide both sides by uzen:
~[(ukT)/(uze)](1/n)(dnldx) = (dE/dx) (D.72)
Cancel u:
—~ [(kT)/(ze)](1/n)(dnldx) = (dE/dx). (D.73)

Integrating the above equation will allow us to solve for the membrane potential
that results from the diffusion ofionj if we know the concentration of the ion on both
sides of the membrane. In integrating this equation we are assuming that the electrical
potential gradient is linear across the membrane. Integrate the concentration across
the membrane thickness (dx) from outside to inside. Remembering that the definite

integral [:) (1/n)(dn) = 1n n, and using the Fundamental Theorem of Calculus, we get

- [(kD)/(ze)] In(ni/n,) =dE = E; - E, (D.74)
Since — In [x/y] = In [y/x],
[(kD)/(ze)] In (ny/n) =dE=E; - E (D.75)
Define E = 0 (by convention):
[(kD)/(ze)] In (ny/n)) = E;. (D.76)
Multiply the left side by one (N/N):
(NAINDIKT)(ze)] In (ny/n;) = E; D.77)
Since Nyk =R and Nye = F, we get
E; = (RT/zF) In (ny/ny), D.51)
which is the familiar form of the Nernst Equation.

XIX. Appendix E: Derivation of the Goldman-Hodgkin-Katz Equation

The flux equations for electrolytes and the Goldman-Hodgkin-Katz Equation are
calculated from the general flux equation (based on Fick’s and Ohm’s Laws). Remember,
for a nonelectrolyte the permeability coefficient (P)) is defined by the following equation:
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J; = Pj (dn)) (E.1)

where
J. is the net flux of a substance (in mol m=2 s~1)
d]nj is the difference in the concentration of a substance across a membrane (in
-3
mol m™),
and
P; = KjukT/(x) (E.2)

where
K; is the partition coefficient (oil/water) and is dimensionless
u; is the mobility of the nonelectrolyte (in m? J-! s~1)
k is Boltzmann’s Constant (1.38 x 1023 J K-1; = RIN,)
R is the gas constant (8.31 J mol~! K1)
N, is Avogadro’s number (6.02 X 1023 mol™1)
T is the absolute temperature (in K)
x is the thickness of the membrane (in m),

and, as defined by Einstein (1926),
Dj = ujkT (E3)

where D; is the diffusion coefficient (in m? s™1).

However, in order to determine the permeability of an electrolyte, we must include
the electrical force as well as the concentration gradient in the equation (as we did in
Appendix D).

Jj = [~uikT(dni/dx)] — [ujn;zje(dEldx)]. (E4)

We must also replace n; and dn; with K;n; and Kjdn; where K; is the partition
coefficient for the electrolyte, since the concentration in the membrane is not equal
to the concentration we measure in the bulk aqueous solutions surrounding the
membrane but is related to that concentration by the partition coefficient (K,
dimensionless). Water and the hydrophobic solvent that best mimics the properties
of the membrane in question should be used to determine the partition coefficient
(Stein, 1986).

Jj = [~ukTK{(dnjldx)] - [ujKjnjzje(dEldx)]. (E.5)
We will define the permeability coefficient of an electrolyte by going through a
series of algebraic manipulations of this basic equation.
Now we’llmove the electrical term [4;K;n;zje(dE/dx)] to the left side of the equation:
Jj + uiKinjzje(dEldx) = —uikTK(dn;/dx). (E.6)
Factor out ujzje(dE/dx) from the left side:

wizje(dEldx){ [(Jjdx)/(uzzjedE)) + niKj = wkTK,(dn;ldx). (E.7)

This content downloaded from 128.84.125.94 on Thu, 12 Nov 2015 14:20:46 UTC
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

358 THE BOTANICAL REVIEW

Divide both sides by [(J]dx)/(ujzjedE)] + n-K :
ujzje(dE/dx) =l kTK (dn Jdx)/{ [(J dx)l(u zjedE)] +n; K }. (E.8)
Multiply both sides by dx/(u]kT).

(dx/ukT) [u e(dE/dx)]
= (dx/u kT){—u kTK: (dnjldx)/[(J Aax)/(u z]edE) +nK ]} (E.9)

Define 3 = e/kT = F/RT and cancel like terms:
(ZB)dE) = —{K(dn)/[Jdx/ujziedE + n,K;]}. (E.10)
If the term (Jjdx/ujzjedE ) is defined as Y and all its parts are constant, we can easily

integrate across the membrane (from the outside to the inside) assuming that dE/dx is
linear. This is known as the “constant field assumption.” We must use the substitution

rule of integral calculus to get the definite integral j; [Kjdnj/(Kjnj + V)] = In (Kjn; +
Y) and the Fundamental Theorem of Calculus. Then

(sz)(dE) =—{ ln[[(}nji + (dex/ujzjedE)] - ln[K}nj° + (dex/ujzjedE)] }. (E.11)
Rearrange terms and remember In x — In y = In (x/y):
(zjﬁ)(dE) = —In{ [anji +(J jdx/ujzjedE)]/ [Knj® + (Jidx/. ujzjedE)] 1. (E.12)
Remove In by exponentiating both sides:
expl(z8)(dE)] = ~{[Kn}' + T dxluziedE)V[Kni® + (JdxluziedE)]}.  (E.13)
Rearrange the right side, remembering that — In [x/y] = In [y/x]:
exp [(zjB)(de)] = [Kjn)® + (Jdx/uzied E)V/[K; it + (JidxlugziedE)). (E.13a)
Multiply both sides by K iq ef dxlu uzjedE):
exp[(ZB)dE)][Kn}! ni+(J dxlujziedE)] = [Kin® + (JdxlugzedE)].  (E.14)
Distribute the terms on the left side:

Kin; 1exp[(z,B)(a'E)] + {(JdxluziedE)expl(z8)(dE)]}
= [Kjn° +(de/ujz]edE)] (E.15)

Put all concentration terms on the right side:

e dx/u]zjedlzjexp[(z B)AE)] ~ (J,dxlujz;edE)
L'{K n® - K iexpl(z8)dB].. (E.16)

Factor out J f from the left side:
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Jj[(dx/ujzjedE)exp[(z B)AE)] — (dx/uzjedE)]
= {Kjnj® - Kjnjfexpl(z B)(@E)] ). (E17)

Divide both sides by (dx/ujzjedE)exp[(sz)(dE)] (dxlu zjedE)

J; = {(Kjn® — Kinjlexpl(z;8)(dE)])/[(dx/ujzjedE)exp[(z;B)(dE)]
~ (dx/ugjedE)). (E.18)

Factor out dx/(uzz;edE) on the right side:
J;= {(Kjn® - Kinjiexpl@BXdB))/[(dxluzjedB)expl BB - 11).  (E.19)
Multiply the right side by one (3/8):

Jj=BIB){(Kjn ~ Kynjiexpl(zBYE))/
[(dxlujzjedE)expl(zB)dE)] - 11}. (E.20)

Factor out Kj

J= (KjB/B){(n° - njexpl(zB)(dE)])/
[(dx/uizjedE)expl(z;8)(dE)] - 11}. (E.21)

Since B = F/RT,

Jj = BK;RT/IF){(n}° - njiCXP[(ZjB)(dE)])/
[(dx/ujzjedE)expl(z;8)(dE)] 11} . (E.22)

Define the permeability coefficient of an electrolyte to be P, in m s7L:

P; = (Kju;eRT)/(Fx). (E.2)

Note that this is equal to Kjuje/(8x), which is equal to Kju;RT/(Nax), which is in turn
equal to Ku;kT/x. Thus, the permeability coefficient of an electrolyte is identical to
the pcrmeablhty coefficient of a nonelectrolyte.

Jj = Pi(zB)(dE){(n° - njlexpl(zB)dE))/(explzB)(@E)] - 1)).  (E23)

Since we integrated from the outside (initial state) to the inside (final state), J; is
defined as J; - J, where the net flux equals the influx minus the efflux. Thus J; is the
net flux of substance j out of the cell. When J; is positive (and the membrane potential
is negative), the net passive (spontaneous) flux of both cations and anions is into the
cell. When J; is negative (and the membrane potential is negative), the net passive
(spontaneous) flux is out of the cell for both anions and cations.

The Goldman-Hodgkin-Katz Equation characterizes the membrane potential that de-
velops across a membrane as a result of the diffusion of ions down their concentration
gradients (through a membrane with a specific permeability coefficient for each ion).

In order to derive the Goldman-Hodgkin-Katz Equation, we assume that the flux of
cations is equal to the flux of anions. Thus at equilibrium the principle of electro-
neutrality is maintained. That is,

This content downloaded from 128.84.125.94 on Thu, 12 Nov 2015 14:20:46 UTC
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

360 THE BOTANICAL REVIEW

Jg + Ina=Jay (E.24)
> Jg +JINa - Je1 = 0. (E.25)
Define the fluxes of the major ions using equation E.23:
Jk = P (zB)(dE){[K® - Kiexp[(zB)(dE)]/[(exp[(zB)(dE)] - 1)]}, (E.26a)
JINa = PNa (2B)(dE){[Na® — Nalexp[(zB)(dE)]V/[(expl(zB)dE)] — 1)]}, (E.26b)
Ja1 = Pcy (zB)(AE){[CI° — Cliexp](zB)(dE)])/[(expl(zB)(@E)] - 1)]}. (B.26c)
Since z = 1, zy, = 1, and 7oy = -1, then
Jg = P (B)(dE){[K® - Kiexp[(B)(E)])/[(expl(B)EE)] - )]},  (B.27a)
JNa = Pa (B)(dE){[Na® — Nalexp[(B)(dE)])/[(exp[(B)(@E)] -1)]}, (B.27b)
Ja1 = Py (-B)(dE){ [CI° — Cliexp[(-8)(dE)])/[(exp[(-8)(@E)] — 1)]}. (B.27c)
Simplify Joy:
Jar ==Pci(B)(@E){ [CI° - Cliexp[(-B)(dE)]/[(exp[(-B)(@E)] - 1)]}. (E.28)

Set Jx + Jy, — /o = 0 according to equation E.25:

{Pg(B)AE)[(K® - Klexp[(B)(@E)])/[(exp[(B)EE)] - 1)]]}
+ { PNa(B)(dE)[(Na® — Na'exp[(B)(dE)))/[(exp[(B)EE)] - 1)]1}
+ {Pa(B)(@E)[(CI° - Clexp[(-B)@E)])/[(exp[(-B)@E)] - D11} =0.  (E.29)

Divide all terms by B(dE):

{PL(K® - Klexp[(B)(@E)])/[(exp[(B)EE)] - 1)]1}
+ { PNa[(Na® — Na'exp[(B)(dE)])/[(exp[(B)(E)] - D)]1}
+ {Pcy [(CI°~ CI' exp[(-B)(@E)))/[(exp[(-B)(@E)] - D11} = 0. (E.30)

Simplify since 1/{exp[(-B)(dE)] — 1} is equal to —exp[(B)(dE))/exp[(B)dE)] — 1;
then

{PKI(K® - Klexp[(B)(E)])/[(expl (B)(E)] - 1)]1}
+ {PNa[(Na® — Na'exp[(B)(dE)])/[(exp[(B)dE)] - 1)]1}
+ {Pci(-exp[(B)EE)DICI° - Clexp[(-8)(dE))/[(exp[(B)(@E)] - 1)]} = 0. (E.31)

Cancel 1/{exp[(B)(dE)] — 1} from each term:

{Pk [(K° - Klexp[(B)(E))]} + { PN [(Na® — Nalexp[(B)(dE)])]}
+ {Pci(—exp[(B)EE)D[(CI°) - Cllexp[(-B)(E)D]} = 0. (E:32)
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Distribute the permeability coefficients:

PgK® — PgKlexp[(B)(dE)] + PnzNa® — P,Nalexp[(B)(dE)]
+ Pcy(-exp[(B)(E)])(CI®) — PciCli(—exp[(B)(dE)])(expl(-B)@E)])) = 0. (E.33)

Simplify, remembering that -exp[(B)(dE)]exp[(-B)(dE)] = —1; thus,

PgK° — PxKiexp[(B)(@E)] + PnaNa® — Py,Nalexp[(B)(dE)]
+ Pci(-exp[(B)(@E)])(CI°) - PciCI'(-1) = 0. (E.34)

Simplify, since (-1)(-1) = 1:

PKK® — PKKiexpl(B)E)] + PnaNa® — PyNaexp[(B)(dE)]
+ Pci{—exp[(B)(dE)]}(CI®) + P Cl! = 0. (E.35)

Move the negative in the fifth term outside the parentheses:

PxKP® — PgKiexp[(B)(dE)] + Pn,Na® — Py Nalexp[(8)(dE)]
— Pci{expl(B)(@E)]1}(CI°) + PciCI' = 0. (E.36)

Rearrange terms:

PgKP® + PNaNa° + PoiCli = PgKiexp[(8)(dE)] + PnaNalexp[(B)(dE)]
+ Pci{exp[(B)(@E)] }(CI°). (E.37)

Factor out exp[(B)(dE)]:
PgKO + PnaNa® + PoiCli = exp[(B)(dE)]{ PgK! + PnaNai + PoiCI°).  (E.38)
Divide both sides by PgK! + Py, Nal + PCI°).
(PKK® + PNaNa° + PoCL)/(PgK! + PygNal + PoiCIo) = exp[(B)(dE)]. (E.39)
Remove the exponent by taking the natural log:
In [(PgK® + PnaNa® + PoiCE)/(PKi + Py,Nal + PoiCI0)] = B)(dE) .  (E.40)
Divide both sides by B:
dE = (1/8){In [(PKKO + PNaNa°® + PciCLY/(PgK! + Pn,Nai + PoCI0)]}. (E.41)
Replace 1/8 with RT/F:
dE = (RT/F){In [(PgK° + PNaNa° + PqCli)/(PgK! + PnNal + PoiCI0)]}. (E.42)

Since we integrated from outside to inside and the Fundamental Theorem of Calculus
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states that jio X dx =1~ o, the membrane potential dE is defined as E; — E,,. Since E, =
0 by convention, dE = E;. Thus,

= (RT/F){In [(PKK® + PNaN2° + PoiCHY/(PgKi + PNaNal + PoiCI9)]}, (E.43)

which is the common form of the Goldman-Hodgkin-Katz Equation and describes the
electrical potential of the membrane as a consequence of the diffusion of ions down their
electrochemical potential gradient and the permeability of the membrane to each ion.

The Goldman-Hodgkin-Katz Equation is extremely useful in calculating permeabil-
ity coefficients; however, it assumes that the permeability coefficient is independent
of membrane potential and the concentration of the permeating ion—that is, we
assume the ions move through the membrane independently. If these assumptions are
not met, the equation must be modified.

XX. Appendix F: Derivation of the Hodgkin Equation
That Relates Conductance to Flux.

The Hodgkin Equatlon (text equation 9) relates the unidirectional flux of an ion (J;
or Jo, in mol m2 s~!) measured chemically to the partial specific conductance of the
membrane for an ion (gj, in S m~2) measured electrically (Walker & Hope, 1969).

First we must define the partial specific conductance. The partial specific conduc-
tance of a membrane is defined from Ohm’s Law:

g =—llE, (E.1)

where
g; is the partial specific conductance (in S m2)
I is the net current density carried by the ion (in A m~2)
é is the total electrical driving force on the ion (in V).

The minus sign is included in equation F.1 so that the conductance is defined as
positive when the driving force is negative and a cation is carrying the current flowing
into the cell.

The total electrical driving force on the ion (E, in V) is defined as the difference in
the membrane potential (Ey,, in V) and the equilibrium potential, or Nernst potential,
for that ion (Ej, in V), calculated using the Nernst Equation, where

Ej = (RT/ZiF) In (no/n;) (F.2)

where

E; is the Nernst potential or equilibrium potential for an ion (in V)

R is the gas constant (8.31 J mol~! K1)

T is the absolute temperature (in K)

Z; is the valence of the ion (dimensionless)

Ifl' is the Faraday Constant (9.65 x 10* coulombs mol~!)

n, and n; are the concentrations of ion j on the exoplasmic side of the membrane
(E-space) and protoplasmic side of the membrane (P-space), respectively
(in mol m™3).
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Thus, the total driving force (£, in V) is defined by
Ei=En-Ej (F.3)
where
E, is the driving force (in V)
E, is the membrane potential (in V)
E; is the Nernst potential or equilibrium potential of the ion (in V).
Thus, the partial specific conductance can be expressed like so:
g =-1/(En— E). (F4)
However, experience tells us that most ionic currents are not linear throughout the
whole range of possible membrane potentials, and thus a partial specific conductance
must be defined for a small range in membrane potentials (dE). Thus,
gj = —dlj/dE;, (F.5)
or, after expanding the dE term,

gj = —dljd(Eq - E)). (F.6)

We can also define the driving force (£, in V) as

Ey=(1/zj8) In {expl(Em - E))z;B]}, (F.7)
since
E; = (1/zB) In (no/ny), (F.2a)
In (no/my) = EjzjB, (F.2b)
(nof/ny) = exp(Ejz;B). (F.2c)

Substituting equation F.2c into F.2 yields

Ej=(1/zj8) In [exp(Ejz;B)]. (F.8)
Thus,
Em—Ej=En—(1/z;8) In [exp(Ez;B)] (F.9)
and
d[En - Ej] = d{Em — (1/z;8) In [exp(Ejz;B)] }. (F.10)
Since In [exp(x)] = x,
dlEm - Ej] = d[Ey — (1/z;B)(Ejz;B)]. (F.11)

After rearranging the right side of equation F.11, we get the differential voltage change:
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d(Em - Ej) = (1/zB)d[(z;B)Em — (ZB)E)] (F.12)
where (z jB)Em - (sz)Ej is a dimensionless number that characterizes the magnitude of
the driving force for an ion.

Next we must define the current carried by the ion. The current carried by ion j (1,
in A m™2) is related to the net flux according to the following definition:

lj=zFJ, (F.13)
where
Ijis the current density carried by the ion (in A m™2 or coulombs m=2 s1)
Z; is the valence of the ion (dimensionless)
141' is the Faraday Constant (9.65 x 104 coulombs mol~1)
J, is the net flux of the ion (in mol m=2 s71).

Now, to relate the partial specific conductance to the net flux of an ion, we substitute
equation F.13 into equation F.5 to get

gj= —dzFI)d(En - E)) . (F.14)
And substituting equation F.12 into F.14, we get
8j =—d(zFIn)/(1/z8)d[(zB)Em — (ZB)E]]. (F.15)

Since zj and F in the numerator are constants, let’s take them out of the
differential:

gj =-zFdJ,/(1/z8)d [(ZB)EM — (ZB)E]]. (F.16)
Combine constants outside the differential:
g = —sz/( IIZjB){dJn/d[(ZjB)Em - (ZjB)Ej] }. F.17

Simplify the constants outside the differential (since = F/RT):
8j = —@PFYRT){dIy/d[(z{B)Em — (z;8)E]] }. (F.18)

Simplify the constants inside the differential:
gj = FRT) {dJ/d[z;8)(Em — E})]}. (F.19)

In order to determine the partial specific conductance we must thus know the voltage
dependence of the flux {dJp/d[(ziB)(Ex, — Ej)1}. As this may not be an easily attainable
or known quantity, we can simplify the equation by assuming that the membrane
potential equals the Nernst potential or equilibrium potential for the ion. Thus, when
we take the limit of equation F.19 as d(Ey, - Ej) goes to zero, we find

gj = (Z2F*IRT)J;, (F.20a)
gj=@FURT)], (F.20b)
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where
8j is the specific membrane conductance for the ion (in S m~2)
Z; 1s the valence of the ion (dimensionless)
I'L is the Faraday Constant (9.65 x 10* coulombs mol~1)
R is the gas constant (8.31 J mol~! K1)
T is the absolute temperature (in K)
J; and J are the unidirectional ﬂuxes (influx and efflux, respectively) of the ion
at equ111br1um (in mol m~2 s71).

Below is the derivation of equation F.20 from equation F.19:
First, let’s replace J,, with J; - J;:
8 =~ FHRT){d(J; - Jo)dI(&B)(Em — Ej)1}. (F.21)
Now we must define the net flux J,, (in mol m2 s~1) as J; - J,, (in mol m™2 s~!) where
Ji and J, represent the influx and efflux of an ion, respectively. This equation was
derived in Appendix E.
In =Ji = Jo = ~(KjujzjeEn/dx){ 1/[exp(z;BEw) — 11} [no ~ niexp(ziBEw)]. (F.22)
J; is obtained when n; = 0; thus,
Ji = ~(KjujzjeEn/dx){ 1/[exp(z{BEm) — 11} (no). (F.23)
J,, is obtained when n,, = 0; thus,
Jo =—~(KjujzjeEn/dx){1/[exp(z;BEp) — 1] }Hmexp(zBEm)]. (E.24)
In order to simplify the algebra in the following expressions, let’s define:

a
fix) where x = E and is a constant when E, | = Ej.

(- K UZ eldx)
1/[exp(lz]BEm) 1]

Equations F.23 and F.24 become
Ji = (@Em)[f0)](no) (F.25)
and
Jo = (aEm)[f0)][niexp(g;BEm)]. (F.26)
Substituting equations F.25 and F.26 into equation F.21 gives
= —(zsz 2RT){d(aEm)[fix)]} 1o ~niexp(GBEm)/dziB(Ey — Ej).  (F.27)

Take the constants z8, aE,, and f(x) out of the differential (remember that f{x) is a
constant when x = EJ )
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8j = G FHURTZB){(aEm)[fX)]} d [no — niexp(ZiBEm)Vd(Em ~ Ej).  (F.28)
Define k" = (ny/n;):

8j =~z FPPIRTGB){(aE)[fx)]}dnilk’ — exp(z;BEm)V/d(Em—Ej).  (F.29)
Remove the constant »; from the differential:

8= —(z,2F2/RszB){(aEm)[f(x)] Ind[k’ - exp(ZBEmVA(En - Ej).  (F.30)

According to the Nernst Equation,

E; = (RTIzF) In (no/n;). (F.2)
Thus,
Eizil = In (no/ny) (F.2b)
and
no/ni = exp(z;BE;). (F.2¢)

Thus, since k* was defined as n/n;,
k' = exp(z;BE;). (F.31)
Substituting equation F.31 into equation F.30 yields
gj =~ FHURTZB){(aEx)[f(x)] }mid(explzBE)] — explgBEn])d(Ey — E))). (F.32)
Multiply exp(z;8E;) — exp(z{BEp) by —1 to get exp(z;BEm) — exp(z;8E;), which will

set up a correct derivative. Then multiply —(zszQ/RszB) by -1 so the whole equation
remains equivalent.

8= @PFRTyB){ (aEm) )]} nid(explgBEm] — explzBE)/[d(Em — E)]. (F.33)

Now d[exp(szEm) - exp(szEj)]/ [d(E, - Ej)] is a derivative that fits the definition of
a derivative:

g'(x)=lim[g(x)-g@)/(x~a)
xX—>a

Now we determine the derivative of d[exp(szEm) — e(ZBEN/[A(E,, - Ej)] asE, —

Ej. Remember, if g(x) = exp(szx) then g’(x) = szexp(zijx){

lim d [exp(szEm) - e(szEj)]/ [d(E, - Ej)] = szexp(szEm)
E,— Ej

8 = @PFURTzB{ (aEw)[fx)] }nilz;Bexp(@BEm)]. (F.34)
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Cancel sz/sz:
8j = (GF2RT){(aEw)[fx)]} nilexp(z/BEm)]. (F.35)

At the limit as E,; approaches E;, E, becomes Ej, and so equation F.35 becomes
& = (*FHYRD{(@E)0]}nilexpzBEm)]. (F.36)

Since, according to equation F.26, J, = (aEm)[f(x)][niexp(szEm)]; and at the limit
where E,, approaches E;,

Jo = (@Em)[f(0)][niexp(zBEm)] = (aEp[fx)][niexp(Z;BEp]; (F.37)
then after we substitute equation F.37 into equation F.36 we get
8 = @ FYIRT)(Jo). (F.20b)
And since at equilibrium J, = J;, then
gj = @ FHRT)(J)). (F.20a)

Equations F.20a and F.20b are valid only in determining the partial specific
conductance when the fluxes are measured at the equilibrium potential for that
ion—that is, when the membrane potential equals the Nernst potential for that ion.

When both the fluxes and the conductances are measured at the equilibrium
potential but are not equal when applying equations F.20a or F.20b, then the assump-
tions that underlie one of the equations are not true. Typically, this is because the
independent movement of ions assumed in the derivation of equation F.22 from Fick’s
Law and Ohm’s Law does not occur. If the ions bind to an asymmetrical channel or a
symmetrical channel that has multiple binding sites within the pore, then the indepen-
dence assumption will be violated and the flux will not be proportional to the ion
concentration at the equilibrium potential. See Hodgkin and Keynes (1955) for an
excellent explanation of the assumption of independence.
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