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The relaxation phenomena of ionic currents through the charged membrane under the constant applied
potentials has been studied. The formulation was obtained for the non stationary current by assuming that the
ion mobility is independent of concentration and the potential gradient is a constant within membrane, and it
was applied to the experimental results with the sulfonated polystyrene collodion base membrane. It has been
shown that the initial ion distributions in the membrane play a predominant role in the relaxation phenomena.
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Introduction thickness of membrane was 0.03 mm. The measurements of
membrane conductance were made by d.c. method using the
The time course of ionic currents through the excitablecell devised by Laksminarayanafafter the membrane
membranes have been well described by reversible changess equilibrated with exterior electrolyte solutions, a
in sodium and potassium conductant@ore information  potential was applied across membrane with the current
concerning the change in the ionic conductance werearrying silver-silver chloride electrode. The applied
obtained by the techniques of intercellular perfusion and theotential was kept constant by using a variable resistor and
behavior of various ions other than sodium ion andsilver-silver chloride probes operated to the detect the
potassium ion were discussed. membrane potential. The change in the currents with time
Since the alteration in the ion conductances may attributediere recorded as the potential depression between a
to the change of ion concentration in the composite chargestandard resistance.
membrane, the relaxation of ionic currents during voltage The calomel electrodes were used to determined the
clamp would be interpreted by the time dependentesting potential. The experiments were carried af@5
redistribution of ions within membrane provided that thewithout a perfusion of electrolyte solutions.
passive ion movements govern the proces3émrefore, it
is of important to find out the essential feature of non-steady Results and Discussion
ion current under a constant voltage with the artificial
membrane electrolytes system Through the exact descriptionThe typical time course of non-steady currents with a
for the non-stationary state of the membrane electrolytearious applied voltages for the system which consists of the
system were given by Kirkwoddt is generally impossible membrane fixed between the 0.01 N-KCI solution and the
to estimate the ionic current as the function of appliedd.01 N-CaCl solution are illustrated in Figure 1. This
voltage and ionic concentration without the knowledge ofsystem has the resting potential of 35.6 mV. The currents
the detailed structure of the system. Hence, it is necessary tiecreased with time when the initial applied potential was
make simple assumption in order to express the non-steadlsplaced to the anodal direction, and the relaxation times as
current in terms of the simple measurable quantities such agell as the amount of variation in the current increased as
the applied voltage and the salt concentration of exteriothe applied potentials become larger. On the other hand, the
sides of membrane. current increased during the course of the record when the
In this study, the assumption of a constant electric fieldpotential deviations from the resting value were negative. In
was applied to the non-stationary problem. Additional
assumptions are that the ionic mobilities are independent ¢* Pt.electrode Charged Pt.electrode
ionic concentration and there is no cross term in diffusior Membrane
coefficient. On the basis of these assumption, an expressic
for the non-steady ionic current was derived and was applie
to the experimental data obtained with artificial systems. ;- yaier
25°C water

Experimental Section

SIS

The membrane was dried type sulfonated polystyrent

collodion base membrane prepared from 3.5% collodiorFigure 1. A schematic apparatus for ionic conductivity measure-
solution containing 0.85%/L sulfonated polystyrériehe ment.
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Table 1. The membrane potential, membrane conductance, and membrane permeability at resting state through composite charge
membrane and system no.1: 0.01 N-KCI/0.001 N-KCI, 2: 0.01 N-KCI/0.001 N>C&a@.01 N-KCI/0.01 N-CaG| 4: 0.01 N-KCI/0.1 N-
CaCb

System Vo G G, G- P¢ x 10 Pcax 10° P x 100
no. (mV) (mho/cnf) (mho/cn?) (mho/cnf) (cm/sec) (cmisec) (cm/sec)
1 54.6 165 478 56.9 1.30 - 242
2 69.6 101 391 28.2 1.06 1.81 0.59
3 35.6 172 345 85.8 0.936 1.16 0.1
4 11.5 176 220 141 0.596 0.306 0.1

this case, the time constants were smaller than those for the

anodal currents. PKR—IG+C—'2exp(qu) - R—;I-G_C% + R—;I-G+Ci (5)
When only the KCI solution was used the exterior 0 F o F 0

electrolyte and the concentration of electrolyte of the one P = KI’G 1 expEE ElgoOD ©)
side membrane was different from the other, the system gave ™ €@~ g2 ~*C,~ "2 "0

essentially the same results as those mentioned above except RT. 1 RT. 1

for the smaller changes of current caused by the negative ¢, = —2G_C— - —G.=exp(@) )
displacement of membrane potentials. Since the constant F o F 0

voltages measured with silver-silver chloride probes were ¢, = FVy/RT (8)

affected by the voltage depression due to the electrical

resistance of the solutions between the probes, the nahdG., G- are calculated according to equations (3) and (4).
membrane potentials by measuring the solution resistancdfsthe following condition was maintained

as a function of the distance between the prdb&3he

effect of the concentration polarization near the membrane q2 >> p3 9)
surfaces would be ignored since a sudden removal of the P.C P.C

applied potential caused a negligible polarization potential 3P = ﬁ, = ﬁ
as compared with the resting potential. In addition, the time K=0 = T cr K=0 © T ci
scale adopted for recording the current was so large that the

capacity current was not involved in measurement. For thgnchalndlcates the membrane permeability to calci@an;

o : . and C;, the concentrations of KCl and CaGh normal,
initial resting state of various systems, the membrane

. - rFspectiver. The Table 1 indicates that the membrane
conductance, the potentials and membrane permeability g - S -
ermeability to chloride ion was negligible as compared

each cgmponent are given in Tablell. The equ_at|on fo\%)vith those of sodium and calcium ions and hence the
calculation permeabilities were derived by using the

formulations given by Kimizuka as followsFor the membrane used in this study is of the higher permselectivity

concentration cell of KCI solution; for cations. L
' In the subsequent treatment of non steady current, it is

assumed that the membrane is uniform over its thicdness

(10)

P = (;2+(;2%Q—IG+C0 - R—;I-G_CE @) and the ion fluxes are dependent upon position and time. The
0 F F ion flux, jo, of componentr ion for isothermal system is
) 1 [RT RT 0 given by the Nernst-Planck equation;
o T -2 5G.Cp - _ZG+C||:| 2
Cs - Crr F _ 4C, = z,FC,dyp
12 Ja = _D“Ddx TTRT dxD (11)
G =(G,G.) ©)

Where C, is the concentration ofr ion within the
FVo _ InG—_ 4 membranez, its chargeDa, its diffusion coefficienty, the
RT G, “) membrane potential; anddenotes coordinate normal to the
membrane. For the sake of simplicity, the diffusion coeffi-
Where P« and P denote the membrane permeabilities tocient, D, was assumed to be independent of the concen-
potassium ion and chloride ion, respectivel; and C, trations although it, in general, considered to be a compli-
concentrations of KCI solution on the both side of cated function of the concentration of all components. This
membrane;G: is membrane conductancey, membrane was usually assumed by many investigators for describing
potential at the resting state; Faraday constanR, is gas the steady state of the membrane and electrolyte solution
constant(, absolute temperature. systemg?
Similarly, the membrane permeabilities of components for According to Goldman?: the further simplification of the
the bi-ionic system composed of KCl and Ga@lere  problem might be possible in the case where the assumption
written in the form; concerning with either the potential distribution or the
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concentration distribution of ion within membrane were
proposed. The former assumes the microscopic electro-
neutrality at any position within the membrane, and the latter

]oo J _Zax
Calt D = 5,57 *+ g, * CoolP

assumes that the potential gradient in the membrane is a o P @ BD'—
constant. + > s

The former case was studied exclusively by TheSrafid 1* 2Z1 Canllan
the latter was preferred by Goldman and Hodgkin. i
However there is no theoretical reason for confirming which [BZHO —a0_ X(Nan = <an)

o ; - 29,00, D
situation describes the characteristics of system more
exactly. In view of the fact that the current voltage relations {n..G Jao  _Jae Eb%
obtained with the non-steady currents at constant times can n””EQq)ao 2¢,D,
be reproduced by the expression based on the assumption of ;

. . . . ]C{DO (pa JGO |:|
constant electrical field, it seems reasonable to apply this + nanBZO,O Eb ZGnBZO,O P
i ; 2¢,D, 2¢,0D,H

assumption for the non stationary systéfns. a0™a

Denotingx antt for the coordinate normal to the mem- G 2%0)1} -1)" lant (19)
brane and time, respectively, the equation of continuity is
given by in which the following abbreviations were used;

dj oCc
Lo T 12) Can = (05 + 225} (20)

which represents the conservation of mass for the compo- = {gn + HO, P00 — P2o) (21)

nenta. With the assumption of constant electrical field and
by equation (12), the equation of flux expressed by Nernst:
Planck equation is reduced to

and n denotes positive integers. For lariethe equation
(19) may be expressed by the term witk 1. Hence, we

obtain
dja _ dZCa dCC{ — jc{oa jaoo 2(pux
3T - P + 2@, X (13) C,(x,T)= 20,0, + (2(paDa +C,o)e
whereg, andT are given by following equations; + 2—;Te_z"'T ) %Xsin(r—ix)
1
Z Fd_(y J 0 ] ] 0 J o0 [
2 — “a’ 14 C q + a _ a al
u RT dx (14) [Zal{ Z(paODa EQ(pGODa Z(paDa%
t Jaw \ -0 1 Ja0
T=[(D,dt 15 +(C,, + =22 ™} - —(C,, + —L—
IO a ( ) ( a0 Z(paDa) } nal( aO 2(pa0 )
in which ¢, is independent of position owing to the present x{1 + olfe ™ 2%0)1}] (22)

assumption.
The generalized diffusion equation represented by equation

(13) could be solved with the initial condition; where du andna are equal to those of equations (20) and

(21) atn = 1, respectively. By the substituting the equation
(22) to equation (11) it is possible to represent the flux

C,(x,0) = —2(;“0[) + EQ(;“OD + Cao%exp(—Z(paox) equation as the explicit function of time and position;
a0~ a a0~ a
S 2mD, -¢,T-
0<x<1 (18) o =law = 3% T gysin(Z) + Toos )
And with the boundary condition; [i{C . Jao + Jao _ Jae %%u
= al . 2(00'0Da I:Q(DO'ODO' 2(00' a
Ca(0,T) =Cpo a7
Jaoo ~Pa1 1 Jao
| - +Cao * 57508 "} = 7=(Cao * 55)
_ aw , law ~ a " 2¢,D Mo % 2@,0D,
Coll. T) == 5,5 * g b, * CaoPXP-26u) e “ g
a0
0<T<ow (18) x{1+e’ H (23)

whereCqo, the concentration of iom atx = 0, andT = 0;jq0 Equation (23) indicates that the non steady flow ofiaan
andjqw, the fluxes afl = 0 andT = o, respectively andg be described completely provided the initial and final steady
corresponds tqy given by equation (14) at the initial resting states, the diffusion coefficient of the ion and applied
state. The solution for equation (13) was obtained in thgotential are given. The summation of the fluxes for the all
polynomial form as follows; constituent ions the total currents;
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r . r . ' . unity, is reduced to
| =S ZFia 1o= 3 ZFiao lo= 3 ZaFiam (24) Y _
a a a P O Qe‘ﬂu/RT 0 Dq
wherel, lp andl. are the total currents at the finite, zero and a I
infinite times, respectively. Combining the equation (24)Wherel7a indicates excess free energy of thedommserting

with the equation (23) and eliminatihg we have the time : ) . . .
dependence of the non steady current at the membrar%?(;')anon (29) into equation (27), we obtain the next equation

boundaryx = 0, as follows;

(29)

. D
~1o=2F 52 a0 =~ (C3GI ~ CLGL) (30)
1 a G
) ) N ) Thus the fluxes at rest and the diffusion coefficients could be
(J_.‘Z.Q - J_gi))(l + e%l) +(2D,Cuo + —22)(1 + e_%‘) estimated from the data shown in Table 1. The time courses
x Pao a a
@1+ 1t =
i (@~ 20,0)1 160
(2D4Cyo + )1 + € " ol .

_ (0610 b
(@0 — 20,0)°1° + 1P

¢ + §)}Dgt
x[e - 1] (25)

N
(=)
T
w
o
(=}

T

-120

after substituting the equations (15), (20) and (21) faf T,
andn, respectively.

The resting potentialo and the applied potentiaV, are \\w—ﬁ_‘""ﬁ"{o’
introduced into equation (25) through the following 10 -\-\__i-

I'l]/pAcm?

relations; 80
FV Fv — 40 40
_ Za Yo _ Za v )
Yoo = oRTT %7 2RI (26) , . , .
In equation (25) the relaxation of current is expressed as tf 0 10 20T' ° 10 20
ime (min)

deviation from the initial current and the difference betweer
the initial and final steady currents are determined by th¢Figure 2. Records of non steady current under a constant dpplie
extrapolation to the infinite time. It was obvious that the timeYoltage for system no. 3. The displacement of membrane potential
constant for the relaxation of current was parallel to the'S given in millivolts by the number attached to each records.
applied potential and proportional to the diffusion coefficient
as well as the reciprocal of membrane thickness. On th
other hand the amount of variation in the current was foun
to be depend on the many factors, such as applied potentii
diffusion coefficient, initial concentration of components 0
within membrane, the resting potential and the initial anc
final steady fluxes, in more complicated manfer.

In order to estimate the flux at resting state, the following.,
equation could be availabte;

a0 = - ; (Cg6H - clG) 27)

whereC% andC', are bulk concentrations of iam on the
both sides of membrane afj is the membrane perme-
ability to the iona. Assuming that in the membrane, the
potential gradient is a constant and the diffusion coefficient
D, is a constant independent of concentrafignmay be
reduced to

155

Al / pA-cm

195

T 235mv

10

p z,FVI2RT x&, -n,/RT 0 10 20 30
@~ sinhz,FV/2RT " |

(28) Time (min)

Figure 3. The records present an applied potential; solid line,
which, providedz,FV/2RT, is small as compared with experimental value and dashed line, calculated used.
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Figure 4. Time course of non steady current for the electrolyteFigure 5. Time course of non steady current for system no.3 and
solution system no.2. Solid lines are experimental value and dash¢he numbers attached to the records represent an applied potential;
lines are calculated value according to equation (23). solid lines are experimental data, dashed lines are calculated value.

of the non-steady currents measured at various appliecbuld not be estimated for case of the negative applied
voltages are illustrated in Figures 2, 3, 4 and 5 for thepotentials. Consequently, the values @f and Js are
different systems, respectively. The calculated diffusionnecessary to determine so that they could reproduce the
coefficients from these results were smaller than thosexperimental data. The values @fy andJs. estimated in
estimated by equation (29) for the permeabilities in Table 1such way are given in Table 3 to 6. Thus the time courses of
This fact seems to be due to the different treatment from ththe relaxation current for the various applied potential
previous one which was determined without the constantalculated according to equation (25) could reproduce the
field assumption. However, the permeability ratio for a givenexperimental results as shown in Figures 2 to 5. These
system should be preferred that determined with the method

of Kimizuka'"*® rather than that according to Hodgkin and Table 3 The ion flux and membrane potential of potassium ion for

Katz. the 01 N-KClvs 0.001 N-KCI solution system through composite

Therefore, it was possible to calculate the diffusion coeffi-charged membrane
cients with the time constants and equation (25), provided V (mV) jk x 10?(mole/cnsec?)
the ratio of diffusion coefficients is according to equation =

e . . 195 -12.2

(29). These diffusion coefficients and fluxes of potassium 155 8.85
and calcium at rest were shown in Table 2 for the various 115 _6' a4
systems. The corresponding quantities of chloride ion were 95 _ 4'68
so small that they could not calculate exactly. 65 _1'98

As Cy is the concentration of iorr at membrane 35 i28
boundary in the initial steady state, it is unlikely reasonable 5 6.62
to estimateCq by assuming Donnan equilibrium. In the 85 20'4

Figures 3, 4 and 5, it was found that the final currésnt,

Table 2 The diffusion coefficient, ionic concentration and ionic flux value at resting state for potassium ion and calcium idn throug
composite charged membrane and system no. 1: 0.01 N-KCI/0.001 N-KClI, 2: 0.0YMSRCIN-CaClJ, 3: 0.01 N-KCI/0.01 N-CaG| 4:
0.01 N-KCI/0.1 N-CaGl

System Dk x 1¢° Dcax 10'° Cy x 1¢? Ccax 16 jk x 107 joax 10t
no. (cnPsec) (cnPsec) (mole /1) (mole /1) (mole/cntsec?)  (mole/cntsec?)
1 1.43 - 4.8 - 13.6 -

2 0.93 1.58 4.4 0.15 11.9 -2.06
3 1.37 1.70 21 12 9.17 -75.2
4 1.85 0.95 17 11.0 3.95 -101.0
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Table 4. The fluxes of potassium ion and calcium ion at and
membrane potential for 0.01 N-K@k. 0.001 N-CaG solution - 28
system through composite charged membrane I semTTTTTTI T T
V (mV)  jkx 10 (mole/cnised)  jca x 104 (mole/cntsed) \ :-"_SQ—:’;—‘:E_-_;;_‘_““ mmmm mowmemseiemmmenn 72
230 -5.43 -39.1 Tl e
ﬁg —(2);21 —ig; \ ;\\- = —= {:—:h—;\iif 132
' ) ’ . -108
30 5.28 -6.74 <§ al RN \ ~
-10 10.9 -1.56 2 e e Y
-50 18.0 0.08 P
-90 26.7 2.73 "
e
Table 5 The fluxes of potassium and calcium iort ateo against n
membrane potential value for 0.01 N-KL0.01N-CaC] solution -10 F e
system through composite charged membrane RN
-148 mv
V(mV)  jkx10%(mole/cntsec?)  jcax 10 (mole/cnisec?) m
1 1
236 16.5 45.2 0 10 20 30
156 -9.94 -37.7 Time (min)
76 -2.61 -13.8 . )
_ _ Figure 6. The time course of non steady current for system no.4
4 2.15 0.98 .
a4 8.20 139 and the numbers attached to the records represent an applied
. ) potential and solids are experimental data and dashed are calculated
-124 23.1 3.36

Table 6. The fluxes of potassium ion and calcium ion against

membrane potential for 0.01 N-K@k. 0.1 N-CaCl solution

system through charged membrane

V (mV)  jk x 102 (mole/cntsec?)  jcax 10*(mole/cntsec?)
212 -29.0 -23.0
132 -20.0 -14.3
72 -12.4 -7.78
-28 2.98 -2.36
-68 11.5 0.99
-108 20.6 1.46
-148 30.0 1.96

systems, the time course of current was mainly governed by
potassium ion transport when the Ga&blution side was
positively polarized and vice versa.
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