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1.1 INTRODUCTION

In recent years, a vast body of information has been

accummulated on the electrical properties of biological

membranes. It has been found that electrical potential

differences occur across them, that ions can penetrate them

and that they have a quite high resistance to the flow of

electric current through them. Analysis of this information

has revealed that there is no general theory of membrane

phenomena which can explain all of it. As well as these

general phenomena, some cell membranes, particularily those of

nerve cells, are capable of producing a temporary and

localised change in membrane potential and membrane resistance,

which is propagated along the membrane as an electrical

impulse.

An excitable membrane is nowadays regarded as being one of

the basic functional units in a biological computer or control

system and in view of its fundamental importance, it is hardly

surprising that probably more information is available on the

electrical properties of nerve membranes (particularily the

giant nerve from the squid) than on any other membrane. A

great deal is now known about the action potential, as the

phenomenon of exitability is called, and despite the

illuminating hypothesis of Hodgkin and Huxley, the problem of

the exact physical chemical mechanism of excitability remains

to be solved.

All nerves are capable of conducting impulses and so are

muscle cells; so also are certain giant plant cells of the

Characeae. Over the years the development of knowledge about
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the action potential in nerve has proceeded side by side with

the study of the action potential in these plant cells and in

this thesis the giant plant cell Nitella translucens has "been

chosen for studying biological membranes in both their resting

and excited states. This chapter is concerned mainly with the

theoretical basis of electrical phenomena in membranes in

general, and with the electrical properties of biological

membranes in particular.
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1.2 THE ELECTRICAL PROPERTIES OP MEMBRANES

1•21 The Nature of the Membrane Potential
d

When two aqueAus solutions of electrolytes are separated by
a membrane, in general an electrical potential difference

exists between the two solutions. This potential difference is

a diffusion potential in the widest sense and is caused by

transport of ions or electrons through the membrane at

different rates.

The simplest kind of membrane potential is the Bonnan

potential. This occurs when the membrane separating the two

solutions allows only a single ionic species to pass through

it. This permeable ion will have a tendency to diffuse across

the membrane from the region of high concentration to the

region of low concentration. This will cause each solution to

acquire equal and opposite charges so that the resulting

electric field through the membrane will be sufficient to

prevent any net transport of charge. Thus no diffusion can

occur in the steady state. However, ions of the permeable

species will continue to move across the membrane, but ion

fluxes in opposite directions will be equal. When a Dorinan

equilibrium exists, an ion which traverses the membrane will

acquire or release no energy; thus the sum of the electrical

potential and chemical potential energy difference between the

two solutions must be zero, so that:

i/' ~ ° (1.1)

°r'' ~

J+" ^ ^ ^ ZF(^ ~ f) ° (1*2)
i

so that approximately: A A* ~ ^ (1.3)
I -X 1 7- h



where is defined as the electrochemical potential of an ion;

J\o is the standard chemical potential of that ion, is its
electrical potential and C is its concentration. The super¬

scripts 1 and 2 refer to the solutions. Equation (1.3) is known

as the Nernst equation and if it holds for an ion, then that

ion is said to be in electrochemical equilibrium between the

two phases and there can be no net flux of that ion through the

membrane, always assuming, of course, that ([/*° y be
neglected.

In general, the membrane potential is due to the membrane

being permeable to more than one ionic species. In this case,

net transfer of ions and salt may occur. The two phases

separated by the membrane become charged up, so that the

resulting electric field across the membrane is capable of

preventing net transport of charge, while permitting net

transport of ions. The exact expression for the relation between

the membrane potential, the concentrations of ions in the

phases and the properties of the membrane is very involved and

not very useful. It was first derived by Nernst (1888) and

Planck(1890). However, the situation may be handled to a good

approximation by simple theory.

It has been mentioned that the diffusion potential is due to

ions diffusing at different rates, which amounts to stating

that it is due to the membrane having differential

permeabilities to ions. For a given ionic species, there must

be two extreme cases: either it is the only permeable ion or it

is not permeable at all. Hence, if it is the only permeable ion,

then the membrane potential is given by equation (1.3) and if it
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is not permeable, then it can have no effect on the membrane

potential. Thus it is clear that any general equation relating

membrane potential and ion concentrations must be such that if

any single ionic species is considered, the equation will reduce

to one in which the membrane potential is independent of the

concentrations of the selected species of ion when that ion is

impermeable, and further, it will reduce to the Nernst equation

whenever all ionic species other than the selected species

become impermeable. The form of the Nernst equation is such

that two basic empirical expressions for the membrane

potential are possible. These are:

■«=r a p \r A C (l*4a)
A w RT im4- ° - C „ ->

' x F I A„C! + Z
V\ /Vv\ / V

_ a. v1)
Ay ^ y bj b u A-

I t I 4 -J F r;v\ )UF A c

where the subscripts n and m refer to the ionic species and A ,

and are constants. In equation (1.4a) distinction has to

be made between positive and negative ion concentrations. The

constants An may have any units, while the constants Bn must
have no units and must always sum to unity.

In the study of bioelectric phenomena, equations (1.4a) and

(l.5a) are extensively used in the form of equations (l.4b) and

(1.5b):
+ f- r\ —\

F ip.Cd +- z pm c;d
AM- • HT in I P« C, + % (!•«)

I T. 1 ~~7- • — V ZTo

(1.5b)

where is defined as the membrane permeability, measured in

-5U T„ InCZ
^ C VN



the somewhat arbitrary units of cm. sec The T , are referred to

as the ionic transport numbers of the membrane, but these are

not in general equal to the true electrical transport numbers

(see Finkelstein and Mauro, 1963). Both of these equations can

be derived from the Nernst-Planck equations, which state that

the flux of an ion across a membrane is equal to the ionic

mobility times concentration times the electrochemical potential

gradient: dn - (1.6)
ct-X

Goldman (1943) integrated these equations by assuming a

constant electric field across the membrane and equation (l,4b)

is known as the Goldman equation, Hodgkin nod ' ir>r"l ny (1957)

first derived equation (1.5b) using an electrical analogue, but

it was later deduced from the Nernst-Planck equations by

Pinkelstein and Mauro (1963). It is called the transport number

equation and involves no special assumptions; the T^ are,
however, left in integral form.

The membrane potential is normally measured by means of salt

bridge electrodes immersed in the solutions separated by the

membrane and connected to a high input impedance voltmeter. The

potential thus measured is the sum of the membrane potential,

the diffusion potentials of the salt bridges and any diffusion

potentials across the unstirred layers of solution v/hich can

exist on either side of the membrane. If the salt bridges are

properly designed, diffusion potentials will be zero or at worst

will be opposite and cancel, while potentials across any

unstirred layers will be negligible in the steady state provided

the resistivity of the membrane is greater than that of the

bulk solutions.



1*22 The Membrane Resistance

If an electric current is passed across a membrane

separating two aqueous solutions, then in general the potential

difference between the two solutions will change# Using the

Nernst-Planck equations and writing the fluxes as currents,

Planck (1890) originally derived the relation:

dx 4. RT c{(I(uC+n -X. ) (1.7)
J, ( UnCv,-t ~2-^ u w C^vn )

where I is the current passing across the membrane. When I is

u T dx
-a T " 1 J F^(Z u„C* +X

zero the membrane potential is given by:

A ^ -- £1 f c( CZ. n„c* (1,8)
1 % p j ——

( 2. u hC« +- x uw^
and this is just an integral form of equations (1,4b) and (l.5b),
Thus the expression: 1 dx (19)

R ' 7v ( x a cv + Z Ckv, )
gives the membrane resistance in integral form. Equation (1,7)
is just a statement of the fact that when a current is passing,

the membrane potential is made up of an IR potential difference

plus what is often referred to as the resting potential. Thus

it is clear that the membrane may be represented by a battery of

E.M.F, equal to the resting potential, and internal resistance

equal to the membrane resistance.

The membrane resistance will be independent of the applied

Current and constant in time only if the ionic concentration

profiles in the membrane are not affected by the applied

current; in general, the ions in the membrane always redistribute

themselves when current is applied (see Cole, 1965) so that the

membrane resistance will be both frequency and amplitude
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dependent. However if the redistribution time constant is long

compared with the membrane time constant, then the membrane

resistance as given by equation (1.9) will be sensibly constant.

Transient membrane phenomena will be discussed in more detail

later,

1.23 Fluxes, Conductances and Permeabilities

The flux of an ion across a membrane is given by the Hernst-

Flanck equations. Partial integration of these equations gives:

and this equation may be rewritten (Finkelstein and Mauro, 1963)

where IA is the flux of the ion across the membrane measured

in units of electric current, is the membrane conductance of

the ion, E is the electrical potential difference across the

membrane and is the chemical potential difference across the

membrane measured in units of electrical potential. It is to be

noted that I, E and V^are each physically determinable, so that

is defined by equation (1.11). Since (1.11) is true for each

diffusing ionic species it is possible to construct an

equivalent circuit to represent the behaviour of a membrane

permeable to ions (see Pig. l.l). Each arm of the analogue is

associated with a particular ionic species; the flux of an

ionic species is thus determined by the current in the

appropriate arm, allowance being made for the sign of the

charge on the ion. If the In are eliminated from equations
(1.11) then:

(1.10)

in electrical terminology as: - 3 ^ ( t + (1.11)

£ = - 2 i. v. (1.12)



rhase 1

o

.Phase 2

Fig. 1.1 A simple electrical analogue of a membrane. The

symbols are explained in the text.
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and this was the original method of deriving the transport

number equation. The transport number of an ion is thus equal

to ^~c according to the equivalent circuit. However, this
transport number is not equal to the true electrical transport

number of an ion, which is the fraction of applied membrane

current carried by that ion. This is evident from the inequality

C fX Zi I 1 y f fl oix "] 1
J, fZycl tiyc;) i Z Z — L (1.13)( ' ~ y 3 J, F U-nCry.)

which is a statement of the fact that X ia not equal to the

membrane conductance. This fact is not generally realised but

was pointed out recently by Binkelstein and Mauro (1963)*
Matters are greatly simplified if Z y is equal to the total

membrane conductance and if this is assumed no great error is

likely to be involved provided the distributions of ionic

concentrations through the membrane are not assymetric. Despite

this difficulty, the concept of an ionic membrane conductance

is a very useful one and is widely used in the study of

bioelectric phenomena.

By assuming a constant electric field across the membrane,

Hodgkin and Katz (1949) have integrated the Nernst-Planck

equations to give the relation between the flux of an ion and

its permeability:

1 ~ ^ ~

t {Z - CK' cxp "iJ t/f: 7 j (1.14)i - ?-F%r I >
where the permeability Pn is defined according to:

P. = ^ (1*15)
oL

kn is the ion partition co-efficient between the membrane and
the solution and d is the membrane thickness. Equation (1.14)
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is not so widely used as (1.11) because of its complicated

form and dubious assumption of a constant electric field across

the membrane.

When an ionic species is in equilibrium or is diffusing

across a membrane there is a flux of ions in both directions

across that membrane. Any net ion flux is the difference

between these two fluxes so that: (j)„ -- J^ - J., (1.16)
Ussing (1949) and Teorell (1949) have shown that:

, - k

**?(</»'-(1.17)
^.

'a

This equation was deduced on quite general grounds and when

is equal to J * it reduces to the Nernst equation. Measurement
j- i

of these fluxes is normally accomplished by the use of

radioactive tracers.

1.24 Electrical Transients in Membranes

Transient electrical phenomena in membranes are due mainly

to the membrane capacitance and to ionic redistribution effects.

Following the application of a constant current to the membrane,

excess charge builds up on either side of the membrane and this

produces the changing electric field. As the membrane potential

grows, more charge passes through the membrane and less is used

to charge up the two phases separated by the membrane. The

growth of the membrane potential will be exponential and is

given by: £ - I r ) (1.18)
where r is the membrane time constant, which is equal to R G .c ' ^ m m

This is a method of defining the membrane capacitance 0 .

Equation (1.18) was originally derived by Planck (1890) for a

uniform electrolyte solution. However, it is not quite correct
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to apply this equation to a membrane, since in the general case

the membrane conductivity varies throughout the membrane. Thus,

a simple relaxation with a single time constant is not in

theory sufficient to describe a capacitance transient in a

membrane, (see Cole, 1965). The membrane impedance is more

accurately given by:

where R(x) is the membrane resistivity at any point in the

membrane and C is the capacitance per unit thickness of

membrane. Thus the time constant is more correctly described by

RCm, where R is the mean resistance of the membrane; however,
this is still an approximation. In spite of these difficulties,

a membrane may be represented by a battery and resistance in

series with a capacitance; this has been found to be adequate

for most experimental purposes.

When the capacitance charging process is completed, in

general a current is flowing across the membrane. Since, as

already stated, X<u is not equal to the total membrane
i/\ 61

conductance, at any given point in the membrane the flux of an

ion will be dif.fez*ent from that at any other point in the

membrane. While this is happening the membrane is in a steady

state, hue to the unequal flow of ions at different points in

the membrane howssever, the principle of continuity requires

that the concentrations of ions in the membrane begin to change.

It may take a long time for these concentration changes to

appear, but when they do the membrane is no longer in a steady

state but in a transient state. The changing of the state of the

(1.19)
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membrane during this period is known as the redistribution

process. Changes in ion concentrations will proceed everywhere

until a time is reached when the flow of each ion is the same

at all points in the membrane. When this happens the membrane

is in a true steady state. Incidently in this state X" ^ is

equal to the total membrane conductance so that the equivalent

circuit representation of the membrane is quite correct; however,

each of the membrane g in this steady state is different from

the corresponding gn of the membrane before the prolonged
application of current. Because of the changes in ionic

concentrations in the membrane during this process, both the

membrane resistance and the individual gn change so that the
relation between the membrane potential and applied current is

non-linear. If the membrane resistance increases during the

redistribution process then the magnitude of the membrane

potential will also increase, and if the resistance decreases

then the potential will decrease.

This transient redistribution potential has been investigated

by Cole (1965) and he estimates that the time constant of the

effect is approximately given by: T - —r—(1.20)
•tr

The redistribution effect may also overlap with the chax'ging

effect and in this case the effects may be resolved only by

measuring the membrane impedance over a relevant frequency

range. In conclusion transient membrane phenomena are rather

difficult, but their study can yield information about membrane

properties.

1*25 Special Classes of Membranes

The most general type of membrane is the homogeneous membrane
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and it may be regarded as a membrane which does not exhibit any

macroscopic variation within any plane parallel to the surface.

It has no special properties.

A mosaic membrane (Finkelstein, 1964) is usually regarded as

one which consists of a parallel array of regions which are

permselective to different ionic species. This membrane has the

property that I 3, , as obtained from flux measurements, is

equal to the total membrane conductance. Further the potential

may be exactly predicted by the transport number equation, the

Tn being constants.
Fixed charge membranes have been investigated by Teorell

(1953) and Vaidhyanathan (1965). These membranes contain

stationary charges in the membrane structure. If the

concentration of an ion in one of the solutions is decreased,

this ion will tend to be exchanged out of the membrane thus

decreasing the membrane conductance of that ion. Hence stepwise

decrease of the concentration of an ion will have a gradually

decreasing effect on the membrane potential; similarily

stepwise increase of the concentration of an ion will have a

steadily increasing effect on the membrane potential.

A redox membi'ane is permeable to electrons as well as ions.

Electron transport will occur when it separates two solutions

which contain redox components. The behaviour of this membrane

may be adequately predicted by the electrical analogue (Fig. l.l)

using for the electron battery the thermodynamic expression for

the free energy released or storea per equivalent of electrons

transported across the membrane. When current is passed across

this membrane, some of it will.be carried by electrons, and so
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the membrane resistance cannot be deduced from ion fluxes alone.

An electrogenic or 'fuel-cell' membrane is capable of

converting chemical energy into electrical energy directly. It
is assymetric and consumes the oxidant (for example Oj on one

side and the fuel on the other. In general, it can also be

permeable to ions. Thus the membrane may be most simply
described in terms of the electrical analogue in Pig. 1.1, if

one of the battery voltages depends only on the free energy

released per equivalent of oxidant consumed. If such a membrane

separates two equal solutions, there will be a potential
difference across it and if this potential is short-circuited

then the current will be equal to the Faraday constant times

the number of equivalents of oxidant consumed per second.
Membranes operating on these principles have been constructed
in recent years (Phillips, 1962) and are used as power supplies.

A composite membrane consists of two or more individual
membranes in series. At present the most interesting composites

involve anion and cation exchange membranes (Mauro, 1962;

Coster, 1965). Mauro and Coster have shown that the junction
between a cation and anion exchange membrane (a c-a junction)
exhibits the same kind of rectifying properties as the semi¬

conductor p-n junction, and for the same reasons. Coster has
also shown that a thin c-a junction would exhibit reversible

break-down effects similar to the effects in p-n junctions. It

now seems likely that many semiconductor phenomena can occur in
systems made up of cation and anion exchange material (c-type
and a-type material).
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1.3 SOME PROPERTIES 0? BIOLOGICAL MEMBRANES

1.31 Membrane Structure.

Studies of the penetration of the plasma membrane by a

variety of solutes has shown that the permeability of a solute

is broadly determined by its ability to penetrate a thin layer

of oil. Fricke (1933) studied the behaviour of cell suspensions

in an alternating current and concluded that the plasma membrane

was a relatively non-conducting layer of the order of 50A thick.

This early estimate of the thickness of a biological membrane

has been confirmed by recent investigations with the electron

microscope, (Robertson, 1957). '

A great many attempts have been made to build up a picture of

the molecular structure of the plasma membrane from the known

properties of proteins and lipids. In 1925, G-orter and Grende.1

spread lipid extracted from red blood cells as a unimolecular

film on the surface of a Langmuir trough, and from a knowledge

of the total surface area of the cells which the extract was
A

taken, they concluded that the lipid in the plasma membrane was

ordered in what has now come to be called a 'bimolecular leaflet',

later, Grendal (1929) analysed the lipid extract and showed that

the leaflet was about 3QA thick. The lipid composition of

membranes varies but cholesterol and phospholipids are the main

constituents.dorter and Grendel proposed that this bimolecular

membrane was arranged with the hydrocarbon ends of the lipids

on the inside and the polar groups on the outside. Danielli and

Harvey (1935) and other workers measured the surface tension of

eggs and other cells and found it to be of a much lower oi'der

than that of a simple lipoid surface and they concluded that



this indicated the presence of a surface active material such

as protein. Since proteins are capable of spreading out in films,

even on the surface of an existing lipoid film whose stability

will, as a result, be markedly enhanced, Davson and Danielli

(1952) have proposed that the general basic pattern of membrane

structure is a double layer of lipid with a layer of protein at

each interphase. The minimum thickness of this membrane would

then be about 80A. Very recently, purified lipid bimolecular

membranes have been successfully formed between two aqueous

solutions (Huang, Wheeldon and Thompson, 1964) but measurement
1

of their electrical resistance indicates that they are about 10

times less permeable to ions than the membranes of living cells.

1.32 Biological Resting Potentials

Where it has been possible to make the measurements, it has

been shown that between the interior of an individual cell and

its environment there exists an electrical potential difference.

It is possible to insert a fine salt bridge electrode into the

interior of large single nerve fibres, muscle fibres and certain

giant plant cells and by connecting this electrode through a

suitable electrometer to another salt bridge in the surrounding

medium, potential differences of up to 150 mV may be recorded,

(Ling and Gerard, 1949} Graham and Gerard, 1946 and Walker,

1955). The cell is not damaged if this insertion is carefully

carried out and the potential recorded will remain constant

for many hours. Electrical potential differences also occur

across certain membranous tissues consisting of parallel

layers of cells; the most widely studied is frog skin but toad

and gall bladder have also received a great deal of attention.



The electric organs of certain fishes have also been studied in

some detail; the electric eel Electrophorus electricus can, on

open circuity produce a discharge of about 600 volts with a

power output of about 100 watts. This electric organ consists

of a very large number of compartments or 1electroplaxes' in

series, and each electroplax consists of two transverse membranes

also in series, so that the whole organ is built up of a large

number of parallel membranes all in series. Keynes and Martins-

Perreira (1953) inserted a micro-electrode into an electroplax

and found that the interior was about 80 mV negative with

respect to the interstitial fluid. Thus, there is normally no

potential difference across the whole organ since the potential

across alternate membranes is equal and opposite. (These in¬

vestigators also found that one membrane of the electroplax,

i.e. every other membrane of the organ, is excitable so that if

all the excitable membranes are excited simultaneously a large

potential difference will build up across the organ.)

The origin of the resting potential in vertebrate muscle

seems to be fairly well understood. Boyle and Conway (1941)
have shown that the concentrations of K, Na and CI in the frog

muscle fibre are 126'0, 15•0 and 1-0 mM respectively while in

the interstitial fluid they are 2-5, 104 and 74-0 mM. The

membrane potential of almost 100 mV measured by Graham and

Gerard (1946) may be calculated from the Nernst equation for

either CI or K, thus suggesting that the potential is a Bonnan

potential brought about by the existence of impermeable ions in

the fibre. Experiments involving the measurement of the effect

of external ionic concentrations on the membrane potential have



confirmed this. Tracer experiments with radioactive ions (Levi

and Ussing, 1948; Harris, 1953) have shown that CI and K are

permeable to the membrane but that Na is only slightly

permeable; Hodgkin and Horowicz (i960) have studied the effect

of sudden changes in K and CI concentration on the membrane

potential of frog muscle and from the potential transients,

observed during the resulting non-equilibrium period, they

computed the CI conductance as being 700 ^mho cm. and the K
conductance as being smaller than the CI conductance by about

a factor of ten. However, the fact that the membrane has shown

to be permeable to Ha raises the question as to why the

potential does not gradually rim down as the internal K is

exchanged for external Na, and so it is necessary to postulate

that Na is excreted metabolically by a Na extrusion pump.

The situation in nerve is similar to that in muscle; the

resting potential of giant axons is near 60 mV and similar

ionic concentrations exist in the interior of axons and in the

interstitial fluid. The inside is high in K and low in Na,

while the opposite is the case outside. Hodgkin and Keynes (1953)
have shown that the effect of changing the external K

concentration may be predicted by the Nernst equation except at

low values of the resting potential; recently changing the

internal K concentration of giant axons (Baker, Hodgkin and

Shaw, 1962) has produced exactly the same effect. CI has been

found to have a negligible effect on the potential. Flux

experiments indicate that the membrane is permeable to K, so

that the membrane potential is determined by the internal and

external K concentrations, but, as in muscle, they also reveal
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that the membrane is permeable to Na, so that again it is

necessary to postulate some mechanism which is responsible for

driving Na out of the cell.

The origin of the resting potential in large plant cells is

not well understood. These cells are more complicated to deal

with because as well as the normal protoplasm found in the

interior of all cells they possess a large central vacuole,

which is just a salt solution, MacRobbie (1962) has found that

the concentrations of K, Na and 01 in the vacuole of Nitella

translucens were 78, 37 and 151 mM, while the corresponding

external concentrations were 0-1, 1-0 and 1*3 mM, Flux

experiments have revealed that all ions are permeable, and

since the potential of the vacuole of Nitella translucens is

121 mV (Spanswick and Williams, 1964) it would appear that 01

is well out of equilibrium, for the effect of both the 01

concentration gradient and the electric field would be to

drive 01 out of the cell. Thus in order to account for the

high concentration of 01 in the vacuole of these cells,

MacRobbie has postulated that 01 is transported into the cell

by means of a metabolically driven ion pump.

A considerable amount of information is available about

potentials across frog skin. Since the frog lives in fresh

water it tends to lose salts through its skin; in order to

counteract this tendency, frog skin is equipped with a

mechanism, driven metabolically, for transporting NaOl from

the environment into its extracellular fluid. When the skin

separates two identical solutions whose salt concentrations

are similar to those of mammalian extracellular fluid, a



potential difference of some 50 mY may be observed. This

potential is the sum of two potentials occurring within the

skin, and the exact sites of these potentials have been

located. The skin comprises a layer of connective tissue on

the inside and a layer on the outside consisting of two or

three layers of tightly packed cells. It is across the

innermost layer of these tightly packed cells that the

potential difference occurs, about half of it across the

inside membranes and the rest across the outside membranes of

this layer of cells (Engbaek and Hoshiko, 1957; Scheer and

Mumbach, i960). Thus the skin may be regarded as a composite

membrane consisting of two membranes in series. Flux

measurements have shown that CI and Na are permeable to the

skin, and Koefoed-Johnsen and Ussing (1958), having reduced

the skin CI conductance to zero by treating it with copper,

found that the effect of changes in outside Na concentration

on the potential could be exactly predicted by the Nernst

equation while the same was true for the effect of the inside

K concentration. At present, it is thought that the outside

membrane simply allows NaCl to diffuse into the compartment

between the two membranes, while the inside membrane has a high

permeability to K and CI and a low permeability to Na. la is

transported across this inside membrane by means of a

non-electrogenic metabolic mechanism, the removal of a Na ion

from the compartment between the two membranes being linked to

the entry of a K ion from the inside solution.

As has been explained in the previous section, the resistance

of a membrane is a measure of the permeability of ions to it,



Further, when current is passed across a membrane the potential

builds up exponentially from the moment the current is switched

on, finally reaching a steady level; this happens because the

capacitance associated with the membrane resistance requires

to be charged. All resistance elements have an associated

capacitance, and for a resistance of given cross-section the

capacitance is inversely proportional to its length. Thus it

may be safely predicted that since biological membranes are

extremely thin, they should possess an extremely large capacit¬

ance. In fact, it has been found that biological membrane
-x k

capacitances are very nearly 1-0 ^F cm , whether the membrane

belongs to the giant plant cell Nitella, a nerve fibre, or a

muscle fibre. This probably reflects the fact that membrane

thickness does not vary much from species to species, for it

is unlikely that the dielectric constant varies from one lipid

to another. On the other hand the membrane resistance varies

considerably depending on the species. The value is 21 K / cnT
in Fitella translucens, 8 K x cm in crab nerve, 0-7 KSi cm' in

squid giant axon and 1-5 KJ* cm in frog muscle. This probably

reflects the physiological importance of the membrane

resistance in controlling the various ion fluxes through the

membrane, since requirements will vary from membrane to

membrane. The membrane resistance may be calculated from the

ion flux measurements and compared with the measured resistance,

but in all cases where this has been done (e.g. Williams,
Johnston and Dainty, 1964) the calculated resistance is about

a factor of ten times the measured resistance.



1.33 The Excitability of Biological Membranes

It has heen mentioned that a potential of some 100 mV exists

across the plasma membranes of living cells, the inside "being

negative with respect to the outside. When this potential is

reduced by about 15 mV or more by means of a brief pulse of

(depolarising) current, the potential can fall very quickly to

zero, even though the 'stimulating' current has been switched

off, and then return more slowly to the resting value. This

phenomenon is known as the action potential. At the peak of the

transient potential the membrane resistance has dropped by

about a factor of ten, the membrane capacitance remaining

constant. This change .in potential occurs locally across the

membrane; thus during activity, current will flow from the

surrounding parts of the membrane where the resting potential

is normal to the part which is excited, and this current will

in turn cause the neighbouring regions to become excited, and

so on. A wave of excitation will then travel along the

membrane with a characteristic speed. This speed is equal to

the length of the excited region at any instant times the

reciprocal of the duration of the action potential at any

point on the membrane. It varies from a few centimeters per

second in Nitella to 100 m.secl in fast nerves; in squid axon

it is 25 m.seel, (Taylor, 1942). The duration of the action

potential Is of the order of a millisecond in nerves, and in

ITitella it is about 5 seconds (.Findlay, 1959).

It is nowadays considered that the action potential is the

consequence of the fact that the membrane can allow a transient

increase in its conductance of one or more ions; this would
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produce a transient potential and resistance change. In those

nerves where it has been possible to make the measurements, Na

and K conductances have been found to increase during the

action potential (Hodgkin and Katz,1949). The same is true of

muscle, while in i\Titella CI is thought to be involved. The

elucidation of the mechanism by which changes in membrane

conductances are brought about remains to be accomplished.



CHAPTER II

THE RESTING STATS.
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2.1 INTRODUCTION

There are certain advantages to be gained from using giant

algal cells in the study of the resting state of biological

membranes. They are comparatively large, hardy, in plentiful

supply at all times and are rarely damaged by the careful

insertion of electrodes into their interior. The main

disadvantages are that the cells have a vacuole which is

bordered by a membrane and that the cytoplasmic membrane

surrounding the cell is itself surrounded by a cell wall.

In recent years, with the advent of modern micro-electrode

techniques and the availability of radioactive isotopes a

great deal of work has been done on membrane resting states

in various species of giant algae. Membrane potentials have

been measured by Walker (1955), Oda (1956), Kishimoto (1959)

and by Spanswick and Williams (1964, 1965). Resistance

measurements have been made by Walker (1957, I960), Kishimoto

(1964), Williams, Johnston and Dainty (1964), Findlay and

Hope (1964) and by Hope (1965). Ion concentrations in these

cells have "been measured by MacRobbie and Dainty (1956), Hope

and Walker (i960), Cda (1961) and by Spanswick and Williams

(1964). Ion fluxes have been measured by MacRobbie and Dainty

(1958), Diamond and Solomon (1958), Hope and Walker (i960),
MacRobbie (1962), Hope (1963) and by Spanswick and Williams

(1965). The effect of external ionic concentrations on the

resting potential has been investigated by Kishimoto (1959),
Oda (1961), Hope and Walker (1961) and by Spanswick, Stolarek

and Williams (in press). The ionic properties of the cell wali



has heen studied by Dainty and Hope (1959), Dainty, Hope and

Denby (i960) and by Spanswick (thesis). The action potential

in the Characeae has also been investigated and this work

will be referred to in Section 2.2.

The general picture that has emerged from all this work is

somewhat complicated. The cell may be regarded as being

composed of three compartments; these are the vacuole, the

cytoplasm and the cell wall. The cell wall acts as a cation

exchange resin selective to Ca. The bulk of the electrical

potential drop between vacuole and the bathing medium is found

to occur between the cytoplasm and the bathing medium. The

resistance of the vacuolar membrane is about ten times less

than that of the cytoplasmic membrane; from this it is to be

expected that ion fluxes across the vacuolar membrane should

be about ten times smaller than those across the cytoplasmic

membrane, and they have been found to be even less. However,

in all cases where comparison is possible there is a discrepancy

between the measured fluxes and the electrical resistance;

the fluxes are too small by about an order of magnitude.

Chloride is out of equilibrium across the cytoplasmic

membrane and in fact it has been proposed that the action

potential is caused by a transient increase in the membrane

chloride conductance. Sodium ana potassium are also out of

equilibrium across this membrane and thus in order to

account for the observed phenomenon of flux equilibrium

across the cytoplasmic membrane, it has been proposed that

in addition to the normal supply of free energy available

to power the transport of these ions there is a free energy
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supply made available by the cell's metabolism. This metabolic

supply ox free energy and the mechanism whereby it is utilised

is often referred to as an "ion pump".

Since membrane potentials are caused by the existence of

free energy differences between one side of a membrane and the

other it should be possible to liberate some of the free energy

responsible for the resting potential. An electrical experiment

in which this is done is described in this chapter. It is also

possible in theory to deduce the ionic transport numbers

across a membrane without having recourse to flux measurements,

it is only necessary to record the effects o.f different external

ionic concentrations on the membrane potential. The method is

used in this chapter with some measure of success.

In most of this work the cell wall, cytoplasmic membrane

and vacuolar membrane are lumped together and regarded as a

single membrane; this simplification is experimentally very

convenient. The membrane or resting potential is thus the

potential difference between the vacuole and the external

solution and this is not very different from that between the

cytoplasm and the external solution. Also the resistance of

this composite membrane is very nearly the same as that of the

cytoplasmic membrane and the effect of external solution

changes will in general be due to the cell wall and the

cytoplasmic membrane.

Thus by studying this composite membrane it should be

possible to obtain considerable information about its

components.



2.2 THE RBSTINj POTENTIAL AS A SOURCE QJ ELECTRIC POWER,

2.21 Introduction

Measurements of the resting potential and the internal

CI concentrations in Nitella translucens have shown that 01

is out of equilibrium across the (composite) membrane by

about 0-2 electron-volts (Spanswick and Williams 1964,

MacRobbie 1962). It has also been shown by Spanswick and

Williams (1964) that Na and K are also out of equilibrium,but

to a lesser degree. In addition it has been proposed by Oaffey

and Mullins (1958), by Mullins (1962) and by Findlay and Hope

(1964) that the action potential in the Characeae is due to a

transient increase in membrane 01 conductance; this would allow

an outward flow of 01 ions which would dxmve the membrane

potential close to the equilibrium potential a3 given by the

Nernst equation.

The fact that 01 is one of the few ions for which reversible

electrodes exist makes it possible to study the ion directly

by electrical means in Nitella. When the membrane potential is

short-circuited by means of Ag/AgCl electrodes, the E.M.F,

generated in the circuit is equal to the sum of the membrane

potential and the 01 equilibrium potential. From a measurement

of the E.M.F. the 01 concentration in the cell may be

obtained. Also the current flowing will polarise the membrane

and from a study of this effect the electrical resistance and

space constant of the membrane may be determined. It is founa

that the values obtained by this method for the resistance

and space constant are in agreement with those obtained by



28.

other workers while values of 01 concentration obtained are in

complete disagreement with those of other workers obtained by

chemical analysis,

2.22 Methods

The Electrical System.

The wiring diagram is shown in Pig. 2a. The potential
V

differenceAproduced between an Ag/AgCl wire electrode 0 inside
the cell and an Ag/AgOl gauze electrode B outside the cell was

measured by the electrometer A. This potential difference could

be shorted through Rx by closing the switch S( causing the
potential being recorded at A to be proportional to the

short-circuit current. R could be varied from zero to 1 Mi7.
X

The potential across the membrane was recorded by the

conventional microelectrodes M, and 1% inserted at distances x,

and x, from C. Strictly, when current is flowing across the

membrane, the potential across a particular part of the membrane

should be measured by two electrodes as close as possible to

the membrane. If this is not done then serious error will

result when the bathing solution is very resistive or the

dimensions of the bath very small. However, it was found in

pratice that in this particular experiment,positioning of M,

up to 3 cm. from each internal micro-electrode made no

difference at all to the reading at A. This may have been due

to the large external current electrode. Thus for convenience

the external electrode was sited as in Pig. 2a.

The Electrodes

The internal Ag/AgCl electrodes were made from sections of

silver wire about 10 cm. long and about 0-2 mm. in diameter.
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The wire was brought to a fine tip at one end hy being

electrolytically etched in dilute nitric acid. The tip

diameter was between 10 and 30 microns. This tip could be

coated with AgCl by using standard methods; however, it was

found that the simplest method of coating the required section

of the tip was by the insertion of the pointed wire into a

Hitella cell and connecting it to an external Ag/AgCl electrode.

In a few minutes a brownish black deposit appeared on that part

of the electrode inside the cell. The deposit has been taken to

be AgCl (see Ives and Janz, 1965)# This method is desirable

because it ensures that only that part of an electrode which

is inside a typical cell possesses a coating of AgCl.

It was found that potentials and short-circuit currents

were the same whether the shank of the Ag/AgCl electrode was

insulated or not. This was most likely due to the fact that an

uninsulated shank in this experiment cannot cause an unwanted

short-circuit because the potentials involved are not large

enough to cause the evolution of the necessary hydrogen gas at

the shank.

The external Ag/AgCl electrode was a strip of silver gauze

1 mm, wide by 10 cm. long, coated with AgCl. The strip was

positioned parallel to the cell and as close to it as possible.

This gauze was coated with AgCl in a solution of 10 mM NaCl

with a current of 10^A. A different piece of gauze was used
with every experiment. The precaution of testing the Ag/AgCl
electrode system for tip potentials before experiments was

always taken; a few electrodes had to be discarded for this

reason for otherwise their tip potentials would have
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contributed to the shorting E.M.F.

The micro-electrodes inserted into the cell and used for

potential recording were made by attaching micro-pipettes

filled with 3N KC1 to the tips of commercial calomel electrodes

by means of a rubber tube 1 cm. long and filled with 3$ KC1.

The micro-pipettes were made from sections of pyrex glass

tubing of 1 mm. internal bore and pulled out to a fine tip

using a micro-forge. The tip diameters were between 1 and 10

microns. Filling the pipettes with 3N KG1 was accomplished by

repeated boiling in 3N KC1» The resistance of these electrodes

was about 5 Mji. The exteimal potential recording electrode was

a calomel saltbridge electrode.

Gable Theory

Williams, Johnston and Dainty (1964) have analysed the cable

properties of a Nitella cell. They have shown that if a current

I is injected at the center of the cell then the potential

change at a distance x from the current electrode due-to

current flowing across the membrane is given by:

A E - r2(v0+r^ (2.1)
^ S %

where /^is the space constant which is a measure of the extent

of the spread of the current along the cell, (rQ + r^) is the
sum of the resistance per unit length of cell interior and the

resistance per unit length of external solution, and where 21

is the length of the cell. When x-0 the potential change is

given by: - . (
-s , , c,-rgL.

At - I -J'. grz (2.2)
z<*y V*

so that the quantity A must be the effective

resistance offered by the cell to current injected at the
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centre of the cell.

If we now consider the circuit in Fig. 2a, then if Y$ is the
short-circuit E.M.F. the total current flowing across the

membrane may be deduced from:

V, , l[ R, ^ 4 (2.3)
where is the resistance of the electrodes. Since the change

in membrane potential due to this current is at a distance x

from the current electrode given by equation (2.1),then if I

is eliminated from equations (2.1) and (2.3) we have:

L(46V y V, \ h - R, (2.4)
Rearranging equation (2.3) gives:

K* - Vs r> _ *s - C~X (2.5)
In this experiment equations (2.4) and (2.5) are used* R is

plotted against(/)£,)'and (AE^'where these correspond to x( and
-)

x ; R is also plotted against I. When it is possible to
JL

neglect cable properties equations (2.4) and (2.5) reduce to:

Rx -- (AEV Vs - Rs - «J (2.6)

R* * Vs I'1 _

and these equations are used in Section 2.3.

The__ External Solution

The composition of the external solution was 0*1 mM £01,

1-0 mil NaCl and 0-1 mM CaCl. This solution is referred to as

A?W (artificial pond water),

2.23 Results
-\ -I

A typical plot of Rx against^As,) and against (AEO is shown
in Fig. 2b. (AS,1) and (AE^ are the membrane potential changes at

-1

x
i and xn. The corresponding plot of R against I is shown in

Fig. 2c. From the slopes of the graphs R # (r^ + ro) and ^
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RESULTS OF MEMBRANE RESISTANCE MEASUREMENTS.

^(cm.) Mcm.) Rm (KJ^chu)
3 0 2 0 20-7

3 0 2 0 18-6

3 0 2-2 10-8

4 0 3 5 13-8

4-2 31 28-3

4-5 5 2 26-9

4-0 4 0 36-5

47 2-9 41-8

40 1-4 10-2

4-5 4 1 40.8

30 25-5

INTERNAL CHLORIDE CONCENTRATION RESULTS.

E (mY) Y (mV) Ci (mM)
100 169 20-2

102 175 29-7

110 208 52-8

67 162 56-3

104 198 54-3

95 188 52-2

105 186 32 .4

89 164 25-5

120 184 16 -5

114 205 52 -6

101 184- 39 2
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may "be calculated. The results of experiments on ten cells

are sumarisecl in Table 2a# The mean value of the resistance
A

was 25-5 KA cm and the mean value of the space constant was

3- 0 cm. The errors are between 10$ and 15$ for the resistance

and space constant measurements.

The internal Chloride concentration was calculated from the
/•"> •

equation: V - £. ^ Rj ^ (2.8)
F

where C. and C are the internal and external concentrations
l o

of Chloride. Table 2b shows the measured values of E and V

and the calculated values of C^. The mean value of was
3<TZ mM. V was found to be less than V; this was probably

s

due to electrode polarisation.

2.24 Discussion

The Resting Resistance and Space Constant.

The values obtained in this experiment for space constant

and resistance are in reasonable agreement with those

obtained by Williams, Johnston and Dainty (1964). These
t.

workers obtained values of 2-6 cm. and 21 4 KJicm. compared

with the values of 3-0 cm.and 25 5 KJ1 cm. obtained by this

short-circuit method. It is important to consider what

exactly has been measured by this method. It is most probable

that the micro-electrodes were in the vacuole while most of

the Ag/AgCl wire electrode tip was probably also in the

vacuole. Thus it would appear that the resistance measured

in this experiment is the sum of the individual resistances

of the vacuolar membrane, cytoplasm, cytoplasmic membrane

and the cell wall. However, Findlay and Hope (1964) have

shown that the resistance of the vacuolar membrane in Chara
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australis is about a tenth of that of the cytoplasmic membrane

and cell wall, and MacRobbie (1962) has found very high K and

Na fluxes across the vacuolar membrane. Thus, since it is not

expected that the cell wall or the cytoplasm contribute

significantly to the resting resistance then the resistance

measured in this experiment must be approximately equal to

that of the cytoplasmic membrane. The same kind of reasoning

may be applied to the space constant measurements.

Chloride Concentrations

The values of internal chloride concentration varied

between 16-5 and 56-3 mM with a mean value of 39-2 mM. There

seems to be some disagreement here with the chloride

concentrations measured by Spanswick and Williams (1964)

using an electrometric titration method. Their results indicate
<*.«<*, i60~>n

that the chloride concentration in the cytoplasm was 65 mM^in
the vacuole. The electrochemical method used in this experiment

is clearly not to be taken as being accurate, because while

it is most probable that the Ag/AgCl electrode was in the

vacuole,it may have been partly or even entirely in the

cytoplasm; it must also be conce£ded that without information

about the exact location of this electrode it is not possible

to be certain of the significance of the results; however,

simple electrochemical theory shows that the concentration

determined by this method is intermediate between the cyto¬

plasmic and vacuolar concentrations. Thus even allowing for

the inherent inaccuracies of the method the results are still

in disagreement with those of Spanswick and Williams (1964).

In seeking a reason for this disagreement the electrodes



are obviously suspect. For example if the Ag/AgCl electrode is

in contact with an oxidation-reduction system the electrode

potential will not be due to chloride alone but also to the

transfer of electrons between electrode and solution. It is well

known that biological systems contain many redox components

and possible other substances capable of poisoning the

electrodes. This kind of phenomenon seems to offer the most

likely explanation as to why the electrometric titration and

electrochemical results differ.

It has already been mentioned that it has been proposed

that the action potential in the Gharaceae is caused by a

transient increase in the chloride conductance of the

cytoplasmic membrane. It may be shown that for many purposes

a pair of Ag/AgCl electrodes positioned across the cell

membrane is equivalent to a region of chlox-ide conductance

in the cell membrane. From the graphs it may be deduced

that using electrodes whose resistance is small compared

with membrane resistance the short-circuit current would

drive the resting potential some 170 mV more positive; in

other words the theoretical limit to the size of the action

potential is about 170 mV. Since the observed action potential

in the Gharaceae is usually less than 100 mV, the experiment

merely confirms that an increase in cytoplasmic membrane

chloride conductance is a possible cause of the action

potential, despite the fact that the results also indicate

that the internal chloride concentration is effectively

lower than that determined by an electrometric titration

method.



2.3 TRANSPORT NUMBERS.

2.31 Introduction

As has been discussed earlier a diffusion potential is a

complex phenomenon and no simple theory exists which will deal

with all its observed aspects. It is an observed fact that

electrical potential differences exist between the inside and

the outside of many if not all living cells.To determine to

what extent these potentials may be explained by the diffusion

of ions across the cell membrane is the aim of a vast research

effort. The simplest method of approach is to take one of the

many equations connecting diffusion potential with ionic

concentrations and experimentally determine whether the observed

changes in the resting potential due to changes in the

external ionic concentrations may be predicted by that

equation. The most common equations used for this are the

•Goldman' equation (Goldman, 1943) and the transport number

equation (Hodgkin, 1957) much used in nerve physiology.

The Goldman equation is not very satisfactory because of

its implicit assumption of a constant electric field across

the diffusion region. The transport number equation is much

simpler; this is due to the fact that in this equation the

membrane potential depends linearly on the ionic transport

numbers of the ions in the membrane and that a transport

number is a simple electrical concept, while in the Goldman

equation the membrane potential depends on the logarithm of

the ion 'permeabilities', where the concept of ionic

permeability is not electrical in nature and has to be

clearly defined in terms of the kind of electrochemical
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theory being used (Dainty, 1962). Recently Finkelstein and

Mauro (1963) have shown that for a wide variety of situations

the transport number equation may be derived formally from

basic theory. Both these equations have been applied with

considerable success to the membrane potentials of animal

cells} on the other hand with plant cell membranes so far the

only systematic experiments involving the relationship between

the membrane potential and the external ionic concentrations

have been performed using the Goldman equation and the results

show that the Goldman equation is capable of predicting the

observed phenomena only when calcium is absent from the

external solution (Hope and Walker, 1961 and Spanswick,

Stolarek and Williams, in press).

The experiments described in this section were designed

with a view to determining whether or not the transport number

equation is capable of explaining the effect of external ionic

concentrations on the membrane potential.

2*32 Materials and Methods

Materials

All the cells used were between 4 and 6 cms. in length to

avoid cable theory. There were in fact two batches of cells.

One batch v/as immersed in 5-0 mM NaCl and 0*1 mM KC1 solution

for 24 hours and then stored in a solution of composition 0*1

mM KOI and 1*0 mM NaCl referred to as calcium free APW, The

other batch was soaked in 5*0 mM CaOl^and 0*1 mM MgCl^solution

for 24 hours and then stored in a solution of composition 0*1

mM MgGlxand 0*1 mM CaCl^referred to as calcium solution.
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The Electrical System

In these experiments it is simply necessary to measure tne

resting potential. However since it was intended to measure

transport numbers it was decided to measure the membrane

resistance as well, as this would enable individual ionic

conductances to be deduced if required. The circuit used is

shown in Pig. 2d. One micro-electrode positioned near the

center of the cell was used to record the resting potential.

The resistance was measured by a short-circuit method similar

to that described in the previous experiment; however since

in this case cable properties could be neglected the simpler

equations (2,6) and (2.7) were used to calculate the

resistance.

Methods

The experiments on the first batch of cells, i.e. those

stored in calcium free APW, involved changing the K'aCl

concentration to a new value for half an hour, reading the

resting potential and then reverting to calcium free APW for

another half hour and again reading the resting potential.

This process was repeated for 4 NaCl concentrations. Then a

similar experiment was performed with the KOI concentration.

Before these were begun the resting resistance was measured

using the method described in the previous section.

The whole sequence of experiments was repeated with the

other batch of cells; this time the IigClland the CaCl,.

concentrations were varied in a systematic manner. The table

gives the Ha, K, Oa and Mg concentrations used.
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CONCENTRATIONS OF THE VARIABLE IONS IN THE SOLUTION CHANGING

EXPERIMENTS •

First Cell Batch Second Cell Batch

Exp. 1. Exp. 2, Exp. 1. Exp. 2.

Na (mM) K (mM) Ca (mM) Mg (mM)

01 0 1 0-1 o-i

0 -3 0-3 0-3 0.3

1 -0 1 -0 10 1 0

4 -0 4 -0 4 0 40

10 0 10- 0 10 0 10-0

Table 2c.

2.33 Results

According to the transport number equation the resting

potential E is described by: £ ^ ^ ^*1 (2.8)
where Tn is the transport number of the nth ion and C^ and C°
are the internal and external concentrations of that ion.

Since chloride has not been observed to have any appreciable

effect on the resting potential (Spanswick, Stolarek and

Williams, in press) and since during the period of the

experiment the internal ionic concentrations cannot be expected

to change significantly, then for the experiment dealing with

Na concentration changes Em should be described by:
-- TM. J (2.9)

with similar equations applying to experiments involving K,

Ca and Mg concentrations changes.

Graphs were plotted of against ^ > of Em
against , of Em against (U ana of Em against

C . Typical curves are shown in Figs. 2e, 2f, 2g andc).* ^
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Fig. 2h The relation between E and the external Mg concentration.
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Table 2d . RESISTANCE AND Na AND K TRANSPORT NUMBERS.

(First Batch in 0• 1 mM KC1, 1 0 mM NaCl solution)

Exp, R (Klcnbt)
d

T
Na K

1 0-53 0 40

2 00H 0-75 0 33

3 13-6 0 -75 0 2.5

4 29-6 C -82 0 33

5 20.6 0-77 0 08

6 14-7 0 -77 0 12

7 . 14.4 0.83 0 08

Mean 18-6 0-75 0 20

Table 2e . RESISTANCE AND Ca AND Ms TRANSPORT NUMBERS.

(Second Batch in 0 -1 mM CaCl, 0 •1 mM MgOl solution)

Exp, Rm (KS cm.) TCa T
Mg

8 16-3 1 03 0

9 27-9 0 73 —

10 27- 0 1- 00 0 40

11 14-1 1 17 0

12 43-3 1 27 0

13 16- 3 0-93 0

14 60-6 0 97 0 23

15 48- 2 1-33 0

16 16-6 0-97 0 17

Mean 27-8 H O O 0 •10
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2h. The transport number of each ion was taken as the slope of

the appropriate curve at the point where the ion concentration

was that of the reference medium.

It will be noticed that the Na and Ga curves are straight

lines while the K and Mg curves are not. This would appear to

indicate that the Na and Ca transport numbers are independent

of Na and Ca concentrations respectively and that the K and Mg

transport numbers increase with increasing K and Mg

concentrations respectively; this incx-ease in K and Mg transport

numbers must presumably be at the expense of other ionic

transport numbers since the algebraic sum of the membrane

transport numbers cannot exceed unity.

In order to deduce the membrane resistance graphs of R*

against (AE) and of R against I ' were plotted; the resist nee
, A

was calculated from equations (2.6) and (2.7). The resting

resistances and the Na and K transport numbers obtained from

the first batch of cells are shown in Table 2d. The mean Value

of the resistance was 18-6 Dcm.'; the mean values of the Na and

K transport numbers were 0-63 and 0-20 respectively. The data

obtained from the s.econd batch of cells is shown in Table 2e.

The mean value of the resting resistance for this batch was

27'8 Ocm\, while the mean value of the Ga and Mg transport

numbers were 1-0 and 0-1.

2.34 Discussion

First of all, the observed phenomena in the experiments

described in this section will be considered in the light of

the phenomena observed by other workers in similar and related

experiments.
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Spanswick, Stolarek and Williams (in press) have found that

for Nitella cells bathed in APW, calcium is the only ion which

has a significant effect on the resting potential. The author

(see Chapter 111) has also observed this effect in voltage and

current clamp experiments. Spanswick and Williams have also

found that with cells pretreated with 5•0 mM NaCl both Na and

K have a significant effect in Ca free solution. The same

phenomena have been observed in the experiments with Na and K

described in this section, hope and Walker (i960) have also

observed this effect in Chara. Further the experiments with Ca

and Mg described in this section show that of these two fairly

similar ions only Ca has a significant effect.

Spanswick (thesis) has found that the cell wall is a cation

exchange resin having an indiffusible anion concentration of
-I

about 0«7 equiv. 1 .Also in experiments involving the effect

of different solutions on the diffusion potential across the

isolated cell wall Spanswick (thesis) has found that Ca has

the most significant effect.

However flux measurements made by MacRobbie (1962) show that

the net passive Na and K fluxes in Nitella are some twenty

times larger than the net Ca fluxes measured by Spanswiek and

Williams (1965).

The fundamental point that seems to have emerged is that if

the flux measurements are reliable, then Ca ought to have a

negli^ble effect on the resting potential compared with Na and
K; experimentally,the opposite is found to be the case.

Thus the results of solution changing experiments and flux

experiments are in conflict and this does not depend 011 the



kind of electrochemical theory being used; moreover this

dilemma does not seem to be appreciated in the literature. A

very simple explanation of these phenomena is that the potential

difference between the cytoplasm and the bathing medium is due

to two diffusion potentials in series, one across the cell wall

and the other across the cytoplasmic membrane. It may be simply

calculated that the cell wall resistance is small compared with

the plasmalemma resistance and thus ion fluxes between the

cytoplasm and the bathing medium must be rate limited by the

plasmalemma membrane alone. On the other hand the diffusion

potential across the cell wall will depend upon the ion

concentrations in the external solution; this makes it difficult

to decide to what extent the plasmalemma potential also depends

on the external solution.

The cell wall is known to behave as an ion exchange resin

and Dainty and Hope (1959) and Dainty, Hope and Denby (i960)
have shown that the ions in the cell wall obey the Donnan

relations and that the cell wall calcium can be completely

exchanged for sodium. Spanswick (1964) has estimated that the

concentration of indiffusible anions in the bulk of the cell

wall (this excludes that volume of the ceil wall which is

merely an extension of the external medium) is 0-74 equiv. 1.

It is thus highly probable that the cell wall diffusion

potential is a Donnan potential, and since Ga is divalent its

concentration in the cell wall will approach that of the

indiffusible anions, so that the 01 concentration in the wall

will be much less than in the bathing medium. Thus when the

external solution is APW, Ca will have a large effect on the



resting potential and 01 will have little effect. This also

means that when Oa is exchanged out of the wall by Na and the

external solution is Oa free APW then Na will have the largest

effect on the membrane potential; however when the external K

concentration is greater than the Na concentration then K will

have the greatest effect on the potential. 01 would not be

expected to have any effect. Thus the changes in potential

observed in the experiment where the Na and K concentrations

were changed can be qualitatively explained as being cell wall

potential changes, and there is no need to invoke plasmalemma

potential changes. In this experiment the concentrations of

Na and K in the cell wall must also be appreciably changed so

that if Na and K are permeable to the plasmalemma then a change

in the plasmalemma potential must also occur. However, since

MacRobbie (1962) has shown that the fluxes of Na and K are too

small to account for the observed membrane resistance, this

most probably means that the Na and K membrane conductances

are small so that Na and K concentration changes in the cell

wall are unlikely to have an appreciable affect on the

plasmalemma potential.

The effect of Oa on the resting potential observed in the

present experiments is clearly due to the cell wall potential.

The small effect of Mg is somewhat unexpected and must mean

that the ion cannot penetrate the cell wall easily.

It is concluded that the observed potential changes were

all due to the cell wall.
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2.4 SENERAL DISOUSSION

It has "been demonstrated that a Nitella cell has an

accessihle store of free energy and that this energy may he

released by employing the cell as an electrochemical concentration

cell. The measurement of the membrane resistance then reduces

to measuring part of the internal resistance of a biological

battery. Although considerable use has been made of this effect

in this chapter, it is not to be recommended for use as a

routine laboratory method for external power supplies are much

more flexible. The experiment clearly demonstrates the

mechanism by which cellular free energy may be dissipated

electrically and that there is a very close parallel in the

method by which power is dissipated during the action potential.

The solution changing experiments support the hypothesis that

the cell wall and the cytoplasmic membrane behave as a composite

membrane. Thus solution changing experiments will produce cell

wall effects due to the latter's ion exchange properties, while,
since the cytoplasmic membrane resistance is greater than the

cell wall resistance, in flux experiments and in experiments

involving the passage of electric current between the interior

and the exterior of the cell, then it is the cytoplasmic

membrane which is being studied. Further since the cell wall and

the cytoplasmic membrane are in series to what extent the

resting potential is caused by either component may only be

guessed at. However it is highly probable that changes in the

resting potential caused by the action potential are cytoplasmic

membrane phenomenon.

In the next chapter, the membrane is studied in the wider

context of both its resting and excited states.



CHAPTER III

THE RESTING AND EXCITED STATES
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3.1 INTRODUCTION

3.11 The Action Potential

The action potential in the Characeae was first observed by

Osterhout and Hill (1930a) working on a Nitella species. It had

been known from the work of Osterhout and Harris (1928) that

when a small section of a Nitella cell is poisoned with

chloroform, injury currents flow between the injured and

uninjured parts of the cell. This was correctly understood to

be due to the fact that the electrical potential across the

injured portion of the cell membrane was different from that

across the uninjured portion. While studying these injury

currents Osterhout and Hill (1930a) discovered that if they

were made large enough, then potential transients apparently

due to the uninjured part of the cell could be observed at

frequent intervals. They pointed out that these potential

transients were similar to those observed with nerve»cells.

It must be remembered that at the time of these observations

the standard method of recording electrical activity in nerve

cells was to place one recording electrode at the killed end of

the cell while the other was placed in contact with the intact

portion of the cell. This arrangement of the recording electrodes

is called a monophasic lead and the potential transient from a

nerve cell recorded with this arrangement is referred to as a

monophasic action potential. The monophasic lead was used by

Osterhout and Hill and so what they recorded was thus a

monophasic action potential. The monophasic lead has been

superseded by the development of intracellular electrodes.

Further work by Osterhout and Hill (1930b) on Nitella
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demonstrated for the first time the decisive role played by

local circuits in the propagation of an action potential; they

found that they could reversihly block the propagation of an

impulse by disconnecting a salt-bridge which formed part of a

local circuit. They were thus able to confirm for Nitella the

prediction made by Hermann (1899) that impulse propagation in

nerve may be assisted by a local flow of current between the

resting and the excited portions of the cell. The same effect

was later observed in isolated invertebrate nerve fibers by

Hodgkin (1939) and in single nerve fibers of the toad by

Tasaki (1939).

In a series of experiments on Hitella, Umrath (1930, 1932a,

1932b, 1934) essentially confirmed the work of Osterhout and

Hill, He managed to insert a fine glass capillary filled with

a conducting substance into the cell and was able to record

the action potential.

In 1938, Gole and Curtis measured the resistance of the

membrane of Nitella during excitation and discovered that it

was significantly less than the resting value. They used

external electrodes ana the cell was connected into an

alternating current Wheatstone bridge. Cole and Curtis (1939)
then repeated the same experiment with squid giant axon and

were able to demonstrate that the action potential is

accompanied by a pronounced change in membrane resistance.

More recently Hodgkin and Huxley (1952a, 1952b) and Hodgkin,

Huxley and Katz (1952) measured the resistance of squid axon

during excitation by a novel method which involved clamping

the membrane potential during excitation by a feedback system



and recording the variation in peak membrane current with

membrane potential. The advantage of this method over the

converse method of measuring the variation of peak membrane

potential with constant membrane current lies in the fact that

the peak transient current in the constant voltage method is

independent of the membrane capacitance if the experiment is

properly designed, while in the constant current method the

value of the peak transient potential is affected by the

membrane capacitance. The voltage-clarnp technique, as the

constant voltage technique has come to be called, has proved

very successful and has been used to study other excitable

cells. In recent years it has been employed on Ghara and

Nitella by Findlay (1962, 1964-) and by Kishimoto (1964). The

technique has made it possible to obtain the current-voltage

characteristic of an excited membrane. The fact that the curve

for these excited membranes is linear' may be taken as showing

that an excited membrane, just like a resting membrane, behaves

like a battery with a definite electromotive force and internal

resistance•

The electrochemical nature of the action potential has been

the subject of study and speculation for a long time. Bernstein

produced the first electrochemical theory of the action potential.

According to his theory the resting membrane potential was a

Donnan potential with K as the permeable ion and the action

potential was due to a nonselective increase in the membrane

permeability to ions. The fact that Osterhout (1934) found that

the membrane of a Nitella cell behaved like a potassium electrode

was evidence in support of the Bernstein theory. However,
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Osterhout (1934) postulated that the action potential in

Nitella was due to the membrane increasing its permeability to

K thus causing the internal K concentration to drop. He was not

able to confirm his theory experimentally.

In 1949» Ling and Gerard found that in squid axon, within

certain limits, the' resting potential was related to the inter¬

nal and external concentrations of K by the Nernst equation,

and this fact was later confirmed by Hodgkin (1951). This

finding gave support to the Bernstein theory. Previously,

however, Cole and Curtis (1940) found that the amplitude of the

action potential exceeded that of the resting potential;

according to the Bernstein theory it should be about equal to

the resting potential. Then in 1949 Hodgkin and Katz discovered

that the amplitude of the action potential in squid axon

varies with 58 mV times the logarithm of the concentration in

the external solution and they postulated that the membrane

potential at the peak of activity is determined by the

concentration gradient of the Na ion across the membrane.

Hodgkin and Huxley (1952a, b, c, d) have developed this

idea even further. They explain the action potential as being

brought about by a specific increase in membrane Na conc'uctance

followed by an increase in K conductance, and they have

experimentally substantiated their theory by voltage-clamp

experiments and flux measurements with radioactive tracers. At

present this is the only widely accepted theory of action

potential production.

In 1958, Gaffey and Mullins investigated the electrochemical

nature of the action potential in Ghara globularis. They
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determined the concentration of K, Ma and 01 in the vacuole of

the cell and calculated the equilibrium potentials of each of

these ions. They found that K was close to electrochemical

equilibrium and that Ma was out of equilibrium while 01 was a

long way from electrochemical equilibrium. This fact indicated

that the 01 ion might be able to cause an action potential by

increasing its membrane conductance and thus shifting the

resting membrane potential towards the 01 equilibrium potential.

They also found, using radioactive tracers, that 01 fluxes

increased during the action potential and they concluded that

the action potential was caused by an increase in membrane 01

conductance. They also found some evidence that the peak of the

action potential depended on the external 01 concentration,

Very recently, Hope and Findlay (1964) have studied the 01

fluxes during the action potential in Chara and have confirmed

the work of Gaffey and Mullins. Thus it would appear that the

electrochemical basis for excitation in large plant cells is

different from that for nerve cells.

It has been known for a long time that the strength of

stimul<f>us required to excite a nerve times its duration is

approximately a constant. Nernst (1908) formulated an ionic

theory of nerve excitation to explain this. He was able to

derive the observed strength-duration relation by assuming that

excitation took place when the concentration of some ion in or

near the membrane reached some critical level.

With the development of intracellular electrodes, it became

possible to pass square current pulses through an excitable

membrane and so measure directly the relation between the



applied current and the minimum time required to excite the

membrane. This type of experiment has been performed on nerve

by several workers (e.g. Hodgkin and Rushton, 1946) and on

Nitella by Findlay (1959). A threshold depolarisation has been

defined as the smallest depolarisation which can decay without

causing an action potential. The value found for most nerves

is about 15 mV and the value found for Nitella by Findlay is

about the same.

The time course of an action potential in a nerve fibre is

not affected by the rate at which stimulating shocks are

applied provided this rate does not exceed about 10 per second.

In fact, the maximum rate at which action potentials of any

profile can be produced by a nerve is about 100 per second.

Since a nerve action potential lasts about a millisecond, there

is a period of up to 10 rasecs.following excitation in which it

is not possible to excite the fibre. This period is called the

refractory period. The same effect occurs in Nitella and in

these cells the refractory period can last up to 30 sees. No

systematic studies of the refractory period in Nitella have

ever been made, although it has been known for a long time that

cytoplasmic streaming, which suddenly ceases at the peak of the

action potential, does not occur during the refractory period,

(see Findlay, 1959).

Weidmann (1950 has shown that in cardiac muscle of the kid,

the membrane in its excited state can be induced to make a

transition to the resting state by means of a hyperpolarising

pulse injected at the peak of the action potential; this

appears to be the converse of the process of stimulation, and
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in this way lie showed that the recovery stage of the action

potential and the refractory period could he abolished. The

effect was also later observed in toad nodal membrane by

Tasaki (1956) but it is not known yet whether it occurs in

Nitella.
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3.2 VOLTAGE-CLAMP EXPERIMENTS

3*21 Introduction

The voltage-clamp technique was developed by Cole (1949) and

by Hodgkin, Huxley and Katz (1949) to study the excitable

membrane of the squid giant axon. Basically the technique

involves the injection of square voltage pulses across the

membrane. These pulses are of variable strength, duration and

polarity. Since the injection of square voltage pulses into any

electrical system is often difficult, for work on biological

membranes special techniques have had to be developed. The

current response of an excitable membrane subjected to a square

voltage pulse is of fundamental importance and has been studied

by many workers.

In general it is found that the current response of such a

membrane depends upon the external ionic concentrations. From a

study of this effect in squid axon and from studies of ion

fluxes, Hodgkin and Huxley (1952) put forward the hypothesis

that accompanying the action potential is a transient increase

in the membrane conductance of Na, followed by a transient

increase in the membrane conductance of K. Since then however,

the excitable membranes of other cells, both plant and animal,

have been studied under a voltage clamp. So far the animal

cells studied have been squid giant axon by Hodgkin and Huxley

(1952a, b, c, d), frog node by Dodge and Frankenhaeuser (1958)

and lobster giant axon by Julian, Moore and Goldman (1962). The

information emerging from these studies lends support to the

Hodgkin-Huxley hypothesis. Voltage-clamp studies on excitable

plant cell membranes have been made by Kishimoto (1964),
(-if



working on a Nitella species and by Findlay (1962, 1964) on a

Nitella species and on Chara australis, These experiments have

shown that both Nitella and Chara have fairly similar current

responses to nerve cells, but similar effects of Na and K have

not been observed. In fact, Gaffey and Mullins (1958) and Hope

and Pindlay (1964) have proposed, on the basis of CI flux

measurements performed during the action potential, that

excitation is accompanied by a transient increase in the

membrane conductance of CI. It is thus to be expected that CI

should affect the current response of these giant cells to a

square voltage pulse; this has not been found to be the case

and the only ion found to affect the response significantly is

Ca. The present experiments further confirm this. Frankenhaeuser

and Hodgkin (1957) have reported that Ca has a marked effect on

the current response of the squid axon membrane and a somewhat

similar effect has been reported by Julian, Moore and Goldman

(1962) for lobster giant axon.

The present series of experiments were performed on the

excitable membrane of the giant plant cell, Nitella translucens,

with the object of comparing its current response with those of

other excitable membranes and of identifying the charge carriers

in the clamp currents. The possible effect of the cell wall on

the excitable membranes of plant cells is also considered.

3.22 Methods

The Electrical System.

To illustrate the principles of both the design and the

operation of the voltage-clamp system, the electrical analogue

in Pig. 3a. will be taken as representing an excitable membrane.



'The component values correspond roughly to those encountered

in practice. The switch, which is normally open, would, if

closed momentarily, initiate the potential transient shown in

Fig. 3b. The resistance of this membrane would also momentarily

drop to about a tenth of the normal value* Since transient

potential and resistance changes appear to be the primary

electrical characteristics of excitable membranes, the analogue

is thus fairly realistic.

In order to inject square voltage pulses into this system, a

switch and a voltage source are the main requirements. The

internal resistance of the voltage source must be small compared

with about 5 %~Af which is the value of the membrane resistance

with the switch closed. The required circuit is shown in Fig. 3c.

It is instructive to study the current response of this system

to a square voltage pulse if, during the period of the pulse,

the 'membrane' becomes excited due to the closure of the switch;

the response is shown in Fig. 3d. The overshoot at the beginning

and end of the response is due to the membrane capacitance and

the time constant of the effect is given by:

C ^ R; RA~-V. ^ yp
^ * t—7" (3.1)h, + l\

so that the effect may be reduced fey lowering the resistance of

the voltage source.

The important point to note is that the current becomes

reversed during excitation and will increase in magnitude under

certain circumstances. This also happens in the current response

of excitable membranes and may be simply explained. The membrane

analogue is resting and excited when the switch is open and
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closed respectively. Let us imagine that in both cases the

membrane is clamped with the inside 80 mV negative with respect

to the outside; in the resting membrane it is clear that there

is a net voltage of 20 mV driving an outward current of Q*4/iA

through 50 KA. When the membrane is excited it generates a

potential of about 10 ml with an internal resistance of 5 KJ;

thus, when the membrane is clamped at 80 mV there is a voltage

of about 70 mV driving a current of some 14 *A inward through a(/

resistance of about 5 KA, So, if the membrane makes a transition

from the resting state to the excited state while the voltage

is clamped at 80 m? by the external voltage source, then the

current becomes reversed and increases in magnitude. In other

words it may be said that when a polarising clamp voltage is

less than the resting potential then the current is outward

and small, but should the membrane become excited then the

same polarising clamp voltage can be greater than the excited

membrane potential and so the current is now inward and large;

all this follows simply from Ohm's Law.

It has been pointed out already that overshoot occurs in

the current response due to a capacitance charging effect, the

time constant being approximately R^Gm# This overshoot
corresponds to an exponential rise in membrane potential. Now

in an excitable membrane, there exists a threshold voltage

above which there is a finite probability of a transition to

the excited state; thus it can happen that the onset of a

transition has occurred before the has had time to drive

the membrane potential to a chosen level, so that the part of

the current response due to excitation may be confused with



the overshoot caused "by the internal resistance of the clamp

system. This is evidently an undesirable state of affairs and

so a criterion for a functional voltage-clamp is that its time

constant he considerably less than the time required for a

transition of the membrane from the resting to the excited

state of the membrane. In Nitella this transition time is about

100 msecs. so that since the membrane capacitance is about

1-O^F, a clamp internal resistance of less than 10 KJi is

required; however, since the voltage source internal resistance

has to be small compared with the excitation membrane

resistance and since this is about 5 K Ji anyway, then rise time

difficulties are not serious in voltage-clamp experiments on

Nitella.

From an experimental point of view, the analogue dealt with

so far differs from an actual excitable membrane in one

important aspect; the electrodes used to connect the voltage

source to the membrane may easily have their electrical

resistance small compared with 5 KJU However, in order to pass

current across a biological membrane, electrodes whose resistance

is comparable with the resting membrane resistance have to be

used, for such electrodes are the best available. It is clear

that it would be impossible to inject constant voltage pulses

across the membrane using these electrodes without a loss of

voltage across them. It is in order to avoid this difficulty

that feedback systems must be used.

In Fig. 3e is shown the basic circuit of the voltage-clamp

system used to study excitable membranes. A is a high input

impedance differential amplifier and B is a source of
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potential E0 whose internal resistance is less than the input
impedance of the amplifier. The membrane potential is backed

off by E and this difference is fed into the amplifier. This
V

signal is amplified by a factor j* and inverted. The output from
the amplifier is then fed back into the membrane. The system

may be analysed as follows;

^ Cf c - £) - £ + I (3.2)
#

by Ohm's law, where Ryis the resistance of the electrodes and
where E is the membrane potential. Rearranging;

E » E < £ - I ii (3.3)' V i +(/*
To a good approximation this reduces to:

£ - Ec - I (3.4)
Thus the circuit in Eig. 3e. is equivalent to that in Fig. 3f.

It will be noticed that this circuit is basically the same as

that in Fig. 3c. for the effect of the electrode resistances

can be minimised by increasing the amplification factor of the

amplifier. The actual experimental system used is shown in

Fig. 3g; A and 0 are 'Keithley' electrometer amplifiers with

differential inputs. B is a potentiometer simply producing

potentials up to 200 mV on closing a switch. The membrane

potential is measured with the electrometer G and displayed on

an oscilloscope; the membrane current is measured and displayed

on the oscilloscope using the potential across R^.
The operation of the system was as follows. The membrane

potential recorded by G was backed off to zero using B, and the

output from A v/as fed to earth through R..r by closing the switch

S. R was of the same order of magnitude as E, or about 1-0 Mjl.w

Then A was adjusted until the output current v/as zero. The
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output from A was then fed into the membrane through R, thus

completing the feedback loop. The gain used was 1000. Next,

the resistance R was gradually decreased and this had the

effect of tightening the clamp. However, if R was decreased

too much the whole system oscillated. This phenomenon usually

occurred when R was about 300 KJl. Feedback systems have a

tendency to oscillate but the present author has not been able

to discover the exact cause of the oscillations in this

particular system. Findlay (1962) has complained of the same

trouble. It is desirable to be able to decrease R to about

50 KJl, for further decrease in R can in theory have little

effect upon the tightness of the clamp. In practice R was

decreased until the oscilloscope current trace indicated that

instabilities were about to develop; thus the clamp was pushed

to its limit and operated on the fringe of instability.

During excitation small departures of the membrane potential

from the clamp voltage could be observed, particularily for

clamp voltages in the region of the threshold voltage. These

departures were normally less than 5 mV, but for some membranes

they could be as high as 10 mV. Findlay (1962) found much the

same with his voltage-clamp system. The results obtained from

the experiments indicate that this is partly due at least to a

low dynamic resistance of the excited membrane at potentials

close to threshold.

The electrodes used were a standard micro-electrode for

internal voltage recording, a calomel electrode for external

voltage recording, a platinum wire as external current electrode

and a silver wire of 0 .2 mm. diameter, tapered and tipped with

AgCl, as the internal current electrode.
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In order that a reasonable area of membrane may be clamped,

the geometry of the cell must be considered. Nitella cells are

cylindrical, about 1*0 mm. in diameter, and anything up to 10

cm. in length. Current injected at the center of a length of

cell produces a displacement V of the resting potential at a

distance x from the point of injection given by:

^ (3-5)

This equation is well known and is most familiar as the

relation governing the time independant behaviour of a leaky

transmission line. It has already been used in Chapter 11.

7- is the space constant and is a measure of the spread of

current along the membrane; the greater 7- is, the greater is
^ i r•v-'!

the spread, A is given by: A
r„ +1 >

where r is the resistance of the membrane per unit of length.

The length of the cell is 2f and I is the current injected.

For a long section of cell, equation (3.5) may be

approximated by:

vx -- r | (r 0 e. * (3.6)
and if VQ is the displacement of the resting potential when x

-DC

is zero then: Vs - V0 e. ^ (3.7)
ThU3 at a distance given by: oc - A , V has dropped to.X.

almost a quarter of the value of VQ. Clearly a region of
uniform potential will only be found up to distances

considerably less than the space constant from tne point of

injection. The space constant of Nitella translucens has been

measured by Williams, Johnston and Dainty (1964), by Hogg



(private communication) and by the present author (Chapter 11);
it is around 3*0 cm. However in excitable membranes the

membrane resistance can drop to about one tenth of its resting

value and if this happens in Jtfitella xhen since /I depends on

the square root of the membrane resistance it will drop to about

1*0 cm. Hence voltage-clamp experiments are not meaningful when

performed on a cell of length exceeding about 2 -0 cm. This has

been emphasised by Cole (1949) and Kishimoto (1964). In the

present experiments, this restriction was scrupulously observed,

either by using short cells, or end lengths of long cells

externally insulated from the rest of the cell by means of a

two compartment bath. A schematic layout of the electrode system

ana clamped cell section is shown in Pig. 3g. The electrodes are

arranged in much the same way as in Xishimoto's system (1964).
A criti'sism of this layout would be that it does not allow a

distinction to be drawn between the electrical properties of

the composite membrane, consisting of the cell wall, the

cytoplasmic membrane and the vacuolar membrane, ana the

cytoplasmic membrane alone. According to Pindlay and Hope

(1964a) both membranes in Ghara are excitable, and these

authors (1964a) claim to have been able to apply a voltage-

clamp to the cytoplasmic membrane alone. However they managed

to insert into the cell an axial current electrode thus

eliminating the very difficult problems involving cable theory.

In all of the experiments described here, the cytoplasmic

membrane, vacuolar and cell wall are taken as being lumped

together in series, clamped and referred to as the 'membrane'.
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The External Solutions

The ionic solutions used in the experiments were made up with

the aim of determining the effect of Ha, K, Ca and 01 on the

current response of the membrane. The external ionic solution

was normally a standard solution referred to as Ca-APW. This

differs from the standard solution used in the previous chapter

in that the CaCl concentration is 1 0 mM instead of 0 1 mM.

This Ca APW was used as a standard solution because the author

had observed during the course of the experiments described in

the previous chapter that cells in solutions deficient in Ga

were rarely excitable. During the experiments the external

solution could be changed to any of what will be referred to ass

High 01, Low Ga, Medium Ha and K and High A and Low Ha. The

ionic compositions of these solutions are given in Table 3a.

IONIC COKPQoITIQHS Of SOLUTIONS LbKc lH Inn LxPHKlrJhiTS

mM KC1 mM NaCl mM Ga01t

Co-APW 0-1 10 10

High 01 0 1 10-0 10

Low Ca 0-1 1-0 0-1

Medium Ha and K 0'5 0-6 1-0

High K and Low Na 1•0 0-1 10

Table 3a.

The Experiments

Two sets of experiments were performed. In the first set,

membrane data was obtained for cells in APW, High 01 and Low

Oa external solutions; in the second set exactly the same

experiment was performed with cells inc*APW, Medium Ha and K

ana High K external solutions. Altogether, the membranes of 45
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cells were successfully clamped; experiments on another 80

cells were not completed for technical reasons so that the

casualty rate in this work ran at ahout 70$.

Injection of pulses was always commenced about one hour

after a solution change to allow for the re-establishment of

a steady state, and since, due to the relatively long

refractory period of the membrane, pulses could be usefully

applied not more often than every ten minutes, the time

required to complete an experiment after it had been set up

was about six hours, For this reason the experiments with Wa

and K were performed separately from those with Ga and 01.

5.23 Results

-APW as External Solution

Typical current responses of a membrane to a series of

polarising clamp voltages are shown in Fig. 3h. In this

particular example the membrane potential was 60 mV and the

action potential was 81 mV in size. The membrane capacitance

charging and discharging current transients may be seen at the

beginning and end of each current response. Incidently these

transients confirm that the membrane capacitance of the membrane

of llitella translucens is of the order of 1-0 yt-P cm. in

agreement with the results of Williams, Johnston and Dainty

(1964). The rise time of the voltage pulse is a few msecs.

The first depolarisation of the membrane is not sufficiently

large to cause excitation and the current response is outward

and constant. However, a polarisation of 25 mV produces a small

transient outward current followed by a large transient inward

current, which is in turn followed by a steady outwax^d current.



1U cm*. 10 cm",

15 mV

25 niV

60 mV

80 mV

Fig. 5h Membrane current responses to depolarising voltage pulses



With, stepwise increase in membrane depolarisation both the

initial outward transient current and the final outward steady

current increase in a stepwise manner at all times. On the

other hand, the transient inward current decreases with

increasing depolarisation to become zero when the depolarisation

is 80 mV. The value of the depolarisation is at this stage

numerically equal to the value of the action potential. With

further depolarisation this transient inward current becomes a

transient outward current. When the membrane is hyperpolarised,

the current is inward and constant and it increases with

increasing membrane hyperpolarisation. By and large the

responses are similar to those of other excitable membrane. It

must of course be remembered that the time scale is in seconds.

Unfortunately, the membrane was imperfectly clamped for small

depolarisations, as indicated by the slight unevenness in the

voltage trace. This was probably due to the inability of the

clamping system to cope with the low resistance of the membrane

in the excited state at these potentials.However it Is

unlikely that this will affect the overall reliability of the

results; possibly with a perfect clamp the transient inward

current would be a little larger at potentials near to the

threshold potential. For greater depolarisations the membrane

potential was constant during excitation.

It is convenient to regard the membrane as possessing two

states: the resting state and the excited state. The excited

state is short-lived, having a life-time of about 0*5 seconds;

this is about 1000 times longer than the life-time of the

excited state of nerve membranes. The transitions of the



membrane from the resting state to the excited state and then

back again to the resting state are illustrated in Fig. 3i. It

is clear that the variation of the peak transient current with

the clamp voltage gives the current voltage characteristic of

the membrane in its excited state. The current voltage

characteristic of the membrane in its resting state is obtained

from the variation of the steady outward current with polarising

clamp voltage. It is difficult to interpret the currents

flowing during the periods of transition of the membrane from

the resting to the excited state and from the excited to the

resting state. The relatively long transition times seem to

indicate that the membrane passes through a series of

intermediate states during the transitional periods. Each of

these intermediate states might be described by a current

voltage characteristic. In view of the difficulties involved no

effort will be made to study these intermediate states, but an

attempt to do so is described in a later section.

The current voltage characteristics of the membrane for both

the resting and the excited states are shown in Fig. 3j. The

data was obtained from the current responses for different

membrane jjotentials shown in Fig. 3h. The lower ciirve describes

the membrane in its excited state. From this graph it can easily

be seen that voltage-clamping merely involves the production of

'horizontal' transitions, or transitions at constant voltage,

between the resting and excited state of the membrane. Also

the action potential is seen to be just a transition between

the resting and excited state at zero current.

In the resting state, the current voltage curve is



 



approximately a straight line hut often at high levels of

polarisation and hyperpolarisation the dynamic membrane

resistance tends to decrease so that the membrane exhibits

rectification phenomena. The resting resistance, R , is taken

as the slope of the curve at 1=0. In this example R is found
Li

to be 28 KJlcm . The membrane in the excited state behaves in a

somewhat similar fashion. The dynamic resistance is greatest

for small membrane currents and least for high membrane

currents. The excitation resistance is taken as the slope of

the curve at 1=0. The value here is 13 Encm" . However, the

lowest resistance of this membrane occurs at about threshold

potential and is found to be 4^K cm. Experimental errors in

resistance measurements are not greater than 10$.

These characteristics appear to have a lot in corxmon with

those of vacuum tube and transistor devices. The state of such

a device, as described by its current voltage characteristics,

can be varied by changing the grid voltage in the case of a

triode, or the base current in the case of a transistor. The

state of an excitable membrane cannot be varied at will, but

the membrane does undoubtedly possess at least two states.

There are in existance many different kinds of excitable

membranes and detailed information is available only for a few.

Similarily there are many different kinds of vacuum tube and

transistor devices in existence. It is common practice to

describe the electrical behaviour of these devices in terms of

idealised current voltage characteristics, idealised electrical

parameters and equivalent circuits; there is clearly a close

correspondence between the two methods. In the absence of any
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other proposals, it is intended to follow this practice here in

dealing with excitable membranes; in the author's experience it

intx>oduces a simplicity which is useful and reliable in both

teaching and research.

The simplest set of characteristics is shown in Pig. 5k. It

simply consists of two straight lines of diffextent slope; the

upper curve corresponds to the resting state and the other to

the excited state. The points at which the curves cut the

voltage axis gives the membrane potential in the resting and

excited states. The principal parameters used to describe the

electrical properties of the membrane are given in Table 3b.

An equivalent circuit representation is shown in Pig. 31.

EXCITABLE MEMBRANE PARAMETERS

PARAMETER SYMBOL

Resting resistance Rm
Excitation x-esistance Rg
Resting potential Em
Excitation potential E

Membrane capacitance Cm
Table 3b.

It will be seen that a simpler correspondence with the

parameters is achieved if a series circuit is used instead of

a parallel circuit. When the switch is closed the circuit

represents the membrane in its excited state.

The results of experiments on 45 cells are shown in Table

3c. Gm was not measured in these experiments. The mean value
of 24 KJicm\ for R is in close agreement with the value

obtained by the short-circuit method described in the previous
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MEMBRANE PARAMETERS IN^APW

Em (m7) . Eg (mV) Rm (XJicm1#) Rg (OcmV)
—63 - 2 20 50

-73 10 17 6 7

-75 8 13 4.3

-52 22 16 83

-64 17 13 8 0

-69 24 20 8 5

-80 3 23 6 6

-64 16 15 2 0

-62 10 13 2-9

-40 28 so 0- 9

-60 23 10 2 5

-52 0 6 6 2 2

-53 5 6.7 17

-68 - 4 8.3 1- 0

-63 20 6 7 2-5

-86 -20 40 6-6

-77 12 30 3-3

-42 - 7 50 3-3

-41 20 13 6 ' 6

-45 25 50 5-0

-78 15 62 50

-63 20 90 6-6

-60 20 28 13- 0

-35 20 25 12- 0

-60 5 15 3 3
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27

28

29

30

31

32

33

34

35

36

37

33

39

40

41

42

43

44

45
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Efl (mV) 3e (mY) Rffl (KW.) R0 (Kjlcm\)
CO■<4"1 10 30 4-3

-98 -40 80 10 0

-60 12 40 4 .0

-60 5 50 6-6

-64 4 40 50

-74 -10 33 4-0

-60 6 40 3-3

-74 10 20 40

-60 2 65 80

-68 - 1 11 33

-70 20 40 3-4

-64 10 60 51

-44 -16 40 3 -3

-64 10 20 1.6

-88 -14 15 3 -3

-58 5 13 5 .0

-50 25 10 2 5

-40 2 12 6- 0

-61 -20 20 3-3

-85 -10 40 10-0

63 5 27 5-0
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MEMBRANE PARAMETERS IN LOW Ca.

Em (mV) Ee (mV) (Ocmi) Re (Ocnu)
-83 -27 15 33

-97 -12 15 5 0

-88 -19 13 3-7

-69 0 13 8-3

-77 -27 10 6 0

-110 15 6 • 0 2-5

-85 3 26 10 0

-64 - 2 8-6 2 -0

-85 - 5 23 5 0

-55 7 8-5 28

-86 23 10 3 -3

-78 -26 6 -7 2-0

-80 -20 8-0 2 0

-90 27 10 10

-106 -20 8-0 1- 4

-80 -20 20 67

-140 -73 60 15 0

-75 - 6 25 60

-95 0to1 50 6-6

-106 -52 11 6-0

-lo7 -35 43 5 0

-45 - 2 34 14 0

-110 -50 51 8-0

-60 0 64 12 -0

-61 -20 50 14 0

-85 -15 24 6-1
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MEMBRANE PARAMETERS IN HIGH CI.

Em (raV) Ee (mY) R (KJlciru)
HI

n (KJtcm:)
t'

-63 -17 15 4 0

-75 7 20 3 • 6

-77 7 14 5 -0

-45 1 7-5 3-0

-71 9 10 70

-96 25 5 -0 2 -5

-80 2 25 3 -3

-70 11 7-5 2- 5

-60 . 16 20 5-0

-47 15 9 0 0-9

-65 15 6 -2 1-9

-68 -12 6-0 17

-60 12 10 2-1

-70 2 10 0-8

-77 6 10 1-7

-56 3 30 4-3

-98 -40 80 10 0

-60 12 23 8-3

-78 - 6 50 7-5

-76 - 3 21 7-0

-70 - 9 44 3 -3

-40 6 16 60

-80 10 50 10-0

-54 14 49 5 -0

-S4 4- 24 40

-66 4 23 4-4



65e.

Table 3f. MEMBRA.NE PARAMETERS Ift MEDIUM ;Ja Ai(D K.

Exp. E_ (mY)m Ee (mY) Rm (Oca,) R (KJicm'.)
G

26 -90 20 26 15-0

27 -63 0 6 0 3-3

28 -35 3 6 -6 3-3

29 -60 17 8-0 5-0

30 -52 30 50 3 -3

31 -90 6 30 6 '0

32 -80 32 40 4-2

33 -73 10 60 13-0

34 -60
r

20 30 4 -4

35 -64 17 22 5-3

36 -82 - 3 50 3-3

37 -60 20 40 6 ■ 6

38 -54 10 12 25

39 -67 - 8 20 50

40 -84 -12 12 5 • o

41 -73 - 2 15 3-1

42 -56 23 20 2 -5

43 -40 0 20 6 ■ 6

44 -62 -21 40 3-3

45 -90 -10 40 13 0

Mean -67 8 27 5-6
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Table 3g. MEMBRANE PARAMETERS IN HIGH K.

Exp. Em (mV) E0 (mV) Rm (KAcnu ) R (KJlcm.)
©

26 -82 20 30 10 0

27 -65 12 13 5 0

28 -29 17 6 -6 3 -3

29 -63 12 25 8 -0

30 -60 65 50 7-5

31 -105 23 35 7 0

32 -85 29 60 12 0

33 -78 11 40 150

34 -30 12 20 8- 0

35 -61 -19 16 3-7

36 -95 -10 33 50

37 -60 12 13 7-5

38 -50 12 10 2 -5

39 -64 40 15 2*0

40 -60 - 8 12 3 0

41 -85 9 20 2.5

42 -58 -10 5 0 3-4

43 -40 - 6 6-7 6 7

44 -62 -21 40 3-3

45 -90 0 40 15 -0

Mean -66 11 2S" 6-5



chapter. The low value of the resting potential was due to the

high concentration of Ca in the external solution.

Low Ca and High 01 external solutions.

Current voltage characteristics of a typical cell in APW,

in Low Ca and in CI solution are shown in Pig. 3m. There

seems to he very little difference between the three sets of

characteristics, except that in Low Ca solution the character¬

istics are shifted 'upward' along the voltage axis making

and 1 about 20 mV more negative. The membrane parameters for

both Low Ca and High CI solutions resulting from measurements

on 25 cells are listed in Tables 3d and 3e. On average the

membrane resistances are unaffected by these solutions. Again

the values of Effi and Ee are hardly affected by the High CI
solution, while Em and Ee are each 18 mV more negative in Low
Ca solution. These results are significant because if CI is

involved in the action potential then High CI solution should

affect Ee< On the other hand, the fact that the Low Ca solution
affects both Em and Eg by exactly the sameAlends support to
the hypothesis advanced in the previous chapter that the cell

wall exhibits a masking effect in any experiments involving

changing the external solution.

Medium Ha and K and High K as the external solutions.

Prom Fig. 3n. it may be seen that the characteristics of a

typical cell are much the same in Medium Na and K and in High

K as in APW. It is clear that these solutions have little

effect on the characteristics. Membrane parameters derived

from experiments on 20 cells are shown in Tables 3f ana 3g.

The parameters are not significantly affected by the solutions,



Fig.3mMembranecharacteristicsinCa-APW(fullcurve),in HighCI(dottedcurve)andinLowCa(dashedcurve).
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which is in marked contrast to the "behaviour of nerve membranes.

3.24 Discussion

The membrane resistances values are in good agreement with

those of other workers. The value of 24 Ocm . for R compares

favourably with the values obtained by Findlay (1959)> by

Williams, Johnston and Dainty (1964) and by Kishimoto (1964).
'The value of 5-0 Klein. for R is in agreement with that of

Findlay (1962), Kishimoto (1964) and Cole and Curtis (1933).
One of the immediate problems in this kind of woxlc is the

identification of the clamp currents in terms of the charge

carriers which are transported across the membrane in the

resting state, in the excited state and during the transitional

periods. In a given situation it is often difficult to determine

just what charge carriers are responsible for a given current.

In the present situation, electrons and holes are possibilities

which must always be borne in mind but it is known from ion

flux experiments that some current across biological membranes

is certainly carried by ions. Thus the problem reduces to

determining which ions carry the various currents observed in

the course of voltage-clamp experiments. The most satisfactory

method of doing this involves the determination of the ionic

fluxes of Da, Ga and CI across the membrane when the clamp

currents are flowing. A simpler method involves measuring the

effect of changes in the concentration of these ions on E and

E . The extent to which a current is distributed among these©

ions is deducible from the ionie transport numbers which may be

obtained from the transpoi*t number equation used in the previous

chapter.



68.

The present work has shown that a ten-fold decrease in Ga

concentration produces on average a 18 mV" decrease in Em and
E . In Fitella Findlay (1962) has found that Ca produces a 30

mY change in Eg per ten-fold change in external concentration
but has no effect on E • In contrast, Kishimoto (1964) finds

that Ga has no effect on either E or E in Nitella. Adelman
m e

and Moore (1961) showed that Ga had little or no effect on Effl
or Eq in squid giant axon. Julian, Moore and Goldman (1962)
have found that with lobster giant axon Er„ increases and E^IE 6

decreases in low Ca solution. In Nitella translucens the

present work seems to indicate that the effect of Ga is due to

the cell wall for it is hard to see how the fact that both the

resting and the excited state of the membrane are affected in

exactly the same manner can be explained in any other manner.

The clamped membrane may be regarded as being composed of an

excitable membrane in series with a membrane of low electrical

resistance but selectively permeable to Ca, so that changes

in Eqi due to excitation are located across the plasmalemiaa
while changes in E due to Ca concentration changes are° m °

located across the cell wall.

These experiments show that CI has no effect on either E

or E . Pindlay and Hope (1964b) find that CI has a small

effect on Eg in Charaj these authors have also reported (1964)
that the CI efflux increases during the action potential.

(Gaffey and Mullins (1958) have found that in Chara globularis

the efflux of CI increases during the action potential and

Mullins (1963) has found the same effect in Nitella).

Kishimoto (1964) finds a considerable reduction in the size
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of tile action potential in Nitella following a ten-fold

increase in 01 concentration. And in general it has been found

that 01 has no effect on S or E^ in nerve membrane, 'Thus the
m e

evidence strongly suggests that during the action potential in

Nitella and Chara the membrane 01 conductance increases. The

lack of any effect of 01 on E0 in the present experiments is
probably due to the cell wall which must be a poor conductor

of 01 compared with Ca, However, the conductivity of the cell

wall is large compared with that of the plasmalemma so that the

cell wall will not affect the 01 efflux experiments to any

great extent. The short-circuit experiment described in Chapter

11 provides additional evidence in support of the 01 hypothesis.

The effect of Na and K on E and E is negligible according
Xll C

to the present work. There are no reports in the literature of

these ions having any effect on the action potential in Nitella

or Chara. In sharp contrast, it is well established that nerve

membranes increase their Na and K conductances in the excited

state. In fact it might be remarked that it seems strange that

the excitable membranes of animal cells should be so

fundamentally different from those of plant cells.

In conclusion, it seems probable that the membrane of

Nitella becomes a CI conductor during excitation and that the

cell wall is probably the greatest single stumbling block to

further progress. Otherwise the electrical properties of

Nitella membranes appear to be similar to those of other

excitable membranes.

Lastly, the similarity of an excited membrane to a multi-

state electronic device has been emphasised and employed as a
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guide in the design of the experiments and in the presentation

of the results. This simplification is used in the design of

the other experiments described in this chapter.



3.3 CONSTANT CURRENT 5APERIMSNTS

3*31 Introduction

The Two State Model

In the previous section, the behaviour of the membrane of

Nitella translucens under a voltage-clamp was studied. It was

found to behave electrically like other excitable membranes;

however, it was also pointed out that the phenomenon of

excitability could be more simply described if an excitable

membrane were regarded as possessing two states, the resting

state and the excited state, so that excitability was a

consequence of the membrane undergoing transitions between

these states. Thus clamping the membrane potential causes all

transitions to occur at constant voltage.

Howrever, according to the model, the membrane could also be

forced to undergo transitions at constant current. This may be

clearly seen from the analogue in Fig. 31. In fact, as was

remarked in the last section, the action potential as commonly

observed is nothing more than a membrane transition at

constant but zero current. Thus from a study of transitions at

constant current it should be possible to obtain the current

voltage curves for the two states of the membrane, and the

curves should then be the same as those obtained from the

voltage-clamp experiments. There is one major drawback in this

method of obtaining the membrane characteristics at constant

current. Clearly the membrane will only become excited when

the membrane potential is above the threshold potential, or,

in other words, when the membrane current is outward; thus it

is not possible to obtain the portion of the current voltage



characteristic which describes the excited state of the membrane

when the current is inward. In this respect, the voltage-clamp

technique is superior to the current-clamp technique.

Studies of the two states of the membrane with the current-

clamp technique are described in this section and the membrane

current voltage characteristics so obtained are in good

agreement with those obtained from the voltage-clamp experiments

described in the previous section. The author is not aware of

any previous systematic attempt to study both the resting and

excited state at constant current. However there may be very

good reason for this. In order that these experiments be

meaningful, it is necessary that the time constant of the

membrane be less than the time required for the membrane to

s\tfitch from the resting to the excited state. This condition is

fullfilled- only in the excitable membranes of the giant algal

cells of the Characeae.

The Membrane at High Levels of Hyperpolarisation

It has been shown by Coster (1965) that when the membranes

of both Chara australis and Nitella are hyperpolarised to very

high levels, the dynamic membrane resistance abruptly drops to

a very low value, so that the membrane potential becomes almost

independent of the membrane current. Such behaviour is similar

to that of a Zener diode and as already mentioned Coster has

shown theoretically that a membrane composed of an anion and

cation exchange membrane in series would be expected to have

properties similar to those of a ^-n junction. However, Coster's

theoretical analysis shows that 'punch-through' (which occurs in

transistors when the base region is depleted of charge carriers)
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and not Zener breakdown is responsible for breakdown in a thin

c-a membrane. This would then explain the observed effect in

Chara and Nitella,

Experiments to confirm Coster's work are described in this

section. The present author has failed to observe the abrupt

breakdown effect described by Coster, but has found a gradual

decrease in dynamic membrane resistance.

3.32 Methods

The Electrical System

Square pulses of current of variable magnitude, duration

and polarity could be made to flow across the membrane as

desired. The current was injected by means of a pair of Ag/AgCl

electrodes. Passing .the current through a resistance of 10 MJ1

ensured that the pulses were square, since the combined

resistance of the current electrode and the membrane was about

100 Kl, All of the pulses were manually switched.

The membrane current was measured as the potential across

a 10 KJl resistor in series with the current electrodes; this

potential was then displayed on an oscilloscope. The membrane

potential was recorded by a micro-electrode inside the cell

and a salt bridge electrode outside the cell, and then

displayed on the oscilloscope.

The arrangement of the electrodes and the kind of electrodes

used in the experiments were exactly the same as for the

voltage-clamp experiments. The same consideration about cable

theory apply and so by using the same two compartment bath as

in the voltage-clamp experiments it was possible to confine

the membrane current to a length of cell never exceeding 2-0 cms.
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The Experiments

Three series of experiments were performed. The first two

were performed with the aim of confirming the results of the

voltage-clamp experiments; the last series was performed in

order to check the work of Coster (1965).

In the first set current clamps were applied to 10 cells

hathed alternatively in Ca APW, Low Ca and High 01 solution,

and in the second set the first set was repeated with Ca APW,

Medium Na and K and High K as alternate bathing media. These

solutions were the same as those used in the voltage-clamp

experiments. During the course of these two sets of experiments,

polarising current pulses were applied to the membrane every

10 minutes in order to allow the membrane to regain full

excitability following an action potential; hyperpolarising

pulses were applied about every two minutes. However as will

be mentioned again later, the act of switching a hyper¬

polarising current off was found to be very often capable of

causing excitation and if this happened then 10 minutes were

allowed to elapse before the next hyperpolarising pulse was

injected.

In the last set of experiments the cell were bathed in&APW

and Ca free APW as alternate bathing media; both of these

solutions were used in the experiments described in Chapter 11.

Hyperpolarising pulses were applied every few minutes and at

high levels of hyperpolarisation the duration of the pulses

had to be kept short, not longer than about 20 seconds, for

otherwise the cell died. In these experiments the current and

potential were not displayed on the osilloscope but simply
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read from the dials on the electrometer amplifiers. This was

done because transient potentials were not required and also

because of the greater accuracy involved in taking the readings

from the electrometer dials when such large voltage ranges were

involved. The cell membranes were hyperpolarised down to 300 mV

below the resting potential. It is clearly important to know

whether the cells were still alive following the experiments;

thus cells were always tested following experiments and were

taken as being alive if they were still excitable.

3.33 Results

Experiments in Ca APW

A typical series of potential responses to a series of

stepwise increasing current is shown in Fig. 3° • A current

pulse of small magnitude produces a potential response which

is similar to that of a resistance capacitance network.

Increasing the magnitude of the current pulse causes the

membrane to become excited during the period of the pulse. Thus

the voltage response to these current pulses is non-linear. For

the smaller membrane currents the potential response profile is

very similar to the action potential profile, as it is commonly

observed; a large Initial transient potential is followed by a

small steady potential. With increasing magnitude of current

pulse the peak transient potential and the final steady

potential both increase; the final steady potential increases

more quickly.

A series of potential responses to a series of hyper-

polarising pulses are shown in Fig. 3p; this series and the

series shown in Fig. 3o. were obtained from the same cell. With

the small current pulse the potential response was steady
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except for the initial and final capacitance charging and

discharging transients. This was typical of all the cells

studied. For larger pulses of current, there is an initial

potential transient and this is followed by a final steady

potential. This potential transient could last up to about 6

seconds, and the average transient potential was significantly

less negative than the final steady potential. However, this

type of transient did not always occur and was not always

reproducible using the same experimental material. The effect

could be observed in about one third of the cells studied.

The effect was further investigated and it was found that this

type of transient usually occurred during the refractory

period of the membrane; in other words, this unusual response

could most frequently be obtained following an action potential.

This is hardly unexpected, since the membrane resistance must

be steadily increasing from R_ to R. during the refractory0 HI

period. However, this does not explain why the effect

sometimes occurred when excitation was known not to have

occurred for at least 10 minutes. Possibly the cells involved

had particularily long refractory periods. With increasing

magnitude of current pulse, the initial transient already

described gave way to another initial transient of similar

duration; during this transient the average potential was

more negative than when the potential was steady. This

transient always occurred, and usually appeared when the steady

potential was more than 40 mV more negative than the resting

potential. These transients could be very large; for example a

membrane which responds to a square current pulse with a steady
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potential of 80 mY more negative than the resting potential

could have a peak transient potential 120 mV more negative

than the resting potential. It is not possible to attribute

this transient to any defect in the current pulse, for it can

be observed that any variation in the current during the

potential is less than 5$. Another transient potential could

be observed, whenever the current was switched off. If the

membrane is hyperpolarised to a potential more negative than

the resting potential by about 40 mY or more, then on switching

off the current the potential returned, not to the resting

value, but to a value as large as 20 mV more positive. This

depolarisation was very often capable of producing an action

potential, thus indicating that the potential transient caused

by switching off the current occurred across the plasma

membrane, and not, as is a possibility, across the cell wall

or in the cytoplasm. Thus it seems probable that the potential

transient which occurs when the current is switched on is also

located across the plasma membrane. An example of an action

potential produced by a hyperpolarising pulse may be seen in

Fig. 3p. This phenomenon is known to occur in nerve (Ooyama and

Wright, 1961) and is called 'anode-break' excitation. The

phenomenon has been explained on the basis of the Hodgkin-Huxley

hypothesis; it is thought that when the membrane is hyper¬

polarised, the K permeability decreases so that if the membrane

undergoes a rapid depolarisation, the potential will tend to

rest at a level more positive than the resting potential, and

this could bring about the regenerative series of changes

leading to excitation.



The current voltage characteristics of the membrane in the

resting state were obtained from the variation of the steady

membrane potential with the applied current. The excited state

characteristic was obtained from the variation of the peak

transient potential with polarising current. It is clear that

unless the time of transition of the membx'ane from the resting

to the excited state is greater than the membrane time constant,

the potential of the membrane in the excited state will be

confused with the initial potential transient due to the

charging of the membrane capacitance. In JJitella translucens the

transition time is rarely less than 100 msec., whereas the time

constant is usually less than this value. However, a few cells

do exhibit transition times aoout equal to the membrane time

constant so that some error may be involved with a few of the

cells. It is for this reason that the experiment would not be

possible with nerve cells.

Typical current voltage characteristics obtained from the

oscilloscope traces are shown in Pig. 3q. The curve for the

resting state is similar to a typical curve deduced from

voltage-clamp experiments. The curve for the membrane in the

excited state can unfortunately, only be deduced for outward

membrane current ranges owing to the fact that the membrane

cannot be excited by an inward current. In this particular

example the values of R and R were 33 and 6*7 Ocm.
m e

respectively and the values of E and were -70 and +10 mV

respectively. In order to deduce R and E the curve for the
C v

excited state was produced to cut the voltage axis. In Table

3h are shown the values of the membrane parameters deduced



Fig.5qMembranecharacteristicswithCa-AFWasexternalsolution.
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Table 3*1. MEMBRA!% PARAMST ERS INft&FW.

Exp. Em (raV) Ee (mY) Rm (XI)em'.) (KJcm\)

1 -So -15 15 10

2 -63 15 30 5 -0

3 -60 23 6 7 10

4 -34 -37 30 6 '6

5 -60 -20 27 12

6 -78
- 4 25 5-0

7 -70 10 33 6-7

8 -68 18 20 7-5

9 -76 -10 25 6-7

10 -64 - 1 12 2-5

11 -73 - 5 10 10

12 -74 24 10 2 -0

13 -43 3 7 3-4

14 -65 16 11 4-1

15 -59 2 22 6 -0

16 -33 0 25 3 -2

17 -70 14 25 6-0

13 -75 6 5 22 2-2

19 -81 8 20 2-1

20 -6 0 27 15 8 -3

Mean - 6? 4- 22 5-9
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'Table 31. MEMBRANE PARAMETERS II-? HIGH CI.

Exp. Em (raV) E0 (raV) Rm (KJlcra.) Re (KAcmV)
1 -66 -13 16 10

2 -65 16 20 3 -3

3 -64 6 40 2-2

4 -69 -43 20 13

5 -60 - 1 33 11

6 -83 -18 20 6-7

7 -50 18 20 6.1

8 -70 16 20 5 0

9 -75 - 4 36 10

10 -82 - 7 20 6 -6

Mean -A8 - 3 2S 7- 4

Table 33 MEMBRANE! PARAMETERS IN LOW Ca.

Exp. E™ (raV)m x Ee (mV) Rpl (KJlcm.1) Re (Klesu)
1 - 90 -43 13 8-3

2 - 60 24 20 10

3 -85 -29 26 8 0

4 -80 -20 30 10

5 - 88 -17 40 6 7

6 - 100 -34 25 8-6

7 -70 - 1 40 13

8 -100 -14 26 8-0

9 -97 -11 26 12

10 -104 -36 35 12

Mean - 87 -18 28 9 7
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jffiKBEANE PARAMETERS IN MEDIUM Na AND K.

E (mV) Ea (mV) R, (KJlcra.) R (KAcm •)III 0 111 0

-80 19 14 2-2

- 72 17 16 1 -8

- 44 17 10 4 -0

- 60 16 12 4-3

-64 10 22 5-4

^78 5 25 7 0

- 58 16 17 7-1

- 73 20 19 4.2

- 92 - 1 25 5-0

-74 28 11 3-0

-69 '9- 17 4-4

MEMBRANE PARAMETERS IN HIG-H K.

E (mV)m Ee (mV) Rm (K era.) (K cme

-86 25 13 3 -4

-59 53 9 2-0

-45 15 10 51

-65 14 18 6-2

00V.O1 12 30 40

-94 4 20 3 -0

-72 20 15 40

-66 36 18 3-5

-96 9 21 3-5

-78 44 16 3-2

-73 2 i 17 3 -8
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from the experiments in Ca APW on the two batches of the 10 cells.

High CI and Low Ca as external solution.

It was found that neither of these solutions had any

noticeable effect on the general shape of the characteristics

obtained for the cell bathed in Ca APW. However, on average,

when the cell was bathed in the Low Ca solution, E and E
III

became more negative by 20 mV and 16 mV respectively. Phis is

much the same effect as was observed in the voltage-clamp

experiments. Typical current voltage characteristics are shown

in Pig, 3r., and the membrane parameters obtained from experi¬

ments performed on 10 cells are shown in Tables 3i. and 3d»

Medium Ha and K, and High K as external solution.

As in the voltage-clamp experiments it was difficult to

distinguish between the characteristics for these solutions

and for Ca APW (Pig. 3s.). The membrane parameters for

experiments on 10 cells are shown in Tables 3k. and 31.

Experiments at High Levels of Hyperpolarisation.

The relation between current and the potential of the

membrane below the)membrane potential is shown in Pig. 3t. It
can be seen that the dynamic membrane resistance steadily

decreases with decreasing membrane potential. This is in

contrast to the curves obtained by Coster (1965)} according to

his results the dynamic membrane, resistance is constant down

to a potential level about 150 mY below the resting potential

and at this level the dynamic membrane resistance drops

abruptly to zero making the membrane potential independent of

any further increase in membrane current. Removing Ca from the

external solution had no effect on the shape of the current



Fig.5rMembranecharacteristicsinCa-APW(fullcurve) HighCI(dottedcurve)andinLowCa(dashedcurve).



Fig.3sTherelationbetweenmembranepotentialandmembranecurrent inCa-APW(closedcircles),inMediumNaandK(opencircles)andin HighK(crosses).
E(mV) -120

o

+
o

o

o+

-ho

-u

-2

IC*Acm.)



Fig. 3t The relation between membrane hyperpolarisation

and membrane current.
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voltage curve.

It must be mentioned that if these large currents were kept

flowing through the cell for more than about 20 seconds, this

normally had the effect of killing the cell. Further potential

transients could last up to 10 seconds so that it was necessary

to take some readings when the potential was not quite steady.

These transients were always such that the initial membrane

potential, following the injection of a square pulse of current,

was always more negative than the final steady potential.

However, with a given current flowing across the cell the

membrane potential was usually read as soon as it became

reasonably steady. The casualty rate in this experiment was

about 50$.

3.34- Discussion

Resting and Excited States

The average value of the membrane resistance for 20 cells

bathed in Ca APW was 20 KJ>cm. and this is in fair agreement

with the value obtained from the voltage-clamp experiments

described in the previous section; the value of 5-9 K^cm\ for

R_ compares well with 5'0 KJicm. obtained from the voltage-

clamp experiments. The shape of the current voltage curves is

much the same except for the fact that it was not possible to

obtain the complete curve for the membrane in the excited

state by this method. This is the main drawback involved in

studying the membrane by means of constant current.

The effect of Ca supports the observations and conclusions

of the previous section; the cell wall is thus the main barrier

to determining by a direct electrical method exactly which ions
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carry the membrane currents in both the resting and excited

states.

It has been mentioned that the process of excitation may

usefully be regarded as the transition of the membrane from

the resting state through a series of intermediate states to

the excited state; and this is then followed by a further

transition of the membrane from the excited state through

another series of intermediate states to the resting state

again. It is possible to construct the current voltage curves

for each of these intermediate states using the current

response of the membrane to square voltage pulses. However,

when the membrane current is kept constant the potentials of

the membrane in the first series of intermediate states are

obscured by the potential transients due to the charging of the

membrane capacitance; thus the characteristics of the inter¬

mediate states are more difficult to obtain by means of

current-clamp experiments.

Three different types of transient potential were observed.

The first type which was only sometimes observed will not be

discussed, because, as already mentioned, it seems probable

that this was caused by the injection of a hyperpolarising

pulse during the refractory period. The other two transients,

one at the beginning of a large hyperpolarising pulse and the

other following the pulse, seem to be more fundamental. The

first of these two transients will be called the 'anode-make'

transient and the second the 'anode-break' transient; thus, the

anode-break transient can lead to anode-break excitation, a

phenomenon observed in nerve -ib-v ass l.■ be gs^gtaad gctfaag
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break excitation in nerve seems very reasonable, considering the

amount of information available on the dependence of the Na

and K conductances on the membrane potential. It seems clear

that the explanation of this phenomenon in Nitella should be

similar; however, such an explanation is difficult to give for

Nitella, owing to the uncertainty regarding what happens to the

membrane conductances during the action potential. Nevertheless,

there seem to be two simple possibilities; either hyperpolari-

sation produces an increase in CI conductance or a decrease in

a ither the K or ,"Ja conductance. Thus when the current is

switched off the membrane potential will be more positive than

the resting potential; this potential then decay*as the

potential returns to the resting value, or if the anode-break

transient is large enough, excitation will ensue. Assuming this

explanation is correct, then it is clear that the increased CI

conductance or the decreased rla or K conductance# must

gradually return to the resting values when the current is

switched off. Similarily, when the hyperpolarising current is

switched on, either the CI conductance will gradually increase

or K conductance# will gradually decrease; thus there must be

a»\ initial potential transient whose peak potential is more

negative than the steady potential, and this is exactly what

is observed. Thus the phenomena of the anode-make transient,

the anode-break transient and anode-break excitation are all

explicable in the same manner as anode-break excitation in

nerve. It remains to consider whether CI or lia-or K is

responsible. It is not possible to clearly decide this without
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performing flux experiments; in principle it should be possible

to decide from the effect of 01, Ha and K on the current

voltage characteristics if it were not for the fact, as has

been pointed out already, that the cell wall would mask any

such effect. Ho effect can be observed from the curves obtained

either at constant current or at constant voltage. However, the

fact that the membrane resistance decreases up to very high

levels of hyperpolarisation, is evidence in support of the idea

that the 01 conductance increases.

Since the anode-make and anode-break transients are clearly

plasma membrane phenomena, it should be possible to learn

something of the nature of the membrane from them. Since during

these transients one (or more) of the membrane conductances is

changing, the question as to how this can happen must be raised.

There seems to be only two possibilities; either the ion

mobilities or the ion concentrations are changing inside the

membrane. It hardly seems possible that the ion mobilities

could be changing, so that ion concentration changes are

probably involved. The ion concentrations in the membrane are

not known but during the anode-make transient the membrane

current is around 2 cum,which means that, at most, the ion
- (

concentration could be changing at a rate of 1-0 coul.sec .

-1

which corresponds to 10 mM sec. One would expect the ion

concentrations in the membrane to be a lot less than 10 mM,

for if the ion mobilities for the membrane were the same as for

the external solution, then the ion concentrations in the
-1 o

membrane would be 10 mM. However, it is difficult to believe

that only an extremely small fraction of the current is involved
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in changing the membrane conductances, for it is probable that

the transport numbers of 01, K and Na are each greater than

0-01. Thus it must be concluded that the ion concentrations in

the membrane are extremely high, comparable with the concent¬

rations in the solutions, and that the ion mobilities are

extremely low, probably a million times less than those of ions

in water. Further evidence for this comes from the fact that

the resistance of the membrane calculated from the membrane

fluxes of K and Na is about 10 times larger than the measured

value (Williams, Johnston and Dainty, 1964). This is explicable

if the membrane is assumed to be composed of at least one layer

of a-type and one layer of c-type exchange membrane. This is a

clear example of a membrane whose internal ion concentrations,

and hence conductances,can be changed by the passage of

electric current. The flux of a particular ion through this

membrane (when no current is flowing) will be controlled by

that region of the membrane in which it is a minority carrier,

but the total membrane resistance will depend on the

concentration of majority carriers at all points in the membrane.

Thus the ratio of the measured resistance to the resistance

calculated from the ion flux measurements is a measure of the

ratio of the concentration of majority carriers to minority

carriers. But this ratio also determines the ratio of ions

passing right through the membrane, when a current is passing,

to the total number carried by the current. Thus one tenth of

the current carries ions right through the membrane while nine

tenths carries ions into or out of the membrane and thus is

used to change the membrane ion concentrations. As has been



85.

mentioned already 1*0 j\k cm" \ corresponds to 10 mM l"1. sec1'. Thus
-I

10 mM liter of an ion in the membrane can have a significant

effect on the ion membrane conductance, so that the membrane

ionic conductances must be even greater than this value. The

idea that the membrane ionic concentrations are high derives

support from considerations of the membrane structure. If the

bimolecular lipid leaflet has a layer of protein on either side,

it is reasonable that these protein layers could behave as ion

exchange membranes and since the concentration of ions in the

membrane must then be comparable with the concentration of

protein molecules in the membrane, this would make the

concentration about 1-0 M. Thus it can probably be concluded

that the ion concentration in the membrane is of the order of

100 mM, which is surprisingly large. This agrees with the value

required to predict the membrane 'punch-through' voltage,

(Coster, 1965) from an equation relating membrane thickness,

dielectric constant, ion concentrations and punch-through voltage.

Experiments at High levels of Hyperpolari3ation

The results of these experiments are not quite in agreement

with those of Coster (1965); this may be due to the fact that

Coster's method of performing the experiment was somewhat

different. He plotted the current voltage curve by allowing the

membrane current to increase linearly with time and recording

the membrane potential on a moving chart. Coster gives no

indication of the time taken to complete the scan of the curve;

this is very important, because if the scan is completed within

about half a minute, the recorded membrane potentials may only

be transients. In fact Coster makes no mention of ever having



encountered any potential transients, nor does he make any

mention of the time for which the membrane may be held at a

high level of hyperpolarisation without damage to the cell.

Currents of up to 50^A cm", are passed across the membrane in
this type of experiment and this is capable of heating the

* -1

membrane neglecting heat losses^ at a rate of about 4-0 C sec.;

this could damage the cell membrane in a short time and is

possibly the reason why the present author found that the cells

could be easily killed by these large currents. Another possible

reason for the lack of complete agreement is that Coster's

experiments were performed on another Nitella species.

Coster's model of the membrane is probably far too simple to

explain the existence in the membrane of a stable resting and

unstable excited state; nevertheless there may be some regions

of the membrane which correspond to a sandwich of a-type and

c-type material so that at appropriate potentials, punch-

through could occur. It was concluded earlier that it was most

likely that when the membrane was hyperpolarised the CI

conductance increased. This would also cause the dynamic

membrane resistance to decrease with increasing hyperpolarising

current, but probably not so abruptly as observed by Coster.

It is possible that the increase in 01 conductance may be due

to a c-a junction effect.

Conclusion

The experiments have shown that the current voltage curves

obtained at constant current are in agreement with those

obtained at constant voltage. The observed phenomena of the

'anode-make' transient, the 'anode-break' transient, anode-
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break excitation and the gradual decrease in dynamic membrane

resistance with increasing membrane hyperpolarisation are

explicable if the membrane CI conductance increases with

increasing membrane hyperpolarisation. CI conductance is most

likely to depend on the membrane potential if the membrane

resembles a multilayer structure of a-type and e-type material.

The ion concentrations in the membrane are probably of the

order of 100 mM.



3.4 MEM-BRANS TRANSITIONS AT CONSTANT INWARD CURRENT.

3.41 Introduction

In the previous section membrane activity was studied at

constant current, and it was pointed out that the main

disadvantage of constant current experiments lay in the fact

that membrane activity could only be studied at constant

outward current. To be more precise, in order that the

membrane make a transition to the excited state the stimulating

current has to be outward; it thus follows that if the

membrane current is to be held constant during the whole period

of activity, then that current must be outward. However, since

the membrane time constant during excitation is shorter than

the time the membrane spends in the excited state it is clearly

possible to inject a pulse of inward current at the peak of

activity, thus hyperpolarising the membrane while it is -in the

excited state. If this current pulse has a long duration then

the membrane will have to undergo a transition to the resting

(hyperpolarised) state at constant current. In this way it is

possible to observe the transition from the excited state to

the resting state (but not from the resting state to the

excited state) at constant inward current. These transitions

are studied in this section.

Short pulses of hyperpolarising current have been injected

into toad nodal membrane in the excited state by Tasaki (1956)
and into squid giant axon membrane in the excited state by

Tasaki and Hagiwara (1957) and for both cases it has been found

that this has the effect of abolishing the remainder of

activity and the refractory period. Attempts to find the same
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phenomenon in Nitella were not successful.

3.4-2 Experimental Methods.

The electrode system and the potential recording and current

recording circuit were the same as in the previous experiments.

Current was injected through a high resistance (lONJi) but the

polarity of the current could be switched from any desired

value of inward current to any desired value of outward current

(or the reverse) by means of a single switch and two potentio¬

meters.

The operation of the system was as follows. With zero current

flowing across the membrane, one potentiometer is arranged to

supply enough current to stimulate the cell while the other is

arranged to supply the constant hyperpolarising current; this

hyperpolarising current is varied throughout the experiment.

The stimulating current is then switched on and when the

membrane has reached the peak of activity the inward current is

switched on. The membrane current and voltage profiles were

displayed on the oscilloscope and photographed. After about ten

minutes this sequence of operations was repeated with a

different hyperpolarising current.

The experiments were all performed with Ca-APW as the

external solution.

3.43 Results

A typical series of potential responses to the injected

current pulses is shown in Eig. 3u. The first set of traces

shows the potential response to the (stimulating) pulse of

outward current; this is merely the action potential profile

with the ohmic potential drop due to the membrane current
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Membrane transitions at constant current



superimposed; this type of response was studied in the

experiments described in the previous section. The next set of

traces shows the potential response when a small inward current

is superimposed upon the (stimulating) outward current at the

peak of activity. The inward current abruptly drives the membrane

potential of the excited membrane in the direction ox the

resting potential level; the membrane then remains in the

excited state at this new potential level for about a tenth of

a second and then makes a transition to the resting state.

Since this transition is accomplished when the membrane current

is inward, when the transition is completed the membrane will

be hyperpolax'ised. When the inward current is switched off, the

membrane is once more slightly depolarised, by the steady

outward current. This outward current coupled with the act of

switching off the inward current sometimes had the effect of

producing another action potential.

The next three traces show the potential response for

different and increasing values of the inv/ard current, the

outward current being the same in each case. With very large

inward current the potential of the membrane in the excited

state can be more negative than the resting potential, in

other words more negative than the excitation threshold

potential, and yet this in no way prevents the membrane making

a gradual transition to the resting state. In nerve (Tasaki,

1956) the membrane activity is abruptly abolished if the

membrane in the excited state is driven to a potential close

to the threshold potential.

From these responses it is possible to construct the current
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MEtiBRASS PARAi'IE'DERS IN APW

Em (mV) Ee (mV) Rm (Ocmi) Rg (OcmJ)
-75 4 15 3-5

-64 8 13 6-3

-52 3 10 3-4

-66 8 6-0 4-5

-72 22 10 1-4

-73 38 18 6-4

-68 0 17 6 *5

-63 58 12 2^4

-60 5 10 2 -6

-66 - 1 11 3 -4

-65 - 7 8 4 5-3

-66 13 12
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voltage characteristics of the membrane. The variation of the

peak of membrane activity with the inward membrane current

gives the characteristic for the excited state. The variation

of the steady membrane potential with inward current gives the

characteristic for the resting state. As is to be expected

these characteristics (Fig. 3v.) are similar to those obtained

from the voltage-clamp experiments; in this particular example

the values obtained for R and R. were 15-0 and 3*5 KJteia. The
ni g

membrane parameters deduced from experiments on 12 cells are

listed in Table 3m. However, the current voltage characteristic

of the membrane obtained by the present method differs from

that obtained from the voltage clamp experiments in one

fundamental aspect. The excited state characteristic extends

into the region where the excited state is more negative than

the excitation threshold potential. According to the results

of Kishimoto (1964) this cannot happen and in this region the

membrane has a dynamic negative resistance.

It is possible using this method to construct all the

current voltage characteristics of the membrane states which

are intermediate between the resting and excited states; it is

not possible to accomplish this with the voltage-clamp

technique. This has not been done here; however, it can be very

simply deduced from the potential profile of the membrane, as

it makes a transition from the excited state to the resting

state, that these intermediate state characteristics extend

into the region where the potential is very much more negative

than the resting potential.



Fig. 5v Membrane characteristics with Ca-APW as external solution.
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3.44 Discussion

The membrane parameters measured in the experiment agree

fairly well with those obtained by the voltage-clamp and the

current-clamp methods; the membrane resistances seem to be

smaller than those encountered in the other experiments. There

seems to be no simple explanation for this and it is probably

due to the fact that the cells used had just been freshly

collected. ,

The fact that the large inward currents used during these

experiments did not abolish the membrane excitation shows

that the membrane is different in this respect from toad nodal

membrane and squid nerve, but although the present author did

not observe abolition of the action potential in Nitella this

does not mean that it does not occur. It is possible that with

greater hyperpolarisation of the membrane in the excited state,

the effect will be observed. Since Tasaki (1956) believes that

the abolition of the action potential (and the ensuing

refractory period) by a strong hyperpolarising pulse is

evidence against some aspects of the sodium theory of nerve

excitation, it cannot be adequately stressed that a definite

answer to this question as to whether abolition of the action

potential in Nitella is possible or not is of fundamental importance.

Further, the curve for the excited membrane passes through

the region where the potential is more negative than the

excitation threshold potential. This is not the case in nerve

and Kishimoto has found that the membrane has a very low

dynamic negative resistance in this region using the voltage-

clamp method. Thus it appears that when this region of the
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characteristic is studied at constant current the resulting

curve is different from that obtained from a study at constant

voltage; possibly the membrane is dependent on its past

history. The cause of this is probably very fundamental, but

since very little is known at present about the time course

and potential dependence of the membrane CI conductance, it is

very difficult to explain the phenomenon.

Here the matter must rest for the time being; time has not

permitted a more thorough investigation, but the present author

is of the opinion that this type of experimental approach

could be further exploited to advantage.



3.5 CONCLUSIONS

The experiments described in this chapter have all been

concerned with the current voltage relations of the composite

membrane consisting of the cell wall, the cytoplasmic membrane

and the vacuolar membrane in series. It has been suggested

that when the external ion concentrations are changed the

effect on the resting potential is due to a potential

difference across the cell wall. In contrast the transient and

steady potential changes which occur when a current is passed

across the composite membrane are very probably due to the

cytoplasmic membrane. Throughout this chapter the action

potential has also been assumed to be a cytoplasmic membrane

phenomenon, and no evidence has been found which could

invalidate this assumption.

The phenomenon of excitability has been regarded as a

transition between the resting state of the (composite)

membrane and an excited state, this transition then being

followed by a further transition back to the resting state. The

resting state membrane resistance and the excited state membrane

resistance are on average 21 and 5-1 respectively; the.

membrane potentials in the resting and excited state have the

same dependence on the ionic concentrations of the external

solution (particularily those of Ga) and in Ca APW the values

are on average -64 and +7 mY resx^ectively.

The current voltage relations of the membrane for the two

states have been obtained both at constant voltage and at

constant current and the curves obtained by the two methods are

in good agreement with one another. The potential profiles of
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membrane transitions at constant current and the current

profiles of membrane transitions at constant voltage have also

been recorded. The phenomena- of 'anode-make' and 'anode-break'

transients and anode-break excitation have been discovered, and

have been tentatively explained on the basis of the 01 hypo¬

thesis. Punch-through has not been observed but the dynamic

membrane resistance does gradually decrease with increasing

membrane hyperpolarisation; again, abolition of the action

potential by means of large hyperpolarising pulses has not been

observed but this is considered to be due to the pulses not

being large enough. Finally, from a consideration of transient

membrane phenomena, it has been estimated that the ion

concentrations in the membrane are of the order of 100 mM l)
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