


ABSTRACT

The current theories of the membrane electrical properties

of the giant algal cells of the Characeae are reviewed. The

experimental techniques for the determination of such properties
are discussed and a comparison between these techniques, for
both the D.C. and A.C. case, are made. In the latter case it
was necessary to obtain the time dependent solution of the
A.C. cable theory and the numerical behaviour of this’solution.
From this comparison it is proposed that symmetric external
current injection together with the 0.42L technique is a very
suitable method for these studies.

Using this method the membrane electric parameters of

Nitella translucens were determined. The effects of external

pH, 2, 4-dinitrophenol and A.C. of different frequencies on

these parameters were studied. The effects of external pH and

the presence of DNP on the vacuolar pH were also determined.
It was found that the experimental observations favoured

the Spanswick theory for the Characean membrane electric pro-

perties, but modified to account for the membrane resistance
being pH independent. The observed effects of DNP favoured the
mechanism for the action of DNP proposed by Duncan and Croghan.
The observed A.C. frequency dependence of the membrane re-
sistance and experiments on the punch-through effect are incon-
sistent with the Coster doubie fixed charge model of membrane

structure.
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CHAPTER I

INTRODUCTION

It is well established that the internal ionic composition
of any biological cell is quite different from that of its
environment and that there is a continuous flow of these
ions between the two phases. Most cell biophysicists con-
sider that it is the cell membrane which rate-limits this
ionic transport. This thesis is concerned with some aspects
of thg ionic transport in the giant algal cells of the

Characeae. Ionic transport will occur by means of simole or

complex diffusion processes. It is therefore necessary to

begin by considering the physical basis of these processes.

1.1 Diffusion Processes

a) The Nernst-Planck Equation

In any diffusion process a convenient thermodynamic
function to consider is the Gibbs free energy. The change in
this energy function occurring during the process can be

expressed as:

dc = ((Ej)i-(ij)o)dnj (1.1)

where Ej is the electrochemical votential, o and i
denote the two sides of the diffusion barrier and dnj is the
mumber of moles of the jth component diffusing across the
interphase.

If uj changes continuously from region o to region 1i,

equation (l1.1) can be expressed as:



ac_ fl Eii dx
dn. J X
J
o
which can be identified as an energy change f—de produced
oM .
by the action of the force X, where X = - 3:% , the

electrochemical potential gradient.

In general the system will contain m ‘diffusing con-
stituents and the flux (in mol. cm—2 s—l) for each component

will be given by the Onsager equations:

J:] = Llj Xi+...+Lijm .

The terms Liy Xi for 1 = j represent the flux of the ion
produced by its own electrochemical gradient. The terms Lij Xi
for i # j represent the flux of the ion Jj produced by the
eiectrochemical gradient of ion 1i. It is usually assumed that
cross-coupling coefficients, Lij for 1 # j, are near zero.
Schwartz (1) shows that such an approximation is valid only in
dilute solutions.

- Using the above assumption the velocity of the ion will be
proportional to its driving force and is given by:

v, = =u, 9Hj
i 1 9%

where the proportionality constant uy is the ion mobility.

If C; is the concentration in moles per unit volume then the

flux will be given by:

(1.2)

By



An expression for the electrochemical potential can be
obtained from thermodynamic considerations, e.g. Plonsey (2),

and it 1is

T

i u(i)(P,T) + RT 2n(a;) + Z;F¢ (1.3)

o . . . .
where My 1s the chemical potential in a reference state at

pressure P and temperature T, R 1is the gas constant, aj

is the ion activity, 2z, is the valency of the ion, F
is the Faraday constant and ¢ the electrical potential.

The activity a; is expressed as Yici where v; 1is the

activity coefficient. If it is assumed that y; = 1 sub-

stitution of equation (1.3) in equatibn (1.2) gives

oC, z.C.F
i ii

J . = -D.
( x T RT

1 1

3¢
ax) (1.4)

u, RT
where D; = -= is the diffusion constant. This is known

{z)F
as the Nernst—;lanck equation. Plonsey (2) shows that a more
rigorous expression for the flux, i.e. with vy # 1, will
have the same erm as equation (1.4) but the diffusion co-
efficient will now be given by

u. RT aLny., o4nC.
D, = X 1+ = // =
IziIF ax

oX

He also presents a Debye-Huckel analysis which indicates that

the assumption of y; =1 1is only valid for dilute solutions.



b) Simple Solutions of the Nernst-Planck Equation

The simplest diffusion process that can occur is the
free movement of ions through a liquid interphase in which
there are variations of ionic composition or concentration.
The ions can diffuse freely in such a region but they have
to satisfy the condition of electroneutrality, i.e. there
must be no charge separation in a solution volume, except

of microscopic dimensions. Thus

ECyzy =  ICglzgl (1.5)

where a and k denotes anion and cation. Plonsey (2),
showed that in the range of biological concentrations electro-
neutrality has to be maintained in volumes larger than that
of a sphere of 8 g diameter. He concluded that in spite of
the approximations in the computation electroneutrality can
be assumed in the 100 X thick biological membranes.

Using equation (l1.4) and equation (1.5) together with
the condition that in free diffusion no net charge transfer

can occur, i.e. 2z, F J = |z_|FJ

X K the following eguation

al
is obtained:

3¢ Uk -~ Ug RT 3 4nCg (1.6)
dX ukzk+ua]za[ F dX
where Cg is the salt concentration. Equation (1.6) can be

integrated to give the potential across the interphase if it
is assumed that the mobilities are independent of x. In the
general case, where more than one salt is diffusing across the

interphase, equation (1.6) can be integrated with the additional
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condition of a linear variation of concentration, 1i.e.

C. = (C.)

i i ((C

: ) = (C.).)x/d, where 4 is the thickness
i i’o i’i |

of the interphase. This is called the Henderson integration

and the resulting equation is:

F 3 -
Zuj((Cj)O (Cj)i) (Cj)Quj

In Chapter IV this eguation is applied to the liquid
interphase occurring at the tip of a glass microelectrode and
some of its consequences are discussed. Free diffusion is a
transient phenomenon which will reach equilibrium when both
regions have the same concentration. However, if there were a
selective membrane at the interphase the system could reach
equilibrium with different salt concentrations at each region.

For instance:

(NaCQ)O (NaCQ)O + NaP

where NaP is a sodium proteinate and P " is a protein of
valency n to which the membrane is impermeable. When such
a system is in equilibrium all ionic fluxes must be zero.
Integration of the Nernst-Planck equation under theSe con-

ditions and with the assumption that (3u/3x) = O vyields:

(C.._+). (C. -)
q’) = B_I]_:.. in _____I\_]_a__.i = ._BL.I‘. in ._.._9_&.__.___0_ . (1.7)
Fo (Gt S (SN
o) Cg "1

Applying the electroneutrality condition to regions i and o

gives
n

np "+ [n (@77 4+ aicy 0]

2(CNa+)o
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A system which satisfies equation (1.7) is said to be in
a Donnan eqguilibrium. Such a system 1s not usually repre-
sentative of biological membranes, though Donnan potentials
are sometimes assumed to exist between the membrane and the
adjacent solution.

A less severe restriction than that of assuming all the
ion fluxes to be zero is to assume that only some of the 1ion
fluxes are zero. In this case the potential across the mem-

brane is given by:

$ = RT pn (Cidi

zF (Ci)O

This is the Nernst equation and will be satisfied by any
ionic species for which J; = O; such ions are said to be
at their Nernst equilibrium potential.

In most cases the potential across a biological membrane
does not correspond to the Nernst potential of any of the ions
present. The Nernst-Planck equation has then to be solved

with even less severe restrictions.

1.2 Physical Membrane Models

Membrane models will differ according to the physical
properties which are assigned to them. However, all models
will share the following features:

1) the membrane is of constant thickness, homogeneous and
infinite in extent in the transverse plane;

2) the cross-coupled coefficients in the Onsager equations
are negligible;

3) the solutions on both sides of the membranc arc uniform
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and large in extent so that changes in ionic concen-
tration-due to the transit of permeable ions can be
ignored;

4) there is no net flow of solvent and ion transport due
to convection is negligible.
If it is also assumed that:

5) the membrane is neutral;

6) the ion mobilities are the same within and without the
membrane;

7) the activity coefficient vy 1is unity,

then the resulting model represents a porous membrane, such

as cellophane, in dilute solutions. This model is known as

the Planck membrane.

a) The Planck !Membrane

The Planck membrane model has not been particularly
successful when applied to biological systems and this is
undoubtedly due to its very restrictive assumptions. It is
however the basis for other models which are more relevant
to the biological situation and it is therefore convenient
to outline its solution.

The Nernst-Planck equation can be solved using the follow-

ing conditions:

a) the membrane is in the steady state, i.e.

3Ji
Ix =0 for all J; (1.8)
b) there is electroneutrality inside the membrane, i.e.

+ —
rz,C; = leiICi (1.9)






-9

a net current flows through the membrane.

An alternative approach would be to make the arbitrary
assumption of a constant field in which case the integration
of the Nernst-~Planck equations is particularly straightforward.

This approach is the basis of the Goldman membrane model.

b) The Goldman Membrane

The Goldman equations are obtained by making use of
assumptions (6) and (7). When the concentrations Ci and
CO are equal, assumption (5) can also be made and the Goldman
membrane will be simply a particular case of the Planck mem-
brane. However if C; 7 Co then the assumption of a linear
potential is inconsistent with that of a neutral membrane
in which the field is logarithmic. Moreover, as Hogg (3)
showed, the electroneutrality condition, as defined by equation
(1.9), can only be satisfied when the constant field assump-
tion is made if C; = Cy,. Since electroneutrality has to be
maintained, equation (1.9) would have to be modified to in-
clude an extra charge term for the case of constant field and
C; # Coe It is not usually realized that in this case the

Goldman equations imply a charged membrane.

The Nernst-Planck equation can be written as:

J; (2,F/RT)¢

i . (Z;F/RT) ¢
- e = -
Ui

a —_—
% (Cje )

where éi indicates the ion concentration inside the membrane.

Using the steady state condition this equation can be solved

to give:



3 (Z2,F/RT)0¢  _
(T, e - (C), ]

1 (Z,F/R1)0
T e dx

(1.12)

If the assumptions of a constant field and constant ion
mobilities are made, the integration can be performed and

equation (1.12) yields the well known Goldman flux equation:

_ (2,F/RT)E
Z W, FE | (C,)_ e - (C,).

_ i‘o i'i
Ji = d - (Z,F/RT)E (1.13)

l - e

This equation, however, involves the ionic concentra-
tions inside the membrane, which are not known. To overcome
this problem Hodgkin and Katz (4) assumed that the internal

concentrations were proportional to the external concentra-

tions, i.e. Ci = BCi, where B8 1s called the partition

coefficient. They also defined the permeability coefficients

P. as
1

p. = UiPiRT (1.14)

Equation (1.13) can then be written as:
—(ZiFE/RT)
i RT —(ZiFE/RT) :
1 - e

If the condition of no net current is used an expression for

E 1is obtained

rp, (C.)  + IP_(C.).
E = RT k" "k’o a ‘a’'i (1.16)

ZPk(Ck)i + zpa(ca)O
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This is the Goldman potential equation. The equation has
been used extensively in electrophysiological studies and

is frequently identified with the constant field assumption.
However, it has been pointed out that the assumption of other
forms for the electric field will lead to the same equation.

This was done in the following way by Schwartz (1).
Writing ¢' = ¢ - (¢o-01) the following expressions

2
are obtained

¢ - ¢, 5=+ ¢
and

- = Ad  _ 4
¢ - ¢ 7 ¢ .

If these expressions are substituted into equation (1.12) the

flux . equations for cations, Jk' and anions, Jgr have
the following form
= (F/RT) Ad —
(C.) e - (C,).
J, = RT [: k' o k 1.}
O
= = (F/RT) A
(C.) . - (C.)., e
J. = RT {: ac a’l
a
Q&
: o
where 0o = L o(F/2RT)A¢ f S(F/RT)¢'. 1 (F/2RT)A¢y
k u u +
k . k
i
o)
P ]
o - L _(F/2RD) j o~ (F/RTYO' . _ 1 (F/2RT)boy
a ¢ uy -
ua i

If the condition of no net current flow 1s now used the

membrane potcntial 1s given by
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(1/N,)Iu, (C )., + (L/N_)Iu_(C.)
E = RT &n Tk Kk E 2.2 09 (1.17)
) (/N ) Zu (C ) o+ (L/N_)Zu (C ),

From this equation it can be seen that the Goldman
potential equation will be obtained, without any assumption
about the membrane field, if the membrane is permeable only
to ions of the same charge. A particular form of equation
(1.17), when the only ions involved are K+ and Nat, is
called the Hodgkin-Katz equation.

The Goldman equation will also be obtained if N, = N_,

i.e. if the following identity is satisfied:

O
[[e(F/RT)cp' _ e(F/RT)q)'] ix = o0 .
i
Thus
o
[ sinh(F/RT)¢')dx = O (1.18)
i

is the only constraint on the electric field. A large group
of functions ¢(x) satisfy equation (1.18), including the
functions having odd symmetry about the midplane through
the membrane; a constant field is just one of such
functions. The same conclusion was reached by Hogg (3) from
a kinetic treatment of ion trénSport across the menbrane.

Yet another approach to the solution of the Nernst-Planck
equation 1s to use empirical methods to determine the integrals
N and N in equation (1.17); this was the approach of

+ -

Kimizuka and Koketzu (5).

c) The Kimizuka and Koketzu Membrane

From equation (1.12) Kimizuka and Koketzu defined their

permeability coefficients to be
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1 -(Za/ZRT)E (ZaF/FT) + (na/RT)

o)

v = e Ji—e dx (1.19)
o * .
1

where Da is the diffusion coefficient and the extra energy
term Ny is included to account for any excess free energy,
e.g. the partition energy. There is no necessity to define
Du since the integration is not performed. Thus assumptions
(6) and (7) are not used and this is particularly convenient
since the assumption that mobilities are independent of x
is not trivial and is probably invalid in most biological
membranes.

Integration of equation (1.19) with the assumption of
constant field, constant Da’ and constant Ny, gives a
relation between the Hodgkin-Katz and Kimizuka-Koketzu

permeability coefficients:

ZaFE/ZRT

sinh (Z,FE/2RT)

where the Hodgkin-Katz partition coefficients have been
identified with exp (-n /RT).

Equation (1.20) was obtained with the assumptions of
constant field, constant Da and constant Ny - In this
case the Hodgkin-Katz and Kimizuka-Koketzu permeabilities
should be identical and this will only occur if
(ZaFE/ZRT)2 << 1. It is interesting to mention that Hogg (3)
found from kinetic considerations that a similar condition

IBZGFE/nRT) << 1, where n is the number of jumping
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the same conductances for the resting state. Duncan and
Croghan (8) compared the resting conductances predicted by
the Goldman and the Kimizuka and Koketzu membranes with the
experimental values obtained for toad lens membranes. Their
results show a better agreement with the second model.

When biological membranes are displaced far away from
their resting state several rectification effects are observed,
some of which cannot be explained by the simple dependence of
Gm on E, e.g. the action potential of excitable membranes.

In this case there is the need to postulate empirical membrane

mechanisms. In the giant algae cells of the Characeae a wide

variety of anomalous responses have been observed, and a
consequent profusion of empirical models have arisen. This
work is concerned with the studies of such responses and some

of the models proposed are now described.

1.4 Empirical Models for the Characeae

The responses of Nitella translucens to the application

of current are shown in Figure 1.1. There are four tyves of
responses: rectification near the resting state; the action
potential for depolarizing currents; a transient response to
large hywerpolarizing currents and an action potential result-
ing from the switching off of the large hyperpolarizing
currents (anode break excitation). A model in which the
membrane properties are considered to arise exclusively from
vassive diffusional processes was advanced to explain the

first two types of response (Hope (9) and Hope and Valker (10)).






~18-

a) The passive diffusion model

In this model the membrane potential and conductance were
explained in terms of the passive diffusion of k' and Na+ in
the resting state and of the passive diffusion of C&  and K+
in the excited state. However it was observed that the resting

state, pvarticularly in the case of Nitella translucens (Spanswick,

Stolarek and Williams (11)), could be described by the Hodgkin-
Katz equation only after the cells had been presocaked for long
periods in NaCf and if the experiments were carried out in
calcium-free solutions. In the presence of calcium the
excursions of the resting potential in response to changes in
the Na+, K+ and Ca++ concentrations could not be fitted to a
Goldman-type potential eguation involving these three ions. It
was proposed that the principal effects of calcium were associated
with the cell wall. However the presence of calcium is necessary
for the initiation of an action potential (Hope, (12)). This 1led
Findlay and Hope (13) to propose that the action potential was due
‘to a passive Ca++ influx and a passive K+ efflux, though earlier
Gaffey and Mullins (14) had proposed that the phenomena was due
to the passive efflux of C% followed by K+. This is now generally
accepted. The role of Ca++ in the action potential has therefore
to be explained by a mechanism other than that of simple diffusion.
The biggest cause for concern was the finding that the
directly measured membrane conductance (Ge) was larger by an order
of magnitude than Gf, the conductance predicted from the passive
influxecs of Na+ and K+ (MacRobbie (15), and Williams, Johnston

and Dainty (16)). The basis for the calculation of the membrane

conductance from these ionic fluxes is the Ussing-Teorell ecquation:
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which is valid for passive, independent ion transport.
This equation can be differentiated and rearranged to give
an expression for the conductance:
An (J.)

F? o) 3" out

NG (1.24)

where (Jjo) is the flux of ion 3 in the resting state. If
ions of the same sign only are permeable and the total current
is zero in the resting state, the second term in (1.24) vanishes
(Hogg, Williams and Johnston, (17)) and this is what was assumed
in the attempt to correlate the two values of resistance. The
observed lack of correlation could arise from (a) coupled ion
transport, (b) an extra passive ionic flux or (c) a net
current in the resting state. One form of coupled ion transport
involves a single file of ions (Hodgkin and Keynes, (18)). 1In
the case of Nitella the number of ions in the file would have to
be at least ten and this seems inconceivable.

The possibility of an extra passive flux being overlooked
in equation (1l.24) was explored by Kitasato (19) who focussed

his attention on the known effects of pH in the membrane potential

of the Characeae, (Kishimoto, (20)). As a result of his obser-

. . + .
vations he proposed the existence of a H electrogenic pump.

+ .
b) The H electrogenic pump

1) Kitasato (19) proposed that the main current carrying ion

is H+ in which case the Goldman equation has to be modified:

. RT . PK(K)O + PNa(Na)O + PH(H)O + PCSL(CS&).l (1.25)
o + C . + ) . : ’
)2 PK(K)i PNa(Ni)l PH(H)l + PCQ(CQ)O
Since P“ >> pKI PNa’ CQ
~ RT n (”)o _
= F AT - Eqg - (1.206)



-20~

This equation, however, did not describe the membrane
. : + .
potential and Kitasato invoked the existence of a H extrusion
mechanism which would maintain constant internal oH and

produce the observed potential. This gives a modified form of

(1.26):

F Jextrusion
E = EH - G (1.27)

m

where the second term is the ohmic potential produced by the
passive H+ influx which, in the absence of an external cur-
rent, is equal to the H+ extrusion. If the H+ pump were
to sto§ the membrane should move to EH. Kitasato claimed
that his experiments with 2, 4 dinitrophenol (DNP) support the
existence of an electrogenic pump. He also proposed that the
discrepancy between the electrically measured conductance and
that obtained from flux measurements was due to the neglect
of the passive H+ flux. He estimated this flux from measure-
ments of the current required to clamp the membrane potential
at the K+ Nernst potential in solutions of different pH.
He found that the conductance associated with such changes
agreed with the electrically measured conductance.

Criticism of this model has been exoressed by Walker and
Hope (é&) but have been discounted by Spanswick (22-25) who

supports the concept of an electrogenic pump but with a dif-

ferent operating mechanism.

+
2) In the Spanswick model the passive H fluxes are regarded
as being negligible compared with the electrogenic H+ flux;
this is considered to be due to a very low H+ permeability.

The equivalent circuit in this case is:



c
Gpa % pu

— )
pd T pu

where Gpa and Epa are the passive membrane conductance
and potential and Gpu and EDu the conductance and e.m.f.
of the pump. Spanswick (24) assumes that Gpa is much
smaller than Gpu' In this case the hydrogen extrusion will

continue until halted by the resting membrane potential,

i.e., when E = Epu’ In this case E can be expressed as:
- +
A H, :
- P _ RI S
E Y 3 n n Epu (1.28)
H Hg

where Aﬁp is the'change in free energy of the non-transported
components involved in the extrusion reaction and vH is the
stoichiometric coefficient of the reaction. The equation for

the conductance is then

| - 2 2
Gm Gpu + Gpa pu F°L Yy

R
@
I

where L is a thermodynamic conductance coefficient. Spanswick
contends that the conductance computed from flux measurements,
i.e. at zero current, will be Gpa whereas in the electrical
measurements the applied current, carried by H+, is shunted
through the pump and the measured conductance is Gpu’ He
reinterpreted Kitasato's HY flux data as being a HY flux
thfough the pump.

The Spanswick model is consistent with the hypothesis,

proposed by Smith and Walker (26), that CL is transported
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into the cell as a result of the H potential gradient
produced by H+ extrusion. This gradient would be large
enough to drive chloride inwards either by co-transport with
H+ or by a C& son exchange. The Spanswick model can also
rationalize the observed changes in membrane potential and
resistance when the illumination of the cell is varied.

This response to light-dark changes, which is the strongest
evidence against a passive diffusion model, attracted the

attention of Vredenberg (27-30) who proposed a third electro-

genic model.

3) Vredenberg's observations of the responses of the
membrane potential and conductance of Nitella to varying
periods of illumination, following prolonged preconditioning
of the cells in the dark, led him to propose that these
parameters characterize the energy state of the membrane.
The membrane can be transferred to a different enérgy state
by changes in pH or illumination or applied current. He
further proposed that the different energy states would always
follow the rectification curves because all changes in E
and Rm produced by changes in pH or illumination are a
consequence of current flow through the membrane, the current
being supplied by the electrogenic pump. The neglect of this
current when Ge is being determined would lead to the ob-
served discrepancy between Gf and Ge'

The pH responses of the membrane potential and resistance of

the Characcae hav2 alsn been explained in terms of changes in the

structure of a doubly fixed charge membrane, Coster (6, 31-33).
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is applied to the membrane. However the strongest exnerimental
basis for the theory is a phenomenon which appears when very
large hyperpolarizing currents are applied. 1In this case
(see Figure 1.2), the slope resistance of an I/V curve
goes through a region of very low and even negative values.
The depletion layer width depends on the membrane potential.
It increases with increasing potential but at sufficiently
large potentials the depletion layer will occupy the whole
membrane and an avalanche of current will flow in the same
way as in a Zenner diode.
Ovhawia amd

In a recent paperAKishimoto (34) presented experimental
evidence which contradicts the Coster hypothesis. These
results are interpreted as supporting the hypothesis that

changes in the membrane e.m.f. are the prime causes of the

transient phenomena observed in the Characeaa@Kishimoto (35,

36) and Oﬁiawa and Kishimoto (34, 37, 38)).

d) The Kishimoto model

It has already been mentioned that the generally

accepted mechanism of the action potential in the Characeae

involves an efflux of C% followed by an efflux of K. How-

ever Kishimoto points out that time separated ion currents

9E
m ot’
With the long duration of the action potential this would

require the capacitative discharge of the membrane, C

imply unrealistically large values for Cm. Kishimoto there-
fore considered that the two effluxes take place simultaneously

and this led him to propose the following equivalent circuit:
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where e 1is the membrane e.m.f. and I the current. Both
Gm and e are functions of E and time. The membrane

potential is then given by

E = I/Gm(E,t) + e (E,t) . (1.30)

Kishimoto (35) was able to determine the values of E, I and

Gm; Gm was computed from the response to small fast signals
superimposed on I. He found that the behaviour of Gm(E,t)

did not explain the observed changes in E(t) and so he pro-
posed that the action potential was caused mainly by a tran-
sient change in the e.m.f.

Kishimoto and{Okhawa' (34, 36-38) found support for this

hypothesis in observations of the other transients of the

Characeae. For instance in some cases anode break excitation

could occur without a prior decrease in membrane conductance,
i.e., the observed change in E(t) would have to be due to
changes in the e.m.f. (see equation (1.30)). Similarly
measurements of the conductance in the punch-through region
showed a small decrease, contrary to the Coster model which
predicts an extremely large decrease. The observed decrease

in potential in this region is then explained as an excursion
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Of the e.m.f. in the direction of depolarization.

The present work is concerned with an electrophysiological

study of the membrane impedance of Nitella translucens and the

significance of this impedance on ion transport phenomena. As

a preamble it is necessary to consider the cable like properties

of the cells of Nitella translucens.
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CHAPTER II

D.C. CABLE THEORY AND MEMBRANE IMPEDANCE MEASUREMENTS

The cylindrical geometry of the single cells of the

Characeae endows these cells with the electrical properties

of a core conductor. Classical core conductor theory is
therefore applicable and the resistance and capacitance of
the membranes of these cells can be determined. In general,
however, the numerical computations are tedious and it is
desirable that these be circumvented by suitable design of
the experimental arrangement. This has been done in a number
of ways for D.C. experiments and these techniques are re-
viewed in the present chapter. Additionally, the D.C. method
developed in the present work is described and critically
assessed. In a subsequent chapter it will be shown how it
has been applied in A.C. experiments. As a preamble to this

chapter it is worth considering the problems that arise be-

cause of the cable effects.

2.1 The Core Conductor Model

This is represented in Figure 2.1:
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r Ax r Ax r Ax

1}
tx1
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Figure 2.1
where:

r, = resistance per unit length (Q/cm) of the
external solution.

r, = resistance per unit length (Q/cm) of the
cell sap.

¥ = complex admittance of the cell membrane.

E = membrane potential (mv).

A, = a small section of the cable length.

y is assumed to have the form

=]
|
|

_— c Ax

Figure 2.2
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where:

Y = resistance x unit length (g.cm) of
cell membrane.
C = capacitance/unit length (f£/cm) of

cell membrane.

The electrical behaviour of this cable is determined
by the values of the parameters Ynr Smr Yor ¥i and the type

and r;

of termination at the end points of the cable. r i

o
can be computed from the conductivities of the two solutions.

The determination of the values of r,; and c is complica-

m
ted by the particular behaviour of leaky cables in which
there is attenuation and distortion of the voltage response
with increasing distance from the point of current injection.
It is therefore not possible to obtain for instance, the
resistance value by a simple Ohm's law calculation unless
short cell techniques are used. In this case a short segment
of the cell is isolated and it is then only necessary to
consider a single element yAx (see, for example, Cole and

Curtis (1)). In the general case, however, the exact solution

of the equation for the core-conductor model has to be obtained.

2.2 Solutions of the Cable Egquations for the D.C. Case

Figure 2.3 is a detailed diagram of a small section AX
of a co-axial cable. 1In this figure 1 denotes the current
flowing in the two solutions and V denotes the change in
potential difference arising f:om the leakage current through

the membrane.
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. 01
r AX 1= e Ax
i —p —AA/ P
o1
"5§'A
v \ 4
.__11 19,
\Y V"EXAX
C_ Ax ox
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Ax T
v
r.Ax
1
< i VvV, )
i=-§£AX
oX
Figure 2.3
Analysis of this circuit yields the following:
-V + i(r.Ax) + V - 9V Ax + i(r.Ax = O
o = 18x) _
* . A
N . + . = — .
i(rg + ry) = (2.1)
and
o1 - . - VAx c A
X Ax 1l + 12 T, + mA NT
. a1 \4 c dV
" xSty Y m3e - (2.2)
. 2 _ rm
Introducing the parameters 2 = ri+ro . ro+rl = Yoji
and 1 = cpr.. and the dimensionless variables X = % and

T = % equations (2.1) and (2.2) become:

14
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i = 19V
Cm v \V4 91
_ o1
o7 T T T AX (2.4)

The steady state solution, V(X,«), for these equations
i.e. for t >> 1, when a current of amplitude I 1is applied

to an infinite line is:

For the case of a short cable of length 2% terminated
by infinite impedances and where the current is injected at

the midpoint, the solution is:

cosh (L-X)
oi sinh (L)

V(X,») = !2:—)\17 (2.6)

The time-dependent solutions for these two cases are

respectively:
_ Ix [’—x X X X ]
V(X,T) = T r_;le Terfc {35 /T} - e“erfeclsgy + /T}
(2.7)
where erfc 72 =1 - erf Z and erf, the error function is
defined by
2 2
erf Z = %% f e ”  duw
0
(see Hodgkin and Rushton (2))
and
I > .- (2nL+X) (2nL-X) T
V(X,T) = “f Yoy g e erfc{ 2/——— - YT} |
I > [ - (2nL+X) (2nL+X) ]
2 roi g _e erfc{——z—J,I-\——— + /T}_
I - [, (2nn-x) (2nL-X) _ /=)
g Yos Dle exfo (L5 - /T
1y o [ ann=x) . (2nL-X B
7 Vol Z e erfc{— 275_“ + VT} (2.8)
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(see Hogg, Williams and Johnston (3)).

In Figure 2.4 the profiles of the voltage responses
along non-inductive leaky cables for different L values
(equations (2.5) and (2.6)) are shown. It can be seen that
the attenuation of the voltage response is strongly dependent
on the value of L. The physical basis for this behaviour
was presented by Hogg et al. (i). They considered the case in
which the finite line is terminated at X = *L by infinite
impedances, i.e. the cell nodes. Any power incident on these
terminations is reflected with a phase change of 17 and no
power is absorbed. Thus at any time the resultant voltage
response at any point X can be found by summing up the
contributions arising from these doubly infinite reflections.
The reflection patterns are shown in Figure 2.7, From these
it can be seen that a reflected signal will be identical in
all respects to the signal in an infinite line which has
passed through a distance equal to the path length of the
reflected signal. Hence V(X,T) will be the summation of
the values of V(X,T) for an infinite line at distances X,
2L-X, 2L+X, 4L-X, 4L+X, ceer oo These distances can be

arranged in two sets:

set A = S(2nL + X) n=20,1,2,.... (2.9)
set B = S(2nL - X) n=1,2,3,.... (2.10)
where S indicates a succession. Any one term of set A

will contribute to the potential an amount V_ =f|(2nL+X),T]
and similarly for set B V, = f]|(2nL-X),T| where f(X,T)

is the value of V(X,T) for the infinite line.
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The total voltage response at X is then

V(X,T) = I f| (2nL+X),T| + T f| (2nL-X),T|
o o

which on substitution of the known value of £(X,T), from
equation (2.5), becomes equation (2.8). It should be noted
that the same result can be obtained by using operational

calculus to solve equations (2.3) and (2.4) (Hogg (4)).

2.3_ The Cable Model for the Characeae

In the previous section it was shown that the electrical
behaviour of an infinite line differs from that of a short
cable. In the former the steady state voltage response de-
creases exponentially whereas in the latter the attenuation
is much less marked. The factor which determines whether a
cable can be regarded as infinite or otherwise is the ratio
/A = L. For nerve fibres X 1is only a few mm. in the
resting state and the assumption of an infinite cable model
is valid even for fibre segments of a few cm. In the

Characeae )X 1in the resting state is about 3 cm. and even

12 cm. long cells will behave as short cables.
Thus the signal response to an applied current will

differ between a nerve fibre and a characean cell. The

differences in the steady state value, i.e. V(X,») are
shown in Figure 2.4. It is also to be expected that the
time dependent solution, V(X,T), will be different for

the two cases. The ratio o = V(X,1l)/V(X,~) which 1is the
fraction of V(X,*) reached by V(X) at time t = 1 gives

an indication of the time dependency and can be used for
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the computation of r. Hodgkin and Rushton (2) computed
this ratio for nerve fibres. They found that this ratio
has the value of Q.824 at X = 0. Hogg et al. (3) computed
the same ratio when both X and 1L are varied (see Figure
2.5). From this figure it can be seen that (i) as L - «
and X > 0, o +0.824, (ii) as L » «® agand X > L, o ~> O
and (iii) as L » O, o »0.632 for any value of X. Thus,
whereas for nerve fibre o depends only on X, in the

Ccharaceae this ratio is a function of both X and L.

The above conclusions are based on computations made

on the assumption that the characean cells have terminations

of infinite impedance. This, however, is not the only
possibility. If the cells were finite cables terminated

by their characteristic impedances, all the incident power
would be absorbed by these terminations and the cells would
behave in an exactly similar manner to nerve fibres. In
order to elucidate which of the two models is vaiid Hogg

et al. (3) compared the predicted V(X,T) for both models
with the experimentally recorded V(X,T). There is a re-
markable fit between the experimental curve and the theoretical
curve for the infinite impedance termination model but a péor
fit for the model in which cells are terminated by their
characteristic impedance. However, direct measurementé of
the trasnodal impedance (Spanswick and Costerton (5),

Bostrom and Walker (6) and Skierczynska (7)) predict low
values for this parameter. This agrees with the observed
translocation of C& through the cell node, Williams and
Fensom (8), Bostrom and Walker (6). However, it has to be
emphasiscd that these experiments were performed on nodes

with intact cells on both sides. It might be expccted that
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the nodal resistance would increase substantially when one

of the cells is removed. This premise has however never been
directly tested hitherto. Part of the present work was
devoted to these particular measurements and this is dis-
cussed in Chapter VI. Briefly, these experiments support

the model in which the terminations present infinite im-

pedance to the flow of current.

2.4 D.C. Experimental Techniques

Broadly speaking there exist three different technigues
for the measurement of the membrane electrical parameters

of the Characeae. The differences are mainly centred on

the method of supplying current to the cell; current can

be supplied intracellularly, extracellularly or through an open
vacuole. But whichever method is used it is usually possible

to devise an experimental arrangement in which cable effects
are largely minimised. This of course ensures more speedy

computation of the results.

a) Intracellularly applied current

If current I 1is injected through a point microelectrode
inserted at the midpoint of the cell, then equation (2.6) gives
the expression for the recorded voltage response. Williams,
Johnston and Dainty (9), computed the membrane resistance

and capacitance of Nitella transluceus using this equation and,

as they showed, there are two unknowns A and rg ;. Thus 1t
was necessary to record the voltage response at two values of
X in order to dctermine r,- The membrane capacitance was

computcd from the voltage responsc recorded at a point X

close to the current elcctrode. As shown in Figurce 2.5 the
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electrodes located in the lateral compartments will also be
located in the cellvacuole. If the central compartment is
short enbugh the assumption of a s%ngle RC circuit will be
valid. The electrical constants can then be determined
from the response to a square pulse of current flowing
between the lateral and the central compartments. Thus in
this technique there is no microelectrode perforating the
membrane. This could of course give a value for the mem-
brane resistance which is different from that obtained in
the methods using a perforating microelectrode. This is

discussed further in Section 2.6.

c) Extracellularly applied current

In this case the cell is mounted in a multicompartment
cell bath and the current is then made to flow from one
segment to another, through the cell membrane and the cell
sap. The method, which is a short cell method, was devised
so that the cable effects could be minimised. 1Initially the
membrane resistance was determined by a Wheatstone bridge
arrangement and without any internal voltage recording
electrodes, e.g. Kishimoto (14). Later Oda (15) used a
three compartment cell bath and internal voltage recording
microelectrodes. He assumed that the central céll segment
was short enough to be considered as a single RC circuit
but the actual dimensions of this segment were not reported.
lHe supplied a steady current from one of the side compart-
ments and a train of square current pulses from the other.
In this way he computed R, and C, for different valucs

of the membrane potential. However Kitasato (16) stressed
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the need for symmetry in the current supply, 1.e. the same
current should be fed from the two lateral compartments.
This ensures a better space clamping of the membrane potential.
It is now necessary to discuss the form of the change
in membrane potential, V(X,T), obtained in the different
modes of current injection. It should be noted that the
form of V(X,T) will be the same for both the open vacuole

technique and for the techniques of external current injection.

2.5 The Forms of V(X,T) for the Different Modes of

Current Injection

(1) Point current injection.
This was the case considered by Hogg et al. (3).and
*

shown in Figure 2.7. The algebra required for writing

V(X,») in the form of equation (2.6) is now reproduced:

Tor T = erfc(eo) = 0 and erfc(-») = 1.

Thus V(X,«) has the following form:

VK, =) = IMr .| T e-(2nI4X) 4 3 e—<2nL—X>; :
4 o1 0O 0
If n = n+l in the second summation, V(X,») becomes
v, w) = IMp | ¥ e=(2nI#X) 4 3 - (2(nt1)L-X)
’ 4 o1 0
= Ir . | 5 o (-2nL+L-L-X) e(—2n-L—L+X)|
4 o1 o

I - (T — ©
= =7 rOi[(e(L X) + e (L x)) g o (2n+1)L |
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Note: Equations (2.6), (2.11) and (2.12) can also be obtained

by appropriate solution of the cable equations (2.1) and (2.2).
Differentiating equations (2.1) and (2.2) and considering

steady state conditions, 1i.e. av/BT = 0, gilves:

X292y 22321

The solution of these equations are:

V (X) = A cosh (X) + B(sinh (X)) (2.13)
I(X) = “BA cosh(X) - B2 sinh(X) . (2.14)
Yrm 'm

For case (1) the following boundary conditions apply:

At X =0 I(0) = I1I/2, I being the injected current.

At X = L I(-L) = I(+L) = 0.
Irp, . S
Hence B = - % and A = -B/tanh (L) which upon substitution

in equations (2.13) and (2.14) give:

Ix cosh (L-X) _ V(0O)cosh (L=-X) for

VX)) = =5 Yol sinh (L) cosh (L) O X<L
or
v(X) = v(0) cosh(L+X) for -L<x<O
cosh (L)
Similarly for case (2) the boundary conditions are
I(L) = O and I(-L) = 1.
Thus A = Irp/2\sinh(L) and B = -A tanh(L) which upon sub-
stitution into (2.13) and (2.14) gives:
_IXx cosh (L-X) _ cosh (L-X)
VIX) = 73 Toi Sinh(2L) VL) SSen(zT)
For (3) the boundary conditions are: I(0) = O and

I(+L) = +I/2. Thus B =0 and A = Irpy/2 and
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_ I cosh (X) _ - cosh (X)
VXY = S ro seRn VIEL) SenEy -

The profiles of the membrane voltage response in each
case are shown in Figure 2.10. Symmetrical current injection
(Vl and V3) produces a better space clamping of the membrane
potential than asymmetric current injection (curve Vo). The
actual numerical values reproduced in the figure correspond

to a cell segment of length 1 cm and A = 2 cm.

2.6 The Measurements of Rm and Cm

With efficient space clamping the membrane resistance
and capacitance can readily be computed. This is also true
in the point current injection method, where the clamping
is poor, provided the 0.42L technique is used. It will now
be shown that this same technique can also be used with
symmetric external current injection.

Equation (2.12) can be rewritten as

27ag VI-X) = 2pq¢ fm cosh(L-X)
I 2)X  sinh (L)
thus  R!(L-X) = KRy

where R (L-X) is the resistance measured when the voltage
is recorded at the point L-X and K is the factor shown
in Figure 2.6. Thus the uncorrected resistance Ry will
be equal to the corrected resistance if the voltage response
is recorded at the point L-X = 0.42L, i.e. X = 0.58L.

The membrane capacitance can be computed from the values
of the time constant 1 = e can be obtained by

n

measuring the time required for V(X,T) to acquire a valuce
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They compared the values of the resistance obtained by this
method and the values obtained by the conventional micro-

electrode technique. The resistance of Nitella flexilis

was higher when measured with the open vacuole technique
In some cases the open vacuoleresistance was twice the
value of the resistances obtained by conventional micro-
electrodes. They point out that external recording elec-
trode methods p?edict higher resistance values than micro-
electrode methods. They cénclude that the open vacuole
technique measures more faithfully the membrane resistance

of the Characeae.

In order to assess the effect of perforation on the
membrane resistance, part of this work is devoted to the

determination of the ratio

Ra  resistance before perforation
Ry resistance after perforation
in Nitella translucens. Such experiments are described in

detail in Chapter 7. Their results indicate that the re-
sistance recovers its original value one hour after insertion.
Asymmetric external current injection does not have the
advantage of a complete space clamping, but a virtual space
clamping can be obtained for reasonably short cell segments.
There is of course the necessity for one perforating micro-
electrode but the perforation by such an electrode is un-
likely to cause irreversible damage of the cell membrane.
It is indeed the simplest technique of all, requiring no

metal microelectrodes (sce Chapter V) or special bathing

solutions.



_SO...

Kishimoto (21) states that it is convenient to use an
internal electrode in order to eliminate the tangential flow
of current along the membrane. Cole (22) had suggested that
such a current flow might possibly introduce a surface capa-
citance. Taylor (23), however, stated that this possibility
has been ruled out by the results of Taylor and Chandler in
their measurements on squid axon membrane where both internal
and external electrode methods predicted the same kind of
membrane behaviour.

The limitation to the use of symmetric external current
injection depends on the value of A. A decrease in the value
of A reduces the effectiveness of the technique and such
a reduction occurs during the action potential. However, it
has been shown that for Nitella (Kishimoto (24, 25)) and

Nitella translucens (Bradley (26)) the membrane resistance

decreases by not more than a fivefold and the space constant
will therefore decrease by not more than V5 of its resting
value. Thus the external current injection technique will
still be perfectly adequate if used in conjunction with the

0.42L technique. For Chara Brauni (Oda, (27)) the space

constant decreases to one tenth of its resting value. 1In

this case external current injection can still be used but
shorter cell segments would be required. It should be mentioned
that there could be states of the Nitella membrane where its
resistance attains very low values, e.g., Coster (28)

observed that when the Chara membrane is hyperpolarized it

goes through a region of very low resistance. This is the

punch-through effect.
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has been assumed to be small because of the closeness of the
factor ¥ to unity at X = 0.42L for most values of L. A
quantitative estimate of this error is presented in the next

chapter, where the possibility of extending this technique to

A.C. measurements is considered.
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CHAPTER ITII

A.C. CABLE THEORY AND MEMBRANE IMPEDANCE MEASUREMENTS

In the previous chapter it was shown how measurements of
the membrane resistance and capacitance can be made with the

divect anrveut
use of AD.C)) It was also shown that without very good space
clamping of the membrane the Cm values will be less accurate
than those of Rm. This was first pointed out by Cole and
Curtis (1). The difficulty that arises is in V(X,T) which
has a form given by the error function and which is almost
indistinguishable in the oscilloscope trace from a simple
exponential form; thus the rise time of the simple RC circuit
is easily confused with that due to cable effects. Cole and
Curtis (1) advocated the use of A.C. methods for the deter-
mination of the membrane capacitance as a better alternative
to D.C. methods. Since then A.C. methods have been uséd to
advantage in many instances. Taylor (2) studied the behaviour
of the membrane dielectric constant and went on to consider
its implications for membrane structure. Kishimoto (3) and
Skierczynska, Zokniercznk and Bulanda (4) found that the mem-
brane impedance measurements could not be explained by assuming
a simple RC circuit model for the element YAx and proposed
a combination of parallel or series RC circuits. Coster and
Smith (5) studied the membrane impedance responses to A.C.
of low frequency. They concluded that R.m and Cm are both

frequency dependent. If Cm is frequency dependent then A.C.

methods would be the only means of providing meaningful measure-

ments of this parameter.
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In A.C. studies the cable behaviour of the cell has again
to be taken into account in any experimental technique which
is developed. Of the A.C. techniques which have been employed
to date the one using a long axial electrode has been most
favoured and this has allowed for the simple computation of
Rm(w)+ and Cm(w). An analysis of A.C. cable theory shows
that the 0.42L and external current injection technique can
be used to advantage in A.C. studies. This analysis involves

the time dependent solution of the A.C. cable equations.

[}w = 2nf, £ being the A.C. frequencyuj

3.1 The A.C. Time Dependent Solution of the Cable Equations

From Figure 2.3 it can be seen that equation (2.1) can be

written as

b=t

i(ro+ r) (3.1)

where"f is the A.C. current input and V the corresponding

voltage response. Similarly equation (2.2) becomes:
oI _ V¥ (3.2)
ox A
where 2z = rm/(l + jwcmrm) is the impedance times unit length
length of the membrane and Jj = v/-1l.
The complex space constant,' Ac' is given by
. -1 Z
2 = A2 (1 + Jwt ) = —
c m L
Defining X_, = x/>\c and L_ = R/Ac and differentiating
equations (3.1) and (3.2) gives:
27V = v and @ii = T
9 Y = . =
9XZ, 9X2
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The solutions of these equations are

_ -X X
A4 = Ae ¢ + BeC (3.3)

-X Xc
— C
I = Ce + De . (3.4)

Using the condition

3T = v Ae
0Xe z
then -C = A Kc/z and D = Blc/z .
Thus
Ao X AP o8
I = -A—= e + B — e .
z Z

For the case of midpoint current injection the boundary

conditions are:

At x =0 T(xc) = I/2 and at x =& I(X)) = O.
2L
I z e ©
Thus A = 5 Ac 5T
(1-e )
— 2L -1
- 1z - c
and B = 3 3 (1 e ) .
c
Substitution in equation (3.3) gives
- 2L =X X
S T z |le © € 4+eF€
vV o= 3 >
‘e |1 - e“bc
= cosh(L_ - X )
.¥ = 3 c___C 3.5
++ V7 2% Yoi Tsinn(ny) (3.5)
= jwt

where I can be expressed in the form I = Ie
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3.2 A.C. Time Independent Case

If it is assumed, as did Williams, Johnston and Dainty (6),
that Rm is independent of frequency then Cm can be computed
from the expression for the amplitude of the voltage response
V. This amplitude can be obtained as follows:

Rewriting equation (3.5) as

_ = Jowt
VvV = Ie Aroi cosh (p (L-X) ) (3.6)
2p sinh (pL) *
; .
where p = (1 + jwt)?* = ceJd
2.2\ % _ 1 -1
and c = (1 + w°t*) and d = 5 tan “(wT) . (3.7)
Thus v = I Aroi cosh(cejd(L—X)) ej(wt-d)
2 ¢ sinh(cejdL)
1 Toi l:l:coshl:c(L-X) (cosd + jsind)]} ej (wt-4d)
2 © sinh[cL(cosd + jsind)]
Writing
c(L-X)cos d = q, c(L-X)sin d = s )
) (3.8)
cL cos d = m and cL sind= n )
then
[ﬁosh c(L-X)tos 4 + ] sin d)] _ cosh(g + js)
[éinh cL(cos d + J sin d)] sinh(m + jn)

cosh g cosh js + sinh g sinh js
sinh m cosh jn + cosh m sinh Jn

cosh q cos s + j sinh g sin s
sinh m cos n + jJ cosh m sin n

which on multiplying both numerator and denominator by

(sinh m cos n - j cosh m sin n) becomes
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cosh q sinh m cos n cos s + sinh g cosh m sin n sin s

+ J(sinh g sinh m sin s cos n - cosh g cosh m sin n sin S)

sinh’m cos?n + cosh? m sin? n

which has the form ael? Where

6 = tan_l {sinhq sinhm sins cosn - coshqg coshm sinn cos S5
coshg sinhm cosn coss + sinhg coshm sinn sin s
and : (3.9)
=((cosh g sinh m cos n cos s + sinh g cosh m sin n sin s)?2 %
+ (sinh g sinh m sin s cos n - cosh q cosh m sin n cos s)?

sinh’m + sin? n

sinh?q + cos?’s
sinh?2m + sin®“n

%

. A = | )

Finally equation (3.5) can be written as

AY . .
oi sinh?®q + cos?s|%
C sinh?m + sinZ2?n

5 I
vV o= 3 cos(wt - 4 - 8) . (3.10)
The amplitude of equation (3.8) is then

IAr sinh?q + cos?s|? (3.11)

VoS 2(l+w2T2)% sinh’m + sin®n

This expression was used by Williams et al. (6) to compute
the value of Cm. They measured the amplitudes of the voltage
responses at two known distances from the current injecting
electrode. From the ratio of these amplitudes and the values
of Rm and A , obtained from D.C. measurements on the same
cell, they calculated the membrane capacitance.

There are some obvious disadvantages in this approach:
(a) two internal voltage recording electrodes are required,

(b) it is necessary to compute the values of R and A

from D.C. experiments, (c) equation (3.11) has to be solved
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numerically by a tedious trial and error method. These dis-
advantages can be circumvented by short cell methods. The
length of the cell segment for which A.C. cable effects can
be safely ignored can be computed with the aid of equation
(3.11). This was first done by Skierczinska et al. (4) who
considered the voltage response at x = O in which case

equation (3.11) becomes

v = I
vV = 5 AC roi(coth(Lc) .

These authors stated that coth(Lc) = 1 for a 1 cm. segment

of Nitellopsis obtusa when used in a frequency range from 20

to 1000 Hz. The numerical behaviour of this factor is not
however reported. It will be recalled that Hogg, Williams
and Johnston (7) found a similar factor in their D.C. measure-
ments and its numerical behaviour allowed for the development
of the 0.42L technique. It should be possible to adopt a
similar approach in A.C. studies. However, it must be noted
that in the event of Rm being frequency dependent the D.C.
value of R.m and A can no longer be used for solving
equation (3.11). Moreover equation (3.11l) cannot be solved
alone since it involves two unknowns,> Rm and Cm' A second
physical condition'relating R.m and Cm is therefore re-

quired. The most obvious relationship comes through the

phase angle.

3.3 The Phase Angle of the A.C. response

Equation (3. 11) is of the form

il

V(X,t) V cos (wt + ¢)

where the phase angle ¢ = 6 - d and 6 is given by expression
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(3.9). This can be rewritten as:

p = tan L - | cosh(g+m) sin(n-s) + cosh(q—m)sin(n+s)j

sinh (m+q) cos (n-s) - sinh(g-m)cos (n+s)

Defining L' = ¢cL and X' = cX and using equations (3.38)

-9 = ta -1 CQSh(ZL'“X')COSd)sin(XSind) + cosh(X'cosd)sin(2L'-X')sind)
sinh (2L'-X"') cosd)cos (Xsind) + sinR(X'cosd)cos(2L'-X"')sind)

(3.12)
Similarly equation (3.11l) becomes
AY . 2 2 %
v = I oi . sinh? ((L'-X')cosd + cos‘ (L'-X"')sind (3.13)
(1+w?T2)* _sinhz(L'cosd) 4+ sin? (L'sind)
Finally
V(X',t) = V(cos (wt - (%tan-l(wr) - 0)) . (3.14)

3.4 Special Cases of V(X',t)

It is of intrinsic interest to consider the effect on
V(X',t) of imposing limiting values on the various parameters
because it allows comparison of V(X',t) with known solutions

and thus corroborates the general expression.

a) The D.C. steady state case (w = 0)
In this case equation (3.14) becomes

1
sinh? (L-X) + 1}°

I
Vo= 3 A sinh“L cos (8)
I cosh (L-X)
= 3 Mg Tsinh L cos (0)
But 8 = O in this case and the above equation is then the

same as equation (2.6).
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It is the parameter L'

length

29

case for an infinite 1line

(L » o)

rather than the actual cell

which determines whether the cable approaches an

infinite line; L' will increase its value when either

A > O

or

w > o©

Equation (3.13) can be written as:

A

r .
Ol

L
(L+w272)?

X

A

-(L'-X"cos g.?2
e

)

+ cos’(L'-X')sin 4

(eL'cos d

l:(e (L'lX') cos d _

r .
.01

T
(l+w2T2) 4

-L'cos 4. °
e

- ' - L - L]
2X cosd+ o 2L cosd+ o 2L'cosd

)

+ sin? (L'sin 4)

cos? ((L'-X')sin d)

,: e

- 1
V.= 3
Pt I.
5
X

If L » o

\Y

1 +

then
AT

I
9 Y
2 (l+w?T?)?

Similarly writing

® = -tan

(

1

(e

X'cosd+ e-X'cosd

™ 1yt - 1t
e(2L X )cosd+ e( 2L'-X"'")cosd

-4L'cos d -2L'cos d
e + e

oi e-x'cos d

)sin (X'sind) +

)sin ((2L'X"')sind)

S

in® (L'sin 4)

(e(2L'—X')cosd_ e-(2L'—X'cosd

Thus as

0

LI

X'cosd -X'cosd
e - e )

(

and L'-X' » o

tan_l(tan X' sin 4)

cos ((2L'-X")sind) _

Xl

ycos (X'sind) +

sin 4

/

T
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Thus the time dependent solution for A.C. in an infinite line
is:

AY ! -
V(X',t) = - ol e X COSdcos(wt - LYtan l(wr)

L
(l+w?72)*

- X'sin(%tan—l(wT)) .

c) The A.C. casévfor a ‘'short cell (L' -» 0)

Equations (3.12) and (3.13) are the expressions from
which the numerical values of Rm and Cm have to be com-
puted. These expressions are formidable and do not allow for
ready and easy estimation of Rm and Cm' Clearly it is
desirable to avoid such cumbersome computations and this can
be achieved by using a short cell method. For this method
to be a viable proposition it is necessary, as it was in the
D.C. case, to examine the numerical behaviour of V(X',t) in
order to determine the optimum length of the cell segment.
For a short cell L' - O and V(X',t) should approximate in
some way to the equivalent expression which would be obtained

for the circuit

1

ry >

R
R 1
s ]’ m where S = area of segment.

\ &

For such a circuit the impedance is given by

1 S
At C_S
7 R 1 *m
R _ . -1
or 7 _ _érg (1 + w21?) % e~J] tan (wT) )
_ I R (l+w?t2) 3 eJ'(wt—tan_l(w'r)
v = iZ2 = — m

S
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V(X,t) =  Re (V)

IR -1 -1 ‘
and V(X,t) = s“‘(1+u212) ‘cos (wT = tan ~(wT)). (3.15)

It is now necessary to express equation (3.14) in a form
similar to equation (3.15) and to see if it becomes equation
(3.15) as L' - oO.

Equation (3.13) can be rewritten as

r I4nr
m

Vidnxr, = 1
2\ (1+ w?t12)?

1
9 (1+w2‘r2)4 0 sinh2((L'—X')cosd)+cosz((L'—X')sind)
' sinh® (L'cosd) + sin(L'sind)

v = - K1
S(l+w?T1?)?

L v |sinh? ((L'-X')cos d + cos ((L'-X')sin d)
where K1 = L [ sinh2 (L'cos d) + sin(L'sin d) (3.16)
Similarly -¢ = % tan L(wt) + 6 = tan ! (wr)K2 (3.17)

-1
where K2 = <tan =~ (wt) + 26 . (3.18)

2 tan-l(wT)

Thus
I Rm K1l

V(X',t) = - cos (wT - tan_l(wT)KZ)
S(l+w*T*“)

Hence equation (3.14) becomes equation (3.15) as K1 and X2 - 1.

Rewriting K1 as

sinh? ((L'-X')cos d + cos? ((L'-X')sin 4

2 4 sinh? (L'cos d) + Sin?d sin®(L'sin 4)
cos L? cos?d L'“sinz2d

Kl =

it can be seen that K1 » 1 as L' » O. Similarly from

-1 ,X'sin d + 2L'sin d - X'sin d)
0 = tan (2L'cos d - X'cos d + X'cos d
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it can be seen that K2 ~1 as L' » O.

Thus V(X',t) approaches the form corresponding to a simple
RC circuit when the cell length is reduced. The approximation
of a short cell segment to a single RC circuit depends ulti-
mately on the numerical values of factors K1 and K2. It
should then be possible to obtain a quantitative estimate of
the accuracy in the Rm and Cm values when a given segment
is treated as a short cell. It is also convenient to see if
the factors K1 and K2 behave in a similar way to the
factor K 1in the D.C. case. This would allow for the extension

of the 0.42L technique to A.C. studies.

3.5 The Numerical Behaviour of V(X',t) = Vcos (wt+d)

In this work external current injection is used and the
numerical computations were performed on the equations corres-
ponding to this case. In Chapter II it was shown that the
equations corresponding to symmetric external current injection
can be obtained from the equations derived for midpoint current
injection by the simple expedient of substituting X = X+L;
in the present A.C. case the appropriate substitution is
X' = X' + L'. Thus equations (3.12), (3.13), (3.16) and (3.18)

become

[N ad

_ I>\roi sinh? (X'cosd) + cos? (X'sin 4d) (3.19)
Vo= z(lszz)% sinh® (L'cos d)+ sin® (L'sin d) .

(cosh((L'-X')COSd)Sin((X'+L')Sind)

-1 +cosh ((X'+L') cosd)sin ((L'-X')sind)
O = -tan sinh ((L' -X")cosd) cos ((X'+L7j sind)

+sinh ((X'+L') cosd)cos ((L'-X')sind)

(3.20)
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] 2 ' 2 o d
K1 = 1,' |Sinh®(X'cos d) + cos®(X'sin d)
sinh2 (L'cos d) + sin®(L'sin d) (3.21)
-1
K2 = tan f?ﬂ + 26 (3.22)
2tan ~(wT)

In the following computations the numerical values of
R+ C, and 1A are assumed to be 20 KQ x cm?, 1 uf/cm? and
em

2Arespectively. These are typical resting state values for

Nitella translucens.

a) The space clamping behaviour

The profile of the amplitude of the voltage response
(equation (3.19)) along the length of the cell can be expressed
in terms of the response at points X' = *L', in a similar way
to that shown in Figure 2.10.

Substituting X'=L' in equation (3.19)

Y

%

v = I oi sinh? (L'cos d) + cos?(L'sin 4d)
5 T -
L 2 (1+w?1?)* |sinh?(L'cos d) + sin?(L'sin d)
sinh? (X'cos d) + cos? (X sin d’ E
V=V, (3.23)
sinh? (L'cos d) + cos?(L'sin d)
The profile of the voltage response V(X',t) can be
expressed in terms of the amplitude VL' and the time
t' = ¢(L') /w, this being the time at which v,' is attained:
%
— B sinh? (X'cosd + cos? (X'sind)
VX', t'=¢ (L") /w) = L'{sinhY(L'cosd) + cos® (L'sind) | cos (¢=¢ (L"'))

or, substituting for ¢(L'),

5
=, o, o B sinh (X'cosd) + cos (X'sind)
VX', (L") /w) = VL'{sinh (L'cosd) + cos (L'sind)] 8

cos [O _ tan-l [sin(ZL'sind) ]] (3.24)

sinh(2L'cos A4
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behaviour of factors K1 and K2 defined in Section 3.;. The
behaviour of K1 is reproduced in Figures 3.7 and 3.8. Figure
3.7 shows that for a given segment length (1 cm) K1 behaves
in a similar manner to the factor K in D.C. studies (f = 0
in this figure). Figure 3.8 shows that for a given frequency
(10 Hz) and different ¢ values, Kl 1is again close to unity
at X = 0.58L. This indicates that the 0.42L technique can be
extended to measurement of the amplitude of the voltage res-
ponse to A.C., with its accuracy being a function of the A.C.
frequency.

Since the phase angle -¢ = tan_l(wT)KZ it seems reason-
able to perform a similar analysis of the behaviour of K2.
However the main interest is not the phase angle but rather

the membrane time constant 1. Thus an expression of the form
-tan ¢ = wt K3

will be considered, i.e. the relationship between the ex-
perimentally measured value of tan¢ and the corresponding
membrane parameter T.

Equation (3.17) can be written as -(¢+¢') = tannl(wt)

where ¢' = ¢(z5 - 1). | (3.25)
Thus wT = - tan {i f tzgi'{zig?J .

Therefore K3 can be defined as:

_ |1 - tan¢ tang'
K3 = [l + tand'/tang (3.26)
From equations (3.17) and (3.23)
-1
-4 = tan—l(wr) {tan f?T) + 26] (3.27)
2tan T (wT)
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and from equations (3.25) and (3.22)

-1
-4 = ¢ tan_l(wT) - 26 . (3.28)
tan ~(wT) + 26

Substitution of equations (3.27) and (3.28) into equation (3.26)

gives:

1-tan ((tan"T(wt))/2) + 68)tan((tan Y (wt))/2 - 8)

K3 .
l1+(tan((tan l(wT))/2 —6))/tan((tan_l(wT))/2 + 8)
To check the validity of this definition of K3 the value
tan—l(wT) .
6 = > , i.e., the value of 6 when L' = 0O, can be
substituted into this expression. 1In this case the expression

becomes unity which is what would be expected for a single RC
circuit.

The numerical behaviour of K3 is shown in Figures 3.9,
where £ =1.0 cm and 3.10, where ¢ = 10 Hz. It will be noted
that the behaviour of K3 is more complex than that of KI1.

As frequency increases a singularity appears just ahead of
X = 0.58L. Nevertheless it is clear that around X = 0.58L
K3 has a value near unity.

The behaviour of K1 and K3 in the vicinity of X = 0.58L
shows that the 0.42L technique can be used for measurements of
both the amplitude of the A.C. voltage response and its time
constant. The accuracy of these measurements for a given segment
length, range of frequencies, and point of recording can be
estimated from the departure of the numerical values of K1
and K3 from unity. However the accuracy in the computed values

of Rm(w) and Cm(w) is not so readily obtained. 1In this case
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both K1 and K3 have to be used for the computation of each

parameter.

3.6 The Accuracy of the Computed Values of R.rn and Cm

Rm(w) and Cm(w) can be computed from the following

expressions:
Resistanc f th Rp KL
A = e of the cell segment _ m
L
Area of the cell segment (l+w?7?)
and
B = -tan_l(phase angle) = meCm K3

where A and B are experimentally measured quantities.

Writing
A Rm B
HzA'f‘(SA: ;andI—(—§=B+cSB=wT
(l+w27?) 2
1 1 )
where 6A = A(EI - 1) and 6B =E5(f§ - 1) it can be seen that

the deviation of K1 and K3 from unity is reflected aé an
error in the values of A and B. A and 6B arise from
cable effects. They will be zero for a single RC circuit or
for cases in which cable effects can be neglected, i.e.,

Kl = K3 = 1. In these cases

L
- 2y % -
Rm = A(l + B“) and Cm = B/me . (3.29)

The deviations in the values of R.m and Cm produced by
cable effects are then given:

IR
m

% A -1
5Rm T '3 (cable effects) (1+B%) *sa + 5 (1+B°) “2B¢B

SR = SN S S (°% ) M S
Rn = Rm| k1 (I+wn) 7)) 'K3
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Similarly
m d (cable effects) wR wR_2 m
m m
B 1 B O
- o Y @R
m m R
y = (Lo 1 I S|
.8 = Cp L}KB l)(IiTB?TT) (1 1)]
SR §C
The quantities M x 100 = e and My 100 = e
. R Co C

are the percentage errors introduced by the assumption of a
single RC circuit. Their values will be a function of the
segment length, point of voltage recording and the A.C. fre-

quency. The values of e and e

R C along the cell segment for

different values of & and f = 10 Hz are shown in Figures

3.11 and 3.12. It can be seen that, as expected, er and ex
attain near zero values in the vicinity of 0.58L. The values

of en and ec along the cell segment for different values

of f and a cell segment length of 1 cm. are shown in Figures
3.13 and 3.14. Again both parameters are near zero at X = 0.58L.
eRissirongly dependent on frequency, as indicated by the in-
creasing slopes in the curves with increasing frequency. At
0.58L er is zero for any frequency but because of the very

steep slopes of the curves for frequencies bigger than 100 Hz

it is imperative that the point of recording be precisely located
at such frequencies. On the other hand the values of e
around O.58L are remarkably small over a wide region around
0.58L and a wide range of frequencies.

In conclusion it can be said that using symmetric current

injection in a short segment of Nitella translucens introduces
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remarkably small errors in the computation of Rm and Cm
for a frequency range of O to 100 Hz if the O.42L_technique
is used. This latter technique also allows for the use of
larger segment lengths at low frequencies.

The above computations and conclusions were made assuming
the values R_ = 20 kQ cm?, and Cy = 1 uf/cm? for any value
of the A.C. frequency. Coster and Smith (5) reported that

in Chara Cp can increase its value twofold at low fre-

quencies. They also reported that R, can decrease to one
quarter of its value at £ = 100 Hz.

All the expressions considered above depend on C
though the factor (l+w2T27%. Since changes in the values
of C_. occur only at low frequencies the factor 1+(wm) ?
will be only very slightly affected by this C,; dependence.
For instance, theé more marked w dependence of C, re-
ported by Coster and Smith occurs at 5 Hz. In this case
wt = 0.1 and (l+w2T2)_% ~ 1. The dependence on Cp of
the terms sin d and cos d, where d = % tan"l(wr) is
also very small for the range of frequencies in which Cp
varies.

Changes in the values of R, will affect the above
computations not only through the value of 1t but also
through the value of A = Vr/rgi. Decreases in the value
of R, occur over a wide range of frequencies and also during
the excited state of the membrane. The values of e and ec
in these two cases could be different from the values shown

in the previous figures.

The effectiveness of space clamping in A.C. studies

Q,Vroi

depends on the value of L' = (l+w272) 7% . Reductions
I'm
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in the value of r, Wwill decfease L' Dbut this will be
compensated by increases in (1+w212)‘%. For instance for
wt >1 L = 2/?;; (w’t)% which is completely independent
of the value of ry,.

The effect of the reduction of a resistance value Ry
to a resistance value R, oOn eRf(O.58 + 0.02)L') and
e~ (0.58 + 0.02)L') are shown in Figures 3.15 and 3.16.
It can be seen that even for a tenfold decrease in the
membrane resistance and an A.C. frequency of 100 Hz these
errors are still acceptably small. This indicates that
external current injection plus the 0.42L technique is
perfectly adequate for A.C. studies in the frequency range

O to 100 Hz. Furthermore it can be extended to A.C. studies

of the excited state in the same range of frequencies.

3.7 Discussion

Coster and Smith (5) have pointed out that Cy (w)
measurements require the use of a long axial electrode, an
independent voltage recording electrode and very accurate
recording equipment. These authors could resolve amplitude
values to 0.1% and phase angles of 0.01°. It is interesting
to compare the error in the R, and Cm values introduced
by this technique with the errors introduced by cable effects
in the technique used in this present work.

Differentiation of (3.29) vyields

_ dAa B® dB
Fn = Pnzx 7 mimrn

and
gac. = ¢, & + c_ dRp
m B R_m .
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In this case Q%. and Qg are the recording errors in
A and B. 1In the work of Coster and Smith dA/A = .001
and dB/B = tan(.000l)/tan(0.04) for 1 < £ < 10 Hz. Sub-

stitution of these values in the above equations show that

dR, ac
R, X 100 = 0.1% and Cz

magnitude to e and ec. Hence there is insufficient

x 100

1

0.1% which are of similar
experimental resolution to distinguish between measurements

performed with the long axial electrode and those employing

the present technique in the frequency range O to 10 Hz.

3.8 Conclusions

The solution of the cable equations for A.C. current
has been presented. It was found that the exact solution
can be expressed as the solution for a single RC circuit
multiplied by certain factors. The numerical behaviour of
these factors indicates that the 0.42L technique can be
extended to A.C. studies.

A guantitative estimate of the errors in the R and
C values introduced by negleéting cable behaviour in

m

Nitella translucens has been presented. These errors are

reasonably small if the 0.42L technique is used. If, in
addition, a short cell segment is considered these errors
are in the range of the experimental resolution at low
frequencies.

It should be pointed out that the method favoured in
this work could be used in A.C. studies of the excited state

of the membrane. A.C. methods should be particularly useful
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for determining the excited state resistance of the first
part of the action potential since it has a duration of
less than 40 ms and for D.C. work square pulses of at
least Q0 ms duration are required in order for the voltage

response to reach a steady value.
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CHAPTER 1V

EXPERIMENTAL CONSIDERATIONS

The measurement of the standing potential between the
interior of a biological cell and its bathing medium - the
membrane resting potential - together with the measurements
of the membrane impedance contributes towards the under-
standing of the ion transport processes through the membrane.
In these measurements the basic experimental technique in-
volves the insertion of an electric probe into the cell and
the connection of this probe through a suitable measuring
device to another electric probe located outside the cell.
Certain electrochemical considerations arise in the selection
of these probes and this in turn has a bearing on the
electronics of the measuring devices to be used.

Whilst there are several texts available (e.g. references
1-6) which deal with certain specific problems in the measure-
ment of the membrane electric parameters, the tendency has
been to concentrate exclusively either on the practical side
or on the theoretical side. Furthermore the mosﬁ recent
advances cited in the literature have not yet been incor-
porated into reference books.

As far as I am aware there is no single reference book
which gives a general overall account of the problems en-
countered in membrane electric measurements, the understanding
of such problems and practical ways of coping with them. This
has encouraged the preparation of this chapter in which somne

of these problems are reviewed.
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4.1 The Electronhysiological Electrodes

It was Galvani who first observed the twitching of a
frog's legs when the animal was touéhed simultaneously with
the ends of two different pieces of metal, e.g. iron and
zinc, joined together. He suggested that this effect was
produced entirely by the living tissue. This interpreta-
tion was challenged by Volta, who showed that the electro-
motive force in most of the Galvani experiments was of an
electrochemical nature and originated at the contact points
between metal and tissue. This type of controversy occurs
even today. For instance, Plonsey (5), mentions the dif-

qe
ferent results obtained b%)Chandler and Hodgkin’and by

1
Tasaki, Luxoro and Ruarté)when measuring the action potential
of sguid axon at equal external and internal potassium con-
centrations with different electrode systems. What emerges
from this controversy is that it is important to determine
what exactly is being measured by any given electrode arrange-
ment. It is convenient to consider in detail the processes

which occur at any electrode system and their possible

effects on the recorded observations.
1) Metal electrodes

When two pieces of wire are connected through an elec-
trolytic solution and the potential between them 1is measured
it will be observed that the electric potential has a value
of a few hundred millivolts which is subject to continuous
drifting. This behaviour is clearly undesirable in a system

which is intended to be used as a refercnce point. This
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liquid-metal juﬁction, the metal electrode, is an unavoidable
stage in the electronic circuitry which is used for measuring
the membrane electrical properties. The behaviour of this
interphase is now considered. (See, for example, Plonsey
(5), Bockrigs and Reddy (6) and Sawyer and Roberts (7)).

The Galvanic Cell: When a silver wire is connected
through a solution of HCZ to a platinum wire an e.m.f. is
developed in the circuit. This arises because two different

reactions occur at each electrode:

H, = 2HT + 2e”  at the platinum terminal

and AgCl + e~ = Ag+ + C% at the silver terminal.

The net result is an exothermic reéction when the circuit
is completed: Hy + 2AgC é 2HC + 2Ag. This reaction can
supply current and the system is known as a Galvanic Cell.

When the circuit is open the e.m.f. will manifest it-
self as a standing potential between the electrodes. It is
convenient to think of this potential as the sum of two
potentials associated with each electrode respectively.

This is called the half cell potential. The platinum half
cell potential is defined to be zero and all other metal
half cell potentials are then obtained from the galvanic
potential of a platinum-metal cell.

Half cell potentials range from hundreds to thousands
of millivolts, i.e., several times larger than cell membrane
potentials. In spite of these large values galvanic
potentials should not in principle present any problem to

the measurement of the membrane potential. They could be

subtracted from the actual reading or cancelled out
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by the use of two identical half cells in opposition.
However, in practice a residual potential is observed even
when identical wires are used. This residual potential
arises because of the chemical reactions occurring at the
electrodes; these reactions can give rise to changes in
the concentrations and composition of the solutions in the
vicinity of the electrodes. Half cell e.m.f's are deter-
mined under standard conditions by placing a battery in
the external circuit to oppose almost exactly the cell
reaction. The difference between the e.m.f. values cor-
responding to zero current in the circuit (ideal case)

and non-zero current (practical case) can be expressed as:
n = E(i) -~ E(i=0) . (4.1)
n 1is called the electrode polarization.

Electrode Polarization: The principal forms of elec-

trode polarization are a) concentration polarization and
b) transition polarization.

a) Concentration polarization arises because the concen-

tration of the ion involved in the chemical reaction de-
creases in the electrode vicinity. As a result a diffusion
potential appears between this region and the bulk of the
solution. This will happen when high current densities
are used and the electrode reaction occurs freely. The
current limiting step is the flux of ions towards the

electrode. This flux is expressed by Fick's law:

9. = -pDdC =p b Ce
* dx S

(4.2)
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where D is Fick's diffusion constant, & the thickness
of the depletion layer and Cy and C, are respectively
the concentrations of the bulk solution and the solution
in the vicinity of the electrode.

Using equation (4.2) the current density J can be

expressed as:

J = zF¢, = ZEDCb (1 - Ce) (4.3)
| 8 “p

where z 1is the ion valency and F is the Faraday constant.

Diffusion potentials have the form

C
ZF Cp
where Ne is the concentration polarization.

Substituting equation (4.4) into equation (4.3) gives

)) (4.5)
Rt

- 2zZFD -
J = Cb(l exp (

Ce . o,
b
i.e. when the concentration around the electrode is

From equation (4.4) it can be seen that when

negligible compared with that of the bulk solution, the

current reaches a limiting value:

_ zFD
Jlim = 5= Cp (4.6)

The concentration polarization can then be expressed

in terms of this limiting current

J zFne
= 1 - exp/( )
Jlim P Re
. — RT an(l - J )
»te Ny T (4.7)

lim
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for J < ' y
Jlim equation (4.7) becomes

= RT J SRT
Ne & =% = > Jd 4.8

The concentration polarization depends not only on the

constants F, D and C but also on § and J. §, the

b
thickness of the depleted layer, is a function of time and
current and it is the cause of the drift observed in the
standing potential measured between two wires immersed in
the same solution. The dependence of n, on (l/Cb)

emphasises that polarization effects are more pronounced

in dilute solutions, such as often occur in plant systems.

b) Transition polarization arises in systems where there

is difficulty in the charge transfer reaction occurring at
the electrode-solution interphase. Charge transfer will
occur at both electrodes as a result of the reaction
O + 2~ ¢ R, where O and R are soluble substances
reduced at the cathode and oxidised at the anode. The
resultant current can be expressed as the sum of the cor-
responding cathodic current, Jc' and the anodic current,
Ja.
| : | (4.9)
To a first approximation the reaction rates are a
function of the concentration of the reactants and the
activation energy of the process. This can be expressed

with the use of the Arrhenius equation

- C AG o
~J, = z2zF K¢ Cg exp (- U (4.10)

and AGg
~J, = zF Ky Ch exp (- ﬁT—) (4.11)
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where K and AG are respectively the reaction constant
and the activation energy.

When there is a potential difference, Ej,

between the
electrodes the reaction will be favoured in one direction
and inhibited in the opposite direction. For instance if,
AG, 1is reduced by a fraction oczFEi then AG, will be

increased by (1 - a) zFE; . The resultant partial currents

are: M

—AGa + azFE;

J = 2zF K, C, exp(
a
a R RT

(4.12)

and

A -~ - .
Jo = -zF K, C, exp( Ge é; ) zFE; ) .

(4.13)

When the electrodes are at equilibrium Ej is the
reversible potential difference E, ., and both currents
J, and |J.| are equal. This particular value of the
total current is called the exchange current J,. The
constant term in equations (4.12) and (4.13) can then be
expressed as
b, - 0LZFErev)

RT
and (4.14)

zF Ka CR = JO exp (

i

zF Ko Cg, J exp(AGc +(1~a) 2zZFErev

o
RT )

Utilizing equations (4.12), (4.13) and (4.14) together

with the fact that in the absence of concentration polariza-

tion transition polarization is defined as ng = E; - E
the net current can be expressed as :
J = Jo{exp(GZF”t) ~ exp,~(1-a)zFny (4.15)
RT RT )
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This expression is known as the Bultler-Volmer equation,
relating the circuit current and the driving e.m.f. For small
arguments of the exponential terms, i.e. for small values of
the transition polarization, equation (4.15) can be expressed

approximately as:

J = YozFng
RT
= 2F J (4.16)
oLt RT J,

The onset of the transition polarization can now be explained.

O, both the metal and the solution are at

Initially, at time
an equal potential since they are conductors and there is no
potential difference at the interphase. However spontaneous
reactions will occur and even at zero field the reaction will
be favoured in one direction, thus producing spontaneous charge
transfer. The interphase will become charged and a potential
will devélop until the system reaches equilibrium. The tran-
sition pblarization depends essentially on (l/JO), i.e., on
the rate of electron transfer. A potential difference at the
interphase arises because the charge transfer is not fast enough
to cope with the current in the circuit. This bottleneck is the
opposite of the phenomena occurring with concentration polariza-
tion. At one time it was thought that the rate of electron
transfer was always very high so that Jo * O and the interphase
was at equilibrium. It was thought that only ill-conditioned
electrode systems would present strong polarization effects.
However recent measurements show that this is but the norm.
Different metals have very different exchange currents
for a given reaction. For instance H2 evolution occurs

readily at platinum and rhodium whereas in other metals, such
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as silver and gold, it requires a few volts. That is, silver and
gold electrodes will show strong transition polarization effects

whereas the effects with platinum and rhodium are minimal.

Adsorption lavers: In addition to the potentials introduced
by electrode polarization a further extraneous potential can
arise if adsorbed layers are formed on the electrode surface.
These layers can be of the form of a non-conducting film, an

oxide film or an ion-conducting film.

a) Non-conducting films are formed as a reaction of the bio-

logical cell to the inserted electrode, e.g. Walker (8). In
this case a coating of organic material insulates the electrode

and this will produce spurious results.

b) Oxide films, or oxygen layers, form at the anode of an

electrolytic reaction. This happens when a certain threshold
potential between the electrodes is reached. The value of this
voltage depends on the metal used. The resistance of the oxide

film introduces an ohmic potential.

c) Ionic-conducting films are formed when reactions other than

electrolysis occur at the electrode surface, e.g. Ag CL forma-
tion on a silver wire. Again an ohmic potential is introduced

which steadily increases as the coating of the electrode pro-

gresses.

The reduction of electrode polarization: For accurate

Measurements electrode polarization must be minimised. The

common cause of all types of polarization is high current density.

It is therefore essential to reduce the current as much as

Possible. Current densities can reach high values if metal
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microelectrodes are used since the area over which charge
transfer is effected is very small. For this and other
reasons metal micro-electrodes must be connected to high
impedance recorders. This electronic stage will be des-
cribed later. With the use of the high impedance probes the
requirement of minimal current density can be satisfied for
recording electrodes but not for current injecting electrodes.
Hence two different sets of electrodes must be used for
potential reco;ding and current injection.

Another source of polarization is the existence of a
stagnant layer in the electrode vicinity where the ionic
concentration is low. In biological systems the concen-
tration cannot in general be altered»and the stagnant phase
cannot be reduced by stirring. There is, however, a way of
increasing the ionic concentration around the electrode and
at the same time favouring charge transfer. Thié involves
the formation of a chemical coating on the electrode surface
to produce the so-called non-polarizable electrode. For
instance silver and mercury can be treated to behave like
non-polarizable electrodes. They are coated with a sparingly
soluble salt of the metal, i.e., Ag C2 or Hg C& (calomel).
In the case of a silver wire coated with Ag C& the reaction
Ag CL + e~ £ Ag C& takes place. This reaction occurs readily
so that the transition polarization is reduced considerably.
Furthermore the Ag C& being sparingly soluble remains
close to the electrode surface and the limiting current in-
creases considerably thereby reducing concentration polarization.

Platinum gives high exchange current values for both
cathodic and anodic electrolysis and so transition polarization

will be small. If small current densities are used it is
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unlikely that a depletion of HY or OH” will occur and so
concentration polarization will also be small. The oxide
adsorption layer occurs in platinum at a potential difference
of a few volts and so in the range of biological potentials
adsorption layer effects will be small. For these reasons
platinum is considered to be non-polarizable at small current
densities. It is extensively used for microelectrodes
since it has also the advantage of strength and stiffness.

Non-polarizable electrodes, or reversible electrodes,
show little rectification, indicating that the system 1is
near equilibrium. Polarization effects are then minimal
except when the electrode area is reduced to very small
dimensions. Frank and Becker (2) state that no metallic
electrode with a recording surface of less than a few square
microns is effective for the recording of steady potentials.
Polarization is less critical if A.C. is used because during the brief
period of the half cycle there is a smaller change in concen-
tration at the interphase. The stagnant layer behaves as a
capacitor and the reactance of the electrode varies in-
versely with the frequency.

Summarizing, it can be said that metal electrodes will
always present poiarization effects which will interfere
with the recording of electric potentials. When the current
density is small this polarization potential is approxi-

mately:

_ SRT + 2zF
c z2F2DC,  RIJ, J

differentiating this expression gives

én _ __orT , _zF
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where Re 1s the electrode resistance. It can be seen that
the electrode resistance depends on several factors:

a) the frequency of A.C. (throughd), b) the conéentration
and composition of the solution (through l/Cb and 1/J5) and
c) the voltage at which the electrode is recording (through
l/JO). Thus to associate a resistance value to an electrode
of certain area, as is common practice, is invalid. Each
electrode should be tested under the particular experimental

conditions under which it will be used.

ii) Glass microelectrodes.

All polarization effects are minimized as the metal area
is increased. It is therefore convenient to make the liquid-
metal interphase as large as possible and to connect it to
the cell interior through some form of electrolytic bridge.
This is the basis of glass microelectrodes which are filled
with concentrated electrolyte. These electrodes are made
from glass tubes (v 1 mm o.d.) which have been drawn to
very fine tips at one end. Electric connection with the
recording instrument is then made with the use of a large
coated wire (Ag Cf or Hg C2) immersed in the concentrated
chloride solution.

There will however be a liquid-liquid junction at the
tip of the micropipette. In other words, there is a region
where the composition varies from that in the pipette to that
of the cell interior. An electric field thus arises in this
region and an additional e.m.f. is introduced into the measuring
system. It is therefore necessary to look at the behaviour of
the liquid-liquid junctions so that this e.m.f. can be accounted
for when electrical mcasurements are being interpreted. 1In

Chapter I it was shown that the liquid-liquid junction
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potential, E;, 1is given by

B, o= rry 097 (Go” &) PG (4.17)
F .
J : )= (CL). : :
Pu(Cg - C3)  [PCOoY

At the tip of a microelectrode a junction exists in which

there is a variation of both composition and concentration,

e.qg.

HCQ(Cl) + KCR(CZ) + NaCQ(C3):KC2(C4). In this case

equation (4.17) has the form

E RT{CI(UH+-UC2") + Coy(Upg+—upq,=) Cqy(Upga+~Ugy™) = C4(UK+_UCQ_)}

L = F|Cy (ug+tug,-) + Cplugtugy=) + Caluyg stug,=) = Cylug+tucy ™)

x zn{cl(“H+ +ugym) + Cplugs +ugym) + Calugat ¥ “cz‘)]

C4 (UK+ + UCQ,—)

The ionic concentration in the microelectrode, C4, is
usually much higher than the concentrations outside, i.e.

C4 >> C1+C2+C3. Since the ion mobilities of K+ and C&

are very nearly equal, equation (4.18) can be written approxi-

mately as

(uK+—uC2_) in Cl(UH++UC£—) + CZ(UK++UC2') + C3(uNa+ +UC2“)

(UK++UCQ-) C4(uK+ + UCR_)

-
R

The coefficient of the logarithm is very small.and therefore
it is to be expected that EL is also small. It is for this
reason that micropipettes are normally filled with 3 or 4M
KC% solutions. However it should be noted that for

C, > C_+C +c3 the argument of the logarithm is very small

4 1 2
and therefore EL could have large negative values. As a
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result some workers prefer to use an electrolytic filling of
a composition approximating to that of the cell interior.
The liquid junction is minimized and there is little con-
tamination of the cell interior, but the electrode resis-
tance increases considerably.

Wﬁichever solution is used for filling the bridge a few
mv. potential is unavoidable. When the bridge is taken to
microscopic dimensions the potential developed at the
junction cannot be accounted for simply by a diffusion poten-
tial. Originally it was assumed that this extra potential
arose from contamination of the electrode tip, e.g. Adrian
(9). Later it was suggested that this potential was caused
by the negative charges on the glass wall, Agin et al. (10).
However no experimental evidence supporting either of these
assumptions was presented and the tip potential was sinply
ignored.

There is now an extensive study of the tip potential by
Okada and In&&e (11) which makes the situation clearer. They
found that there is a relation between the soaking time of
the electrodes and the tip potentials developed. They also
found that the electrode resistance decreases with soaking
time, which is in contrast with the common view that high
tip potentials imply high electrode resistances. To check
this they measured the resistance of the glass wall near
the tip. They found that this resistance decreased with
increasing soaking time, suggesting an extensive hydration
of the glass wall near the tip. This was further confirmed
by the fact that in freshly prepared electrodes the resistance
of the glass wall in a narrow tip region, about 15u ,

increased steeply with incrcasing distance from the tip. In
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contrast, in electrodes soaked for seven days, this increase
was less steep over a wider region, about 100u. Okada and

Y
Indye (11) then proposed the following model of the glass

electrode:

The complete tip potential consists of a potential
occurring at the tip pore (Et), mainly a diffusion poten-
tial, and a potential occurring across the thin glass wall
near the electrode tip (Eg). In freshly prepared electrodes
Eg will be very small but its value will increase during
the time the electrode remains inserted in the cell.

The graphs of Okada and Iné&e indicate that the tip
potential might treble its value after a day's soaking.

It is therefore necessary to use electrodes having small
tip potentials when freshly prepared so that their incre-
mented values are also small.

The glass microelectrode can be connected to a metal
terminal, leading to the electronic equipment, in two ways:
a) directly by introducing an Ag/AgCf wire into the glass
tube, b) through an electrolytic bridge which would join
the glass microelectrode to some stabilized liquid-metal

junction, e.g. a calomel half cell. The first method is

simpler and has the advantage of keeping the signal path
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as short as possible. However an Ag/AgC2 wire immersed in

a concentrated KC2 solution wiil soon be stripped of its
coating. It is therefore necessary to recoat the wire
frequently. If fast response recordings only are required
the slow drift in the potential produced by the uncoating

of the wire is unimportant. On the other hand, if pro-
longed recording of steady potentials is required, it 1is
better to use a stabilized liquid metal junction, e.g.

an Ag/AgCf electrode immersed in a saturated AgCf solution.
The disadvantage of this connection is that a longer signal
path is introduced. Connection from the microelectrode to
the stabilized half cell can be made by means of an agar
bridge, which facilitates the electrode manipulation. In
this case a colloid-liquid junction appears. If both regions
have the same composition and concentration no additional
e.m.f. will arise, but some time is required for the junction
to stabilize.

Glass electrodes are now widely used for recording and
sometimes also for current injection. However these elec-
trodes have very high impedances (>5 M) and the passage of
current is thus very restricted. Another consequence of the
high impedance is that the electrodes cannot be connected to
recording equipment with the usual input impedance of 1 MQ.
An intermediate electronic stage, the high impedance probe,

has to be used.
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4.2 The High Impedance Probe

The following diagram shows the basic circuit with the

recording instrument connected to the microelectrode,

-t

e

where Ri is the input resistance of the-recording instru-
ment and Ry is the microelectrode resistance plus the
membrane resistance. It can be seen that the e.m.f. appear-
ing at the recording instrument is given by E, = §5%§; .

If Ri << Ry this e.m.f. will be very small and di?fiéult to
measure. Furthermore there is also a stray capacitance
effect because of the high impedance of the electrode and so

a small signal across R; will be severely distorted. It is

i
therefore necessary to have a high impedance stage between
the electrode terminal and the recording instrument. The

most common solution to this problem is the use of a cathode

follower or, better still, a differential amplifier.

(a) The cathode follower has been used extensively in

electrophysiology. It has been reviewed (Hogg (12)) and

will be described here because of its importance and also

because it is the basis for more sophisticated alternatives.
The cathode follower consists of a value amplifier

connected in the following way
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anode
| grid
| E
v
cathode
e input .
g
Rk 2 output
From the figure:
eg = egk + lkRk (4.19)
and
Eg = lkRk + eak

where egk is the grid-cathode voltage, e_, is the anode-
cathode voltage and iy 1is the cathode current.

Solving the above equations by differentiation it can
Aiy Ry

be shown that the gain of the stage defined as G = x
E
g

can be expressed as

R
G = .

p/gm + R + uRk

aegk .
where 1/g, = 7T is the mutual conductance and
1/ = "aegk is the amplification factor.

deak
W49, = Tar the anode resistance and hence
HRk/ (ra+Rk) A
l+ka/(ra+Rk) 1+A °

For typical values of A, the constants of the value,
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G 1is very close to unity.

Equation (4.19) can now be written as

A =
eg Aegk + G Aeg

« . Aegk = Aeg(l-G) .

This relation indicates that the cathode follower provides
an excellent coupling between the electrodes and the recording
instrument because:

a) Large changes in e the input voltage, produce only

gl
small changes in egk' the operational state of the amplifier.
b) In a normal amplifier the input is connected between grid

and cathode, i.e. egk = and the charge on the stray

egr
capacitance between grid and cathode, Cgk' is given by
egCgk. In a cathode follower however the charge on the stray
capacitance is given by egkcgk and this can be written as
eg(l~G)Cgk, as if the capacitance were reduced by 1/(1-G).
This reduction will diminish the distortion of the signal

and increase the turnover frequency, i.e. the A.C. frequency

at which the signal is attenuated to half its value.

c) In a normal amplifier the input resistance is given by

jse Je
R, = —3J whereas in a cathode follower Rj = —3J /
dik alk(l—G)
thus the cathode follower input resistance is effectively
R.:
(1/(1-G)) times bigger. L ~ 1 and so the e.m.f.

across Ry is almost the whole membrane signal.
d) The output voltage of the cathode follower is given by

R
R = Ae G = _H_ Ae K

Al
k"k I Lt 9 potr_/(14n)

which is equivalent to



-96-

1+u

Thus the cathode follower output impedance Ro can be

: ~ o= 1
expressed as ra/(l+u) and since uy >> 1 Ry = ry/v = ~/9n
which is always small. As a result the cathode follower can

be coupled easily to any succeeding stage.

(b) The differential amplifier involves the use of operational

anplifier as voltage followers with feedback (Young (13)). An
operational amplifier is an integrated circuit which can
amplify the input signal many times. The simplest diagram

of this circuit is represented in Figure 4.1. In this circuit
the input signal will be amplified and collected at the output
terminal. However if one of the input terminals is connected
to the output and the earth connection is made to the power
supply then the resulting circuit wi;l behave as a voltage

follower.

Joutput

Figure 4.1 Operational Amplifier



output

S

Figure 4.2 Voltage Follower

’5Rf

SR,

.output

Figure 4.3 Differential Amplifier.
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In the circuit represented in Figure 4.2 the input
current, il, flowing into the positive terminal will emerge
amplified at the output, but the output is short circuited
to the negative input terminal and so a current i, will
flow back to the amplifier. i2 will emerge at the positive
terminal thus working against the initial current il. The
output voltage increases from its initial zero value until
the current izwattains the same value as current il and
the signal cannot be further amplified. As a result the
output voltage has the same value as the input voltage and the
stage has a gain of unity. The important point is that since
i2 opposes 1j, virtually no current flows out of the input
terminal and the stage behaves as if it had infinite input
impedance.

A common problem with high impedance circuits is the
pick-up of spurious signals. This problem is more acute with
the transistor voltage follower than with the valve cathode
follower. However this problem can be minimized if a
slightly more elaborate circuit, the differential amplifier,
is used (Figure 4.3).

In this case none of the input terminals is earthed.

The output voltage will then be given by (Va - Vb)XG. The
gain G can have values different from unity 1if R, and Rg
have values different from zero, i.e. these feedback resis-

tances replace the short circuit of the common voltage follower.

The gain will be given by:

Rf Rf 2
G = —_— o —_—
Rg 2RgRX

However in order to have a good voltage follower, i.e.,
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A more direct method involves feeding the applied current
signal and the recorded voltage response into the X and T
inputs of an oscilloscope, Kishimoto (15). As a result a
family of ellipses, each corresponding to different frequencies,

will appear on the oscilloscope screen.

Av
<4+———>
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|
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|
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I
|
|

>

The voltage response has the form V = V sin(at+¢@). and

it can be determined from the trace. At zero current
N = V sin(¢) so the phase angle can be determined from
¢ = sin~1 g .

The system has however two disadvantages:
a) The current and voltage signals have to be fed to the
oscilloscope through several electronic steps which have to
be carefully calibrated to avoid any additional phase angles
being introduced at each step.
b) N+0 as f » 0. If the oscilloscope sensitivity is
increased to measure the small N values the trace becomes
diffuse thereby limiting the frequencies at which N can be
measured.

As a result of this limitation and the interest in

studying the membrane response at very low frequencies more

accurate techniques are required. Coster and Smith (16)
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developed a highly sophisticated technique which
essentially involves the use of a computer. The computer
receives, through the corresponding digital-analogue con-
verters, the values of the voltage response and the applied
current at particular points. This data is fitted to
sinusoidal wave forms by a least squares method and the
relative phase gggle between the two waveforms is determined.
In the present experiments the measuring of the phase
angle involves an altogether different technique. It
involves the use of V and 'N. But in this case the values
of N can be determined at low frequencies. The current
signal is fed to crossover detectors which trigger markers
when zero current occurs. In other words, a train of sharp
pulses, of us duration, occurring at the times of zero
current is obtained. This train is then added to the voltage

signal, thereby producing a discrete pattern of N Values.

® .’-
* 9 ¢ ¢ J . ¥

train of pulses

+ =

' N M
Uhuh\mge e U N

In this case the oscilloscope sensitivity can be increased
as N becomes smaller without the continuous trace becoming
diffuse. In the actual experiment it was found that a similar
treatment for V values was useful at medium frequencies where
V also becomes small. A detailed description of the circuit

is made in the next chapter.
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compartments is achieved with perspex barriers. Along the
centre of these barriers runs a 1 mm. groove into which the
cell is mounted. The perspex barriers allow the partition
of the cell into three segments.

Good electrical insulation of these segments from each
other is of paramqunt importance because poor insulation
would permit current leakage thereby giving an underestimate
of Rm. The standard material used by many workers for
sealing the barriers has been white vaseline. Whilst vase-
line probably provides good sealing there remains the possi-
bility of current leakage along the wet cell wall. Okhawa

and Kishimoto (1) measured the resistance of the cell wall

of Chara Australis and found that it amounted to lO6Q ver

cm. , considerably greater than the membrane resistance of
the short cell segment they used. Thus the leakage current
in their experiment was probably negligible. 1In the present
work the resistance of a dried cell wall of Nitella

translucens was measured and found to be of the same order

of magnitude as that obtained by Okawa and Kishimoto. If the
wall was moistened the resistance decreased to lO4Q per cm.
Subsequent careful redrying of the»cell wall resulted in the
resistance value returning to its original high value. These
results agree with the more detailed studies of Skierczynska

, Pulavds
SpiewlaL ZoInierczunk and Sielewiesiuk (2). They measured

the lonéitudinal resistances of Chara Brauni and Nitelloosis

Obtusa using the following arrangement
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<_ .
Nitella

water air] water}| air| water

Initially current was fed from compartment A to compartment
B and the voltage drop between these two gave the resistance
per cm. of the cell interior. However they realized that
this resistance value remained constant only if the cell
segment exposed to the air remained moist. The addition of
compartment M permitted the computation of the change in
longitudinal resistance when this section of the cell was
immersed in water. A decrease of the longitudinal resis-
tance occurred immediately after immersion in water. With
the use of microelectrodes inserted at both extremes of M

it was found that the resistance decrease was confined to

the moistened region and occurred in an external layer of

the cell. They proposed the existence of an immobile layer
of the cytoplasm which would have semiconductor characteristics.
However the results obtained herein with the cell ghost
strongly suggest that this layer is simply the cell wall
which increases its conductivity when moistened.

In the first set of experiments (cells 1-12) the
isolation of the cell segments was achieved in the following
way. After careful drying, the barriers were smeared with
white vaseline. The Nitella cell was then dried with filter
paper in the regions to be held by the barrier and then mounted
into the central groove. The cell segment in the right hand

compartment was arranged to be of equal length to that in the
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left hand compartment. The barriers were then covered with
perspex sheets smeared with vaseline. Finally the cell was
vigorously rinsed to remove any loose vaseline.

As a final check that the leakage current had been re-
duced to negligible proportions, a cell wall was filled with
white vaseline and mounted in the same way as the living
cell. Thus any cﬁrrent that flows between neighbouring
compartments of the cell bath must be a leakage current
through the barrier; the leakage resistance can then be
estimated. The leakage resistance for each barrier in the
present work was found to be of the order of 5 MOQ. Com-
parison of this value with the value of the cell membrane
resistance in the centfal compartment (v 100 k2) 1indicates
that any leakage currents were in fact negligible. 1In spite
of this the membrane resistance was sometimes rather low and
suggested that some current leakage was taking place, possibly
by the water creating pathways through the vaseline. Unfor-
tunately faulty insulation can only be determined after the
cell has been impaled and therefore cannot be remedied. Be-
cause of these possible leakages and the ease with which
vaseline contaminates the APW, it seemed that an alternative
sealan£ to vaseline was desirable. A silicone compound, MS4
(Dow Corning), which has the consistency of vaseline was
found to be a better alternative. This compound was used
for mounting the cells and silicone rubber (Blue-Tack, Bostik)
was used for smearing the perspex sheets that cover the
perspex barriers. This combination gave excellent results

because it produced a better insulation - the leakage
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resistance was 15 MQ in this case - and never failed to work.
This preparation was used in all experiments from cell 12
onwards.

Once the cell has been mounted in the cell bath it
could be flushed by means of a continuous flow of solution
and this has several advantages:

a) It reduces the contamination produced by the external
KCL electrode.

b) It is possible.to exchange the external solution without
disturbing the impaled cell.

c) It reduces the heating of the bath produced by the
illumination lamp.

d) It maintains a constant concentration of CO2 in the
external solution. The need for control of the CO, con-
centration has been observed by Spanswick (3) who found

that Nitella translucens in stagnant solution does not hold

the light produced hyperpolarization. However the flow
of solution containing coé restores and maintains this
response. A similar effect was also found here in that
the initiation of solution flow after a stationary period
was usually accompanied by a small increase in the
membrane potential.

The continuous flow in the cell bath was supplied to the
compartments A and C with the inlet through the bottom
and the outlet through the top (Figure 5.1). This arrange-
ment gives a surface outflow which reduces the silicone grease
contamination. It also produces a steady flow which is

necessary for low pick-up and constant pH.
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5.3 Plant Material and External Solutions

In all experiments of the present work the plant material

used was Nitella translucens cells. These plants were

originally collected from a loch near Dunkeld, Scotland,
and transferred to shaded tanks out-of-doors. The plants
were rooted in a sand and soil mixture and they grew
vigorously after acclimatization. The cells were watered
with artificial pond water (APW) of the following composition:
0.1 miM KCL, 0.1 mM CaCf, and 1 mM NaCf. All external solu-
tions used in the present work were based gg this APW. The
different solutions consisted of APW having different pH
values and in some cases the addition of DNP (2,4-dinitro-
phenol). 1In experiments where DNP was used the solutions
were prepared by adding 0.2 my4 DNP to the APW prior to the
setting of pH values. The pH value of the APW was modified
by the addition of buffers and adjusted to the required
value by the addition of NaOH (pH 2 5) or HC& (pH = 4).

The selection of the buffers to be used for maintaining
a constant pH is important. There are several examples of
pH buffers having undesirable effects on biological systems.
For instance, Kishimoto (4) found that 1072 M phosphate
buffer and 2 x10~3 M ATP (disodium) produced fluctuations

in the resting potential of Chara corallina. Phosphate

also produced successive spontaneous action potentials. A
more detailed study of the inadequacy of certain buffers in
biological systems was made by Good, Winget, Winter,

Naikads
Connolly, Izawa and Singh (5). They found that most buffers

have very low buffering capacity at pil below 6. They also
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found that commonly used buffers have secondary effects,
e.g., Tris-buffer has considerable reactivity and it is
often inhibitory. As an alternative they proposed a series
of buffers especially useful in biological studies - the
zwitterionic buffers or Good buffers. These buffers have
PK,; values (the pH at the midpoint of the buffering range)
between 6 and 8. They were chosen after satisfying several
conditions. Of particular importance in membrane studies

is that they have very low membrane permeability and
negligible metal binding constant. The latter condition

has to be satisfied to ensure that no 'Ca++ sequestra-

tion will occur. In the present studies MES (2~ (N-morpholino)
ethanesulfonic acid) with a pPK, of 6.15 was used for buffer-
ing in the range 4-6. Glycylglycine with a PK, of 8.4 was
used for buffering in the range 7-8. In both cases 1 mM
concentration in a steady flow were used. Even with the

use of buffers the external solutions should be freshly
prepared, especially in the alkaline range.

The exchangé of solutions was made by first emptying
the cell bath and then starting the flow of new solution.
The pH of the external solution did not change immediately
upon adding the second solution but several minutes of flow-
ing solution were required for it to attain its new value.
This was observed by monitoring of the external pH with a
direct reading pH meter. (EIL 23A) located at the outflow

of the solution.
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5.4 Illumination

The microscope illumination was provided by a tungsten
lamp (12V, 6W) placed underneath the cell bath and driven
by a D.C. supply, one terminal being connected to the
common earth to avoid introducing the mains pick-up into the
Faraday cage. After insertion of the microelectrode into
the Nitella cell‘the lamp voltage was turned down to 7 volts
with the aid of a resistor in the lamp circuit. The fact
that this lamp is working below the normal voltage increases
its‘stability and ensures a source of constant illumination,
Young (6). It also produces a source with a minimal ultra-
violet component, Campbell (7). It has been shown by Doughty
and Hope (8, 9, 10) that the ultra-violet radiation affects

the membrane electrical characteristics of the characeae

and therefore should be maintained at a low constant level
during the experiments. The infra-red component has also
been shown to affect the membrane electric parameters, e.qg.
Spanswick (3). Since thig component 1is very considerable
when illuminating with a tungsten lamp a combination of glass,
air and perspex filters was used to reduce heating of the

cell bath to a minimum,.

The intensity of the illumination used in the present
work was 0.04 mW/cm?. An intensity of 1 mW/cm? was used hy
Spanswick (3). It is difficult to compare these values with
those quoted by other workers because of the common practice
of measuring illumination intensity in lux. These units are

weighted according to the spectra of the human eye and unless
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with the aid of a micromanipulator (Leitz or Narishige) and
the insertion observed with a stereoscopic microscope (Wild
M5). The insertion was made in the central segment at the
point X = -0.58L. A pH glass electrode was inserted in the

symmetric position, i.e. at x = +0.58L.

c) PH glass microelectrodes. There are two types of pH
glass microelectrodes: Hinke (12) type and the Thomas (13)
type. Hinke microelectrodes consist of a tip of pH sensi-
tive glass (Corning 0150) protruding from a truncated pyrex
electrode. The pH sensitive tip is joined to the pyrex
electrode by a glass-to-glass seal made by blowing the pH
glass at its softening point. The Thomas electrode has a
recessed tip, i.e. the pH glass tip is inside the pyrex tip.
Again both tips are joined by a glass-to-glass seal.

Hinke type electrodes are commercially available with
a sensitive tip of 50u. There are also Hinke electrodes
where the sensitive tip is made from Antimony and the insula-
tion consists of a plastic coating. However none of these
electrodes are suitable for insertion through the tough cell
wall of plant cells. The usual difficulty is breakage of the
glass~-to-glass seal or the loosening of the plastic coating.
Spanswick and Miller (14) overcame these difficulties by
making a perforation of the cell wall prior to inserting the
pH electrode. Thomas type electrodes appear to be more suitable
for plant physiology since they are more robust, but the tips
are easily clogged, mainly by cytoplasmic material. Silver
(15) suggested that bevelled Thomas electrodes might be

more suitable. However such electrodes are not commercially



-113-

available and they are very difficult to make. It was there-
fore considered desirable to develop a suitable electrode

for the present studies. The result was essentially a more
robust electrode of the Hinke type with a glass-to-glass
seal. Such an electrode is very easy to insert into the

characeae and produces no more damage to the cell than a

conventional glass microelectrode.

The technique for the preparation of these electrodes
is similar to that proposed by Thomas (13), with some
modifications:
(a) " A long pH glass microfibre was drawn in the microelectrode
puller. The diameter of the fibre and its wall thickness was
determined by the temperature of the heating element and
the area of glass tubing being heated. In the present ex-
periments the fibre was ~20p diameter and the wall ~2u in
thickness.
(b) The microfibre was connected to a hypodermic syringe

which was then used for blowing the pH glass. The following

figure shows the arrangement used.

.______ijméslaitlc tubing 511}cone grease . _ coiie
N

syringe

The microfibre and the pyrex electrode were then mounted in

the following way: +

—
\ |/
g =

\ &
micro}ibre + | .
mounted on Pyrex electrode fixed
micromanipulator  under microscope _

Heating wire
(1001 nicromel)—
mounted on micro-—
manipulator
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Using the above arrangement the fibre was introduced into
the pyrex electrode until it could advance no more into the

pyrex tip:

211m 3urlesy

—.
= 7.

(d) The pyrex tip was broken as close to the contact point
as possible. This could be done by bending the pyrex tip
with the heating wire until it broke. This is a trial and
error procedure and can be repeated as long as the tip

breaks ahead of the contact point.

(e) The glass fibre was pulled through the truncated pyrex
tip and the heating wire placed close to it. The wire was
then heated until the pH glass softened on contact with it.
The fibre was brought into contact with the heating wire
and when the fibre tip was completely closed it was quickly
withdrawn. The extreme tip of the electrode is insensitive

to pH and should be kept as short as possible.

alass top
(f) The pH/was pushed out of the pyrexluntil the required

sensitive length was exposed. Subsequent heating of the two

glasses and simultaneous blowing of the pH glass produced a
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calibrating solution at pH 7. The resulting potential be-
tween the electrodes was backed off until zero potential
was recorded at this pH. The electrodes were then immersed
in a pH 4 solution and the response per pH unit determined.
A similar procedure was performed with the electrodes
immersed in a pH 9.2 solution. The average of these res-
ponses was then used for the subsequent determination of
the internal pH of the cell. pH glass electrodes, having
very high resistance, have a tendency to drift a few mv
over a period and it was therefore necessary to check the

response at pH 7 after removal from the cell.

5.6 The Electronic Recording

The stabilized calomel half cell interphased the cell
with the high impedance probes. These electronic units
were described in the previous chapter. The details of the
particular circuits used in this work are shown in Figure
5.2. These probes have a head, with FET transistors work-
ing as voltage followers, which can be placed close to the
preparation and a body made up of a x 10 amplifier and a
D.C. balance. The input values of these probes are
R = 10"Q and C = 10 pf. The output is equal to 5 k&
and the common mode rejection ratio is 1000:1.

The output from the high impedance probes was fed
through an earthed 50 kQ coaxial cable to a storage oscillo-
scope (Tektronix 564 B). By suitable triggering with a
prepulse from a D.C. pulse generator (Advance PL 500 2C)

both the injected current and cell response could be recorded
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and stored in a single sweep of the oscilloscope. The image
could then be studied at leisure. In the D.C. experiments
the current was fed through a 10 MQ resistor to ensure con-
stant current in the circuit where changes in the membrane
resistance occurred. In the A.C. studies the injected cur-
rent consisted of the summation of the D.C. pulse plus a
sine wave from a Muirhead Decade Oscillator D990-A. This
composite signal was fed through a 10 MQ resistor with
additional 1.1, 2.5, or 4.2 MQ resistors. The additional
resistors correspond to 10.(l/d), where d is the cell
diameter (0.9, 0.8, 0.7 mm.). In this way it was possible
to apply the same current density (#5%) to cells of dif-
ferent diameter.

The A.C. response from the cell was fed to the A.C.
circuit processor mentioned in Chapter IV. This circuit
is shown in Figure 5. 3. There are several electronic
stages between the cell output and the oscilloscope. It
is important to ensure that no phase shift additional to
the one produced by the cell is introduced by the electronic
components. To verify this a cell dummy was used, i.e. an
RC parallel circuit with R = 100 kQ and C = 2.2 pf.
When the capacitor was disconnected no phase shift could be
measured. This shows that there is no electronic component
contributing appreciably to the measured phase angle. This
is true only when the equipment is well calibrated, i.e.
when the marking points occur at zero cufrent. It was found
that overloading the last amplifier stage before the markers

ensured that this condition was met.

It is also important to test the sensitivity of the
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method. For this, the time constant of the cell dummy was

measured at different frequencies. The following table

shows that the method reproduced the manufacturer's values

of the dummy components (1t = 22 ms * 10%). However, at 100
C.p.s. the method is not very sensitive. The reason for this
is that at these frequencies the cell response is of a
similar magnitude to the noise introduced by the electrodes.

This could have been avoided simply by increasing the applied

current at these frequencies.

f(Hz) T (ms)
1 20

10 20
50 19

100 14
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CHAPTER VI

EXPERIMENTAL RESULTS

6.1 Control Experiments

(a) Cell recovery after microelectrode insertion.

In order to test the hypothesis of Tazawa, Kikayama and
Nagakawa (1) (see section 2.4(b)) that current leakage through
the orifice of the electrode perforation is of such a magnitude
as to give a serious underestimation of the membrane resistance,
the following experiment was performed with the following

experimental arrangement:
1
/ /3//2/

e

% % :
/ AgQ electrodes

I\

i) A current pulse was applied between electrodes A and C.

The resulting voltage response is given by

V12 I(RA + RC)

where RA and RC are the resistances of the cell segments
A and C and I is the applied current.

i1) Electrode 3 was inserted into the cell and the same
current I applied. In this case the voltage responses

between electrodes 1 and 2 , Vj,, and electrodes 1 and 3,

Vi3, are given by
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measured by the open vacuole and microelectrode techniques
and certainly these comparisons indicate a larger resistance
with the former method. However these comparisons may not be
entirely valid since the open-vacuole technique requires the
presence of osmoticums. Furthermore they fail to mention if
the same light regimes were used in the two types of experiments.
It should be noted that cell recovery depends ultimately on the
amount of damage caused by electrode insertion. 1In the present
work the criteria of a good insertion were that it did not pro-
duce migration of the chloroplasts away from the electrode tip

or stop the cytoplasmic streaming for more than 1 min.

b) In the measurements of the membrane resistance of single
isolated cells Williams, Johnston and Dainty (4) assumed that
the nodal terminations acted as infinite impedances. This was

apparently confirmed in the later work of Hogg, Williams and

Johnston (5). However direct measurements of the nodal resistance

between two adjacent cells (see section 2.3) suggest that the
resistance is by no means infinite. It would appear to be a
relatively simple matter to test the effect of excision on the

nodal resistance. This was done in the following way:

A OSS

As shown in the above figure the potential across the




-124-

node could be recorded by electrodes 1 and 2. When cur-
’ of mote ared
rent pulses (.05 yA/cm%) were applied across electrodes A
and B the potential response of the node gave a direct re-
cording of the transnodal resistance. Current pulses were
applied at regular intervals (by triggering the pulse
generator with a Hewl;;—Packard function generator) before
and after excision of the right hand cell. The nodal res-
ponse was recordedmon a pen-recorder and traces from two
experiments are shown in Figure 6.1. It can be seen that
in one case the transnodal resistance almost immediately
doubles its pre-excision value whereas the other cell re-
quired several hours to achieve a similar value. The col~-
lected results for 13 cells are shown in Table 6.2. It can
be seen that, over a period of a few hours, the average
increase in the transnodal resistance is more than 2-fold,
though the actual increase varies greatly from cell to cell.
It should also be noted that the transnodal resistance be-
tween two unexcised cells agrees with that of Spanswick (6).
Even allowing for the average two-fold increase the value
of the transnodal resistance, which is the measured ohmic
resistance multiplied by the node area, is still small com-
pared with the membrane resistance. However, in making the
assumption of infinite impedance for the nodes it is the total
resistance of the membrane relative to the total resistance of
the node which is important. In the case of a cell of 8 cm
length and 1 mm diameter the total resistance of the node is
in fact sixteen times bigger than the total resistance of the

membrane so that only 1/16 of the current flows through the

node. The assumption of infinite impedance is quite sound
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(see Chapter I) proposes that the observed changes in membrane
resistance are a result of the pH produced changes in membrane
potential. 1In order to test this hypothesis the membrane
rectification curves at different external pH were obtained

in the present work.

The rectification curves are limited in the depolarizing
direction by the onset of the action potential and in the
hyperpolarizing direction by the onset of the hyperpolarizing
response. The collected results are presented in Figure
6.4(a). It can be seen that the data for all values of pH
cluster around one or probably two rectifying curves.

This is more apparent in Figure 6.4(b) where the standard
errors have been omitted. In this piot there appear to be
three curves, one of which is firmly associated with pH 8.

An examination of the original data for the other two curves
shows that the dotted curve was obtained with cells of dia-
meter = 0.8 mm and the solid curve for cells of diameter 1 mm.
These differences in diameter and behaviour could be indicative
of differences in the ages of the two groups of cells. This
distinction is emphasised in a plot of current density against
potential (Figure 6.5) which shows significantly different
curves for the two groups at pH 4 and 8. Unfortunately insuf-
ficient experiments were carried out with smaller diameter cells
at pH 5, 6 and 7 to confirm unequivocally this division, though
there are some indications that the division does exist

(see, for example, the high resistance values at pH 7 in the
tables).

In Figure 6.6 the rectification curves for the two groups
are shown. It can be seen that the curve for the larger diameter
cells at pH 4 overlaps with the curve for pH 5. This obser-

vation will be discussed in the final Chapter.
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c) The effect of external pH on the capacitance at different
membrane potentials is presented in Figure 6.7(a) and in a
simplified form in Figure 6.7(b). It can be seen that the
curves corresponding to each pH value overlav in a similar

way to that in the rectification curves. The scatter of the
capacitance values of pH 8 and pH 4 is again due to the presencé
of the two groups already discussed. The scatter at high

potential is due to the onset of the hyperpolarizing response.

6.3 The Effect of pH on the Excited State Parameters

Kistasato (8) reported that the peak of the action poten-
tial of Nitella does not respond to changes in external pH
and he therefore suggested that the pH response is not due to
changes in the cell wall potential. However, Kishimoto (9)
in an earlier work reported that the peak of the action poten-

tial of Chara corallina responds to changes in pH in a similar

way to the resting potential, though more recently in a private
communication he stated that this was not a general observation
for all cells. In the present work the response of the action

potential of Nitella translucens to changes in external pH was

studied. The results for each individual cell are presented

in the Appendix and the collected results are shown graphically
in Figure 6.8. 1In this Figure the membrane potential is plotted
as a function of time during the action potential. It can be
seen that even if there are small differences in the peaks of
the action potentials for each pH these differences do not

reflect the observed pH response for the resting state.
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Figure 6.8 shows that the effect of pH is on the shape
of the action potential. The initial part of the action
potential as it rises to its peak appears to be unaffected
by pH in the range 5 to 8. However the rate of recovery appears
to increase from pH 5 to 7, while at pH 8 the recovery rate is
intermediate between the rates for pH 5 and 6. The shape of
the action potential at pH 4 is altqgether different from that
for any other pH, being slower in both the initial phase and in
the recovery phase. This can also be seen from Figure 6.9
where the actual recordings of a particular cell are repro-
duced. The figure also shows the voltage responses to a
train of fast current pulses (luA/cm?, 100 ms) superimposed
onto the action potential. These responses allow for the
determination of the membrane resistance during the excitated
state.

The membrane resistance during the excited state at
different external pHs is shown in Figure 6.10. The values
at the peak of the action potential is similar to that re-
ported by Bradley (10) and Kishimoto (11) and appears to be
independent of pH except at pH 4. During the recovery period
the effect of pH, in the range 5 to 7, on membrane resistance

follows the same pattern as for the resting state.

6.4 The Effect of pH and A.C. Frequency on the Membrane

Resistance and Capacitance

This section is devoted to the study of the frequency
dependence of the membrane resistance and capacitance at

different pH. The control of the external pH was different from
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that in the D.C. experiments reported in Section 6.2. 1In
these A.C. experiments the cells were presoaked for more than
12 hours in a solution at a particular pH; the electric
parameters were then determined at this pH. This was done

in order to allow the vacuolar pH to attain a steady state
with respect to the external solution.

As a result of this presoaking procedure the membrane
potential was depolarised by about 15 mv but the response
to external pH followed the same pattern as for cells soaked
for shorter periods (see Figure 6.2). However this meant that
at pH 4 and 8 the threshold of the action potential was reached
and under these conditions spontaneous action potentials were
often observed. The recovery from these was very slow. As a
result these A.C. experiments were not extended outside the
pH range 5-7.

The parameters determined in these A.C. experiments were
the phase angie, the membrane resistance and membrane capa-
citance. The results for individual cells are given in the
Appendix.

The phase angle was determined from the relation

V

—_— = sing . (6.1)
V,.
(1i=0)

The collected data for the values of the phase angle at
different pH and different A.C. frequency are presented in
Figure 6.11. It can be seen that the phase angle does not
follow the pattern that would be predicted by a simple RC
circuit. This anomalous behaviour has also been reported

by Kishimoto (12). He found that in the range of frequencies
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50-100 Hz the phase angle had a constant value of =0.86
Radians. This agrees with the curve for pH 6.5 represented in
Figure 6.11; this pH was also that used by Kishimoto in his
experiments,.

From the values of the phase angle the membréne resistance

was determined using the following expression

v L ,
S —I—(l + (tan¢)?) (6.2)

where ¢ 1is the phase angle, and I the amplitude of the

applied current. The resistance values computed in this way

are presented in Figure 6.12. It can be seen that Rm shows

a frequency dependency which increases with increasing pH.
The capacitance was computed, using these values of

resistance and phase angle, from the expression

tan (¢)

= . (6.3)
m w R

The collected results of the capacitance measurements are vre-
sented in Figure 6.13 where again a frequency dependency is
clearly shown. This dependency on frequency at pH 5 is

similar to that observed by Coster and Smith (13). However the
resistance dependency reported by these authors is much more
marked than the one obtained in this work.

From the last two figures it would appear that both Rm
and Cm are frequency dependent as proposed by Coster and
Smith. However an alternative explanation has been advanced
by Kishimoto (12). He proposed that the membrane, or membranes,

in the Characeae cannot be represented by a single RC circuit,

but rather by a circuit of the following form:
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)
N
A
||
|
P
N

In this case the circuit impedance 2z =

which can be written as z = |z|e-3¢

where
2| - (Rl(1+(wr2)2+R2(1+(wrl)2»2«leTl(1+(w12)2)+R2wrl(1«mr§»2

(1 + (le)z)(l + (wrz)z)
(6.4)

o = tanl Ry Ty (1+(wt,)?) + RyTy (14 (wT4) ?) 6.5)
Ry (1+(wt,) %) + Ry (1+(wtq)?)

since V = [z|I equations (64)and (6.5) can be substituted

in equation (6.2) to give

RWw) = Rl(A'/A)
where 2 o (14 )
R (l+(wT WT ,WT:
A' = 1 4 2 1 + 2 172
Ry (l+(w1,)?) R, 1+ (wt,)?
and )
R2 (1 + (le) )
A = 1 + ;
Ry (1 + (sz) )

Equation (6.5) can be rewritten as
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The responses for the individual cells are given in the
Appendix, One immediate effect of the addition of DNP was
sometimes a small hyperpolarization, probably due to an in-
crease in the CO2 level in the solution adjacent to the cell.
With the exceptions of cell 91 (pH 6.5) and cell 89 (pH 7),
a depolarized steady state was reached after 30 minutes

in the DNP solution. The membrane potentials of cells 78
(pH ?) and 84 (pH-Ezs) did not respond to DNP. The average
response of E to DNP 1is presented in Figure 6.1 as

APW + DNP batch 2. It can be seen that the depolarization
produced by DNP decreases with increasing pH.

The membrane resistance also responded to DNP. In many
cases the resistance increased to a steady value during the
30 minutes after addition of DNP in agreement with the
observations of Kitasato (8), (though there were instances
in which it did not respond and it even decreased in the
case of cell 78 (pH 6)). The membrane capacitance also res-
ponded to the addition of DNP but to a lesser degree than
the resistance. The vacuolar pH increased with the addition
of DNP., This and other responses to DNP are better represented
in Table 6.4 (b) where the ratios of the values of the para-
meters before and after DNP addition are presented. It can
be seen that all parametefs except the capacitance have a
decreasing response to DNP with increasing pH. It can also
be seen that the resistance ratio is higher at 1 Hz than at

10 Hz.
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6.6 The Hyperpolarizing Response

The rectification curves obtained in Section 6.2 were
limited in the hyperpolarizing direction by the onset of the
hyperpolarizing response; this response occurs at hyper-
polarizations of 60 mv. In other erds the D.C. method with
short-duration current pulses can not be used té measure the
resistance and capacitance in this region. A resistance value
can however be obtained by using a longer current pulse and
recording the voltage response after the peak of the hyper-
polarizing response has subsided. These resistance values
can be very low and sometimes negative (see Figure 1.1). This
resistance (the slope resistance) was computed here for cells
in APW at pH 6.5. From Figure 6.16 it can be seen that a
second resistance value (the point resistance) can be deter-
mined from the response of the membrane to an A.C. signal
superimposed on the current pulse. This point resistance is
constant during the length of the current pulse in contrast
with the slope resistance which changes along the pulse length.

In Table 6.5 the average values of the slope resistance,
at the end of a 1 second current pulse, are preséntéd together
with the values of the point resistance and the membrane
capacitance.

From this table it can be seen that whilst the slope re-
sistance is very small at these hyperpolarized levels the
point resistance has a value slightly smaller than the resting
resistance value observed at this frequency in APWZE.S (Figure
6.12). The membrane capacitance also has a value close to that

of the resting value (Figure 6.13).
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6.7 The Punch-through Region

A negative slope resistance region at high hyperpolarized
potentials, the punch-through effect, has been reported in

Chara and Nitella, Coster (17). However Bradley (10) did not

observe this type of response in Nitella translucens despite

the fact that he hyverpolarized the membrane to the same levels,
i.e. =250 mv. In this work the possible existence of such a

region in Nitella translucens was re-examined. Current ramps

of different rates from a Hewlett-Packard function generator
were applied to the cell and the response recorded én the
oscilloscope (Figure 6.17). The limit to the hyperpolarizing
level to which the cell can respond is almost 250 mv and from
Figure 6.17 there appears to be no evidence c¢f a punch-through
effect. It should be noted that in all the cases presented

in Figure 6.17 the maximum current density appliéd was 4.7 uA/cm?,
which is a smaller value than the current densities at which
punch-through was observed in Chara ( v 50pA/cm?) or Nitella
(~40pA/cm?), Coster (17). The reason why such big currents
are required to reach the 250 mv hyperpolarizations is because

these species have smaller resistances than Nitella translucens

(Chara ~ 4 kQ.cm? and Nitella = 17.1 kQ.cm?, Hope and Walker (3)).

When the applied current to Nitella translucens is increased

it can be observed that the potential does not hyperpolarize by
more than 250 mv (Figures 6.18, 6.19, 6.20). A region of nega-
tive resistance is observed in the first curve of Figure 6.18
which resembles the hyperpolarizing response both in form and
time of occurrence. Decreasing the rate of the current ramp

however shows a negative slope region at hyperpolarisations
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of 250 mV which can definitely be associated with the punch-
through region. The excursion in the depolarizing direction
increases with decreasing rate of the current ramp. At very
slow rates ( <2.4 UA/cmz/s) the punch-through degenerates into
an action potential. Decreasing ramp rate decreases the cur-
rent densities at which the negative slope region is observed,
but it increases the time after the initiation of the ramp at

which these regions appear.

The effects of even higher current densities are shown
in Figure 6.20. It can be seen that with a fast ramp rate
multiple hyperpolarizing responses appear. At slow rates the
negative slope appears at a higher current density than in the
cases shown in Figures 6.18, 6.19, but the time after ramp
initiation at which this response occurs is the same in all
cases. It seems that the negative resistance region cannot
occur earlier than 2 seconds after initiating the current
ramp and this requires a minimum current density. The punch-
through effect can also be observed with current densities
lower thén this minimum, but they have to be applied for longer

times and the effect is observed at later times.
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CHAPTER VII

DISCUSSION

The membrane characteristics of the cells of the Characeae

have been studied by many workers and in many cases marked dis-
crepancies have :been observed. To some extent these dis-
crepancies have arisen because of the lack of control of
external pH and light intensity. Even when these factors are
controlled, differences in the age of the cell or its pre-
history, e.g. dark preconditioning, will still produce'éon—
siderable variations in the values for individual cells. This
difficulty in controlling all variables is reflected by the
relatively large standard errors observed in the present work,
which makes for difficulties in the interpretation of the ex-
perimental results. On the other hand, the use of 'typical'
cells is probably less advantageous because of the difficulty
in choosing such a cell and the danger of making generalized
conclusions from a particular behaviour. For this reason the
conclusions and the discussion to follow were generally made
from observations of the average responses from a number of

cells.

7.1 The Membrane Response to External pH

(a) The resting state

Whilst Vredenberg (1) and Spanswick (2) are agreed
that the effect of pH is on the HY pump they differ widely as
to the degree of involvement of pH and the membrane characteristics.
Spanswick contends that pH affects both membrane potential and

resistance and that the resting resistance of the membranc is
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determined by the pump resistance. Thus his observation of
the large increase in the membrane resistance and the hyper-
polarized state of the membrane in the dark is interpreted as
being due to the almost complete inactivation of the pump.
Vredenberg claims that the pH affects only the potential and
that observations of a high resistance at a high potential
are simply observations of the rectifying properties of the
membrane. He obtained the current-voltage curves using a
current ramp arrangement and apparently found a correlation
between high resistance and high potential in the light.

Spanswick (3) challenged this by suggesting that
Vredenberg's resistance values at the higher levels of hyper-
polarization were overestimates since by the very nature of
the current ramp he was only measuring the hyperpolarizing
response. Support for the Spanswick viewpoint comes from
the present experiments in which the membrane resistance
actually decreases at large negative potentials (see Section 6).
Further evidence can be found in the work of Brown, Ryan and Barr
(4). They found that at external K+ concentrations of 1 mM
the membrane potential in the dark was only -120 mv yet the
membrane resistance was larger than the membrane resistance
in the light at the same potential.

Vredenbergéglso claimed that his current-voltage curves
at different pH could be superimposed after suitable trans-
lation which would mean that the passive rectifying properties
of the membrane are independent of pH. This was apparently
confirmed in the present work where, in the pH range 4 to 7,
the rectifying curves overlap (see Figure 6.4(b)). However,

this observation can also be explained by the Spanswick model
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if it is assumed that the observed rectification corresponds to
the rectifying properties of Rp. This assumption cannot be
tested directly from the Spanswick expression for the pump
resistance. It can, however, be tested indirectly by examin-
ing whether the experimental curves can be fitted by any
theoretical rectification relationship for passive, inde-
pendent, univalent transport. A lack of fit would support
the Spanswick modei.

The equation for the chord resistance (R(E') = (E'-E)/I)

based on the constant field assumption was obtained by Hope (5)

and can be written as:

.
F2 E' A 1 F(E'-E) /RT *
- e
where E' 1is the new membrane potential resulting from the

flow of current and A 1is defined by equation (1.22). The

corresponding equation for the Kimizuka-~Koketzu membrane was
obtained by Kimizuka (6):

R(E') = RT ...  (F(E' - E)/2RT)

F2/A'B' (F(E' - E)/2RT)

(7.2)

where A' and B' are defined by equation (1.23) and are
potential-dependent. The expression for the slope resistance
(R = dEY/dI), baséd in the Kimizuka-Koketzu membrane, can be
obtained by differentiating the expression of membrane current

(Kimizuka and Koketzu (7)) :

I = -2F/A'B' sinh F(E' - E)/2RT . (7.3)

Using equation (1.20), equation (7.3) can be expressed as
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-F2 sinh (F(E'-E) /2RT)
I rT "2 B E Tinn(FE/2RT)

Thus R(E') can be obtained from R(E') = 1/(dI/AE'), i.e.

v
R(E') = T [cosh F(E'-E) /2RT + 318h F(E'-E) /2RT
F2/A"R" |- _ FE/2RT

sinh (F (E'-E) /2RT) cosh (FE/2RT) ]~} (7. 1)
sinh (FE/2RT) *

Since the H+ permeability values, and therefore the
constants A and B, have not been determined by other
than electric measurements, Kitasato (8), it is necessary
to compute the constants in equations (7.1), (7.2) and (7.4)
from one experimental point. Using the constants so obtained
comparisons can then be made between the predicted and ex-
perimental rectifying curves. This comparison is shown in
Figure 7.1 where the solid line represents equation (7.1),
the dotted line equaﬁion (7.2) and the broken line represents
equation (7.4). The constants were computed from the point
=110 mv, 25.45 kQ.cm?, i.e. from the resting value at pH 5.
The experimental points correspond to the group of cells of
diameter = 1 mm.

It can be seen that none of these equations predict the
6bserved rectification. This is perhaps to be expected for
eéquation (7.1l) because of the severe constraint of the constant
field assumption. However poor fits are also obtained with
equations (7.2) and (7.4) which are valid for any passive,
independent, univalent transportlprocess. Thus it appears
that the present work confirms the Spanswick(gloposition

that the measured resistance corresponds to Rp, i.e. the
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resistance associated with the active transport of H+. A

further test of this hypothesis would come from the measurement
of the rectification curves in the dark where the passive
membrane resistance should dominate and the curves should be
reproduced by the Kimisuka-Koketzu equations.

As a final observation it should be noted that the pH
response is more marked in the cells of diameter 0.8 mm
than in the cells';f diameter 1 mm. If the diameter is a

measure of the age of a cell then this might suggest that

+ . . .
the H pump is more active in younger cells.

b) The excited state
The action potentials recorded in the pH range 5 - 7
do not show any marked differences. However at pH 8 a faster

recovery phase than at ph 4 or 5 is observed even though the
excited state resistances are comparable. An increased
potassium permeability at the high pH could account for this
observation (see Gillet and Lefebvre, 9). Support for this
comes from Kitasato's findings (8) that at high pH the K+
efflux shows a slight increase from that observed when the
membrane is clamped at the same potential and at a lower pH.
An increased K+ permeability produced by pH 8 would also
explain the observed departure of the rectification curve at
pH 8 from the general rectification curve at pH 4 to 7.

The form of the action potential at pH 4 is more dif-
ficult to explain. The very slow recovery could be explained
by an increased cL permeability at low pH but this would
not explain the slow initial phase of the action potential

at this pH. It should be mentioned that Doughty and Hopc (10)

found a similar form for the action potential in Chara
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corallina when the C%  permeability was increased by ultra-

violet radiation. A high C&~ conductance at low pH has also
been proposed by Lannoye, Tarr and Dainty (11) and by Richards

and Hope (12).

7.2 The Frequency Dependence of the Membrane Resistance

and Capacitance

The frequency dependence of the resistance observed in
the present work can be represented, though not with complete
success, by a circuit having two time constants. The experi-
mental curves are more faithfully reproduced if it is assumed
that C, (see Section 6.4) is frequency dependent, i.e. if it
increases with increasing frequency. However for each pH
curve an ad hoc behaviour of C, has to be assumed which casts
doubts on the validity of this assumption. It should be
mentioned that most of the discrepancy between the theoretical
and the experimental curves occurs at high frequencies. This
could be due to the greater experimental inaccuracies at these
frequencies (see Section 5.6).

This two time constant circuit fails completely to des-
cribe the frequency dependence of the membrane capacitance.

It is possible to speculate that this discrepancy arises be-
cause of the existence of an inductance associated with the
membrane. The existence of such an element was suggested

for nerve by Cole (13) and for Nitella translucens by

Bradley and Williams (14). The response of the membrane to
the application of a fast famp of high current density also

suggests the existence of a membrane inductance (see Figure 6.20)
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tonoplast. However this explanation cannot be extended to the
observed value of pH(i) at PH(p) = 7. In this case pH(j)

was actually less than its value at pH(y) = 6. This behaviour
could be the result of the long presoaking periods during
which the tonoplast potential may have been affected. This
calls for the separate determination of the plasmalema and

the tonoplast pH responses as well as the monitoring of cyto-
plasmic and vacuolar pH for different presoaking periods.

The DNP effects on thermembrane parameters obtained in
the present work are very similar to those found by Kitasato
(8) . .The observed depolarization of the membrane potential
led Kitasato to propose the DNP inhibition of the gt pump
and, because of the high proton permeability, the membrane
potential would then move to the HY Nernst potential (EH).
This interpretation was challenged by Spanswick (2) who drew
attention to high external kKt concentration used by Kitasato
and suggested that the membrane potential would move to the

Kt Nernst potential (Eg¢) rather than to E This pro-

He
position has been supported by observations on the membrane
potential when the pump is inhibited in the dark, Spanswick
(2) and gggg}et al. (4), or by uncoupling agents, Spanswick
(17).

The results of the present work do not support either
Kitasato's or Spanswick's hypothesis since the membrane
potential moved to a value intermediate between Ey and Eg.
A similar result was obtained by Spanswick (17) when he used

1l mM Azide as an inhibitor. Furthermore/gﬁfthe depolarizations

observed by Spanswick when he added 50 uM DCCD* or 1 uM ccep’

dicyclohexylcarbodiimide ; T carbonylcyanide m-chloro-

phenylhydrazone.
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to a pH 6 solution, ihe ratio E/E' (where E' 1is the de-
polarizeq level) has the values 1.37 and 1.30 respectively.
These values are similar to the value of E/E' obtained in
this work for the DNP produced depolarization at pH 6, thus
Suggesting that the move of E to Ex 1in Spanswick's ex-
periments was fortuitous. Spanswick does not mention if in
his experiments the external PH was established prior to the
addition of the inhibitors. If this was the case the addition
of 50 UM DCCD or 1 uM CCCP would have little effect on the
external pH, but the addition of 1 mM Azide (a weak acid)
would certainly decrease it. The ratio E/E' corresponding
to the Azide experiments reported by Spanswick is 1.7, a
value similar to the ratio observed here for the DNP produced
depolarization at pH 5.

Hope and Walker (18) stéte that uncoupling agents
increase the proton permeability of artificial membranes.
Such an effect, leading to an influx of H+, would certainly

explain the observed depolarisation in the Characeae (Spans-

wick (17), Kitasato (8), and herein). The reduction in the
ratio E /E'with increasing pH, observed herein, would then

be the result of a reduction in the HT concentration gradient.
However an increase in proton permeability in Nitella

translucens seems unlikely since the resistance increases with

the addition of DNP, though Spanswick would explain this as
being due to an increase in the pump resistance. The hypo-
thesis is made further untenable by the observation that

R'/R , where R' 1is the resistance'in DNP solution, decreases

with increasing pH.
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An alternative explanation of the effect of DNP has been
advanced by Duncan and Croghan (19) from their observations
on the toad lens membrane. They proposed that DNP diffuses
through the membrane only in its undissociated form (HP),
where P ig the dinitrophenate radical. The diminishing
effect of DNP with increasing alkalinity of the external
solution is thus a consequence of the dissociated form
(H+,P:)'being favoured at high pH values. This mechanism
would accoﬁnt for the observed DNP effects on the membrane

parameters of Nitella translucens. HP will permeate through

'the membrane and dissociate in the cytoplasm leading to its
acidification and a depolarisation of the membrane. Since
there would be less undissociated DNP at higﬁer pH then the
observed decrease in R'/R and E/E' 1is only to be expected.
Furthermore Spanswick's hypothesis would still be correct.

The observed response of vacuolar pH to DNP is difficult
to explain. If there is an acidification of the cytoplasm a
similar response would be expected for the vacuolar pH. A
possiblé explanation of the observed rise in vacuolar pH
would be that DNP increases the H+ permeability of the
tonoplast, as distinct from the plasmalema, thus producing
an equilibration of vacuolar and cytoplasmic pH at an
intermediate value. Alternatively it could be assumed that
the tonoplast, as distinct from the plasmalema, is permeable
to P . Migration of P~ from the cytoplasm to the vacuole
would produce the observed alkalinization of vacuolar pH.
Clarification for ﬁhe effect of DNP and other inhibitors calls

for the monitoring of the membrane potential and internal pH

of both phases, the vacuole and the cytoplasm.
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