
Artif Life Robotics (2002) 6:140-148 �9 ISAROB 2002 

X i a o l i n  Z h a n g  �9 H i d e t o s h i  W a k a m a t s u  

A new equivalent circuit different from the Hodgkin-Huxley model, and an 
equation for the resting membrane potential of a cell 

Received and accepted: April 21, 2003 

A b s t r a c t  A new generalized equivalent circuit of a cell is 
proposed which is different from that of Hodgkin and 
Huxley. In this circuit, we use the new concept of ion- 
condensers to represent the equilibrium potential of ions, 
and power sources to represent the active transport of ions. 
Using this equivalent circuit, we derive a general equation 
to relate the resting membrane potential of a cell to the 
capacity of ion pumps, intracellular impermeant ion con- 
centrations, extracellular ion concentrations, and the per- 
meability of ions. Using this equation, the influence of 
extracellular ion concentrations on the resting membrane 
potential was calculated, and the results shed doubt on 
the validity of using the Goldman-Hodgkin-Katz (GHK) 
equation for biomembranes. The proposed equation also 
showed that the effect of intracellular impermeant ions on 
the resting membrane potential in actual neurons was rela- 
tively small. 

K e y  w o r d s  Equivalent circuit �9 Ion condenser �9 Resting 
membrane potential �9 Impermeant anion �9 Ion pump 

1 Introduction 

An accurate equivalent circuit of a neuron would not only 
help us to analyze its electrical characteristics, but also con- 
stitute the basis of other studies. Considerable research has 
been carried out on the mechanisms of excitation and signal 
transmission of a neuron using the equivalent circuit of 
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Hodgkin and Huxley. However, in the Hodgkin-Huxley 
equivalent circuit, important factors such as intracellular 
impermeant ions and the active transport of ions have not 
been considered. 13 In addition, the chemical potential is 
very sensitive to the ion current when the intracellular con- 
centration is much lower than the extracellular one. Then 
the Hodgkin-Huxley model cannot represent the influence 
of Ca 2+ flow on the action potential of the cardiac muscles 
and on the electrical characteristics of synapses, since it 
considers the chemical potentials as if they were constant 
voltage power sources. Thus, to understand neurons more 
accurately, we propose a new equivalent circuit and extend 
it to normal cells. This equivalent circuit consists of ion 
condensers to represent the concept of the chemical poten- 
tial of ions, and power sources to represent ion pumps. 4 

Any living cell has a resting potential across its mem- 
brane owing to the existence of ion pumps and intracellular 
impermeant ions. However, a relationship between the rest- 
ing membrane potential and ion pumps and impermeant 
ions has not yet been discussed. Here, we propose a gener- 
alized equation to calculate the resting membrane potential 
by relating it to intracellular impermeant ion concentra- 
tions, extracellular ion concentrations, membrane ion per- 
meability, and active ion currents in the steady state. To 
make the concept clear, the resting membrane potential 
discussed in this article is the potential of the cell in the 
steady state. 

It has been thought that the resting membrane potential 
of a cell was estimated accurately using the Goldman- 
Hodgkin-Katz (GHK) equation. 5'6 However, here a misin- 
terpretation is elucidated, since the GHK equation is shown 
not to be suitable for biomembranes. 

2 Equivalent circuit of a cell 

2.1 Concept of an ion condenser 

In Hodgkin-Huxley's equivalent circuit, constant-voltage 
power sources have been used to represent the equilibrium 



potent ia l  of ions. However ,  as long as a cell continues to be 
excited,  the ion concentra t ion gradient  becomes  lower,  i.e., 
the equi l ibr ium potent ia ls  of the ions decrease.  The  ion 
concentra t ion  gradients  are recovered  with ion p u m p s ]  In 
o rde r  to find out  how the resting potent ia l  relates to the ion 
pumps  and intracel lular  impermean t  ions, the pe rmeab le  
ion concentra t ion gradients,  i.e., the equi l ibr ium potent ia l  
of the ions, have to be defined as variables.  In this case, 
using constant-vol tage power  sources to represent  the equi- 
l ibr ium potent ia l  of ions, as in the H o d g k i n - H u x l e y  equiva- 
lent  circuit, is not  suitable.  Since the volume of extracel lular  
fluid is far greater  than that  of intracel lular  fluid, extracellu- 
lar ion concentrat ions  can be assumed to be constant.  So the 
concentra t ion  gradient  of an ion across a cell membrane ,  
i.e., the equi l ibr ium potent ial ,  depends  on the quant i ty  of 
ions in the cell and the volume of the internal  fluid. This 
characteris t ic  also appears  in a condenser ,  in which the 
vol tage depends  on the strength of the electr ical  charge and 
the capacity. Thus, in this article, we int roduce a type of 
condenser  to represent  ion concentra t ion gradients,  and its 
vol tage will represent  the chemical  potent ia l  (the opposi te  
to equi l ibr ium potent ial) .  We  call this an ion condenser.  

The chemical  potent ia l  Vx of an ion X is obta ined  from 
the Nernst  re lat ion 

R T  in [X]i 
Vx = Zx F [X]o (1) 

where  [X]i and [X]o are the intra- and extracel lular  concen- 
t rat ions of X, R, T, and F are the gas constant ,  the absolute  
t empera ture ,  and the Fa raday  constant,  respectively,  and Zx 
is the  valence of X .  The  intracel lular  electr ical  charge qx of 
ion X can be expressed as 

qx : zxFv([X] i - [ X ] o )  (2) 

where  v is volume of the internal  fluid of the cell. 
F r o m  Eqs. 1 and 2, we get a re la t ionship be tween qx and 

Vx 

z x F ,  7 

qx = zxFv[X]o~eWr-vx - 1 / (3) 

Equa t ion  3 shows that  the characterist ics of an ion con- 
denser  are different  from those of a normal  condenser  (q = 
CV), i.e., an ion condenser  is a nonl inear  condenser .  The 
characterist ics of an ion condenser,  as shown in Fig. 1, de- 
pend  on the extracel lular  concentra t ion of the ion, volume 
of the internal  fluid of the cell, the t empera ture ,  and the ion 
valence.  

Figure  1 shows that  the voltage of an ion condenser  
approaches  a constant  value when [X]~ >> [X]o. On  the 
o ther  hand, if [X]i << [X]o, the voltage of the condenser  
becomes  very sensitive to variat ions in qx, i.e., to ion X 
current  Ix. This means  that  when the intracel lular  concen- 
t ra t ion of an ion is much lower than its extracel lular  concen- 
t rat ion,  say, Na +, C1-, and part icular ly Ca 2+, a very small  
quant i ty  of ion flow through the cell membrane  will cause a 
large variat ion in the chemical  potential .  Thus, only when 
the intracel lular  concentra t ion of an ion is much higher  than 

qx 

q, =z,.v. (m, -too) 

Ion-condenser (zx>O) 
"-,, 0 

Ion-condenser (zx<O) 
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Fig. 1. Characteristics of an ion condenser. Assuming that the extracel- 
lular concentration [X]o is constant, when [X]i << [X]o, the chemical 
potential becomes very sensitive to variations in qx or [X]~, i.e., to the 
ion X current. When [X]i >> [X]o, the chemical potential becomes very 
insensitive to the ion X current. This means that only when the intra- 
cellular concentration of an ion is much higher than its extracellular 
concentration can the ion condenser be considered as a constant- 
voltage power source 

its extracel lular  concentra t ion can the ion condenser  be 
considered as a constant-vol tage power  source. 

2.2 How to synthesize an electrical  equivalent  circuit 

Figure 2 shows how an electrical  equivalent  circuit of a cell 
membrane  was synthesized. Figure 2a shows fluids in differ- 
ent concentra t ions  with two types of ion separa ted  by a 
membrane .  The  e lect rochemical  potent ia l  causes the ions to 
diffuse through the membrane .  As  in the H o d g k i n - H u x l e y  
equivalent  circuit, 1-3 we represen ted  the electr ical  capaci ty  
of the membrane  as a condenser ,  and the pe rmeabi l i ty  of 
the membrane  as the conductance,  so the circuits were 
drawn to have equal  permeabi l i ty  through the membrane ,  
as shown in Fig. 2b. If we represent  the chemical  potent ia l  
of the ions as the electr ical  potent ia l  of an ion condenser ,  
Fig. 2b can be drawn as in Fig. 2d. 

2.3 Genera l iza t ion  of an equivalent  circuit 

Figure 3a shows the flux of the ions in an imaginary  cell. We  
assume that  the ion pumps in the cell are only N a + - K  + 
pumps,  and the extracel lular  pe rmeab le  ions are Na +, K +, 
and C1-. 

We consider  the N a + - K  + pumps as two-current  power  
sources. F r o m  the viewpoint  of electrical  engineering,  the 
current  power  sources of the ion pumps are connec ted  in 
paral lel  with the ion channels,  and in series with the ion 
condensers.  F r o m  Fig. 2d, we can draw the equivalent  cir- 
cuit of Fig. 3a as Fig. 3b, where  CNa , CK, and CCI represen t  
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Fig. 2. Relationship between an 
ion condenser and a membrane 
condenser. In the figure, a circled 
plus sign represents a type of 
cation, and a circled minus sign 
represents a type of anion, a The 
concentration of the cation on the 
upper side of the membrane is 
higher than that on the lower side, 
and the concentration of the 
anion on the upper side is lower 
than that on the lower side. Only 
two types of ion are represented 
in the figures, b Equivalent cir- 
cuits represent the permeability of 
each ion through the membrane, c 
A representation of chemical po- 
tentials, which are schematically 
changed as indicated in d. d Ion 
condensers drawn to represent 
chemical potentials 
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ion condensers  of Na +, K +, and Cl- ,  equivalent  conductance 
gNa, gK, and ga  represent  permeabi l i ty  through the mem- 
brane  of Na +, K +, and C1 , and Cm represents  the membrane  
electrical  capacity. Ip,Na and Ipx are currents  of Na  + and K + 
actively t ransferred by N a + - K  + pumps.  In Fig. 3b, gNa and g~ 
contain the characterist ics of  the ion channels. 

F r o m  Fig. 3b, we obta in  a genera l  equivalent  circuit 
to represent  any type of cell, as shown in Fig. 3c, where  
X ( X  = 1, 2 . . . .  ) represents  pe rmeab le  ions in the external  
fluid, Ip, x represents  an active t ranspor t  current,  and 
Ig,x represents  the passive t ranspor t  current  of ion X. If X 
has no active t ransport ,  Ip,x = 0, and if ion X has no ion 
channel,  the conductance of ion X through membrane  gx is 
constant.  

W e  call the rat io of Ip,x and gx the active t ranspor t  
potent ia l  of ion X, and represent  it as VAT,X. From Fig. 
3c, 

V x  _ V m _ Ig,x __ I x -  Ip,x __ I x  VAT, X (4) 
g x  g x  g x  

Hence ,  Fig. 3c can be drawn as Fig. 3d. 
We can consider  Ip,x and gx as e i ther  total  active current  

and total  conductance through the cell membrane ,  or  as 
active current  and conductance per  unit  area  through the 
cell membrane .  Therefore ,  the size of a cell has no influence 
on the resting membrane  potential .  To make  the concept  
clear,  in this article, all types of ion current  and conductance 
through a membrane  are the average value per  unit of cell 
m e m b r a n e  area. 

Figure  3c and d are the same. In the case of Fig. 3d, it 
should be no ted  that  the active t ranspor t  potent ia l  VAT,X is 
re la ted  not  only to the active ion current,  but  also to the 
conductance gx, i.e., the permeabi l i ty  of the ion through the 
membrane .  

3 Equation for the resting membrane potential 

In this section, we calculate the resting m e m b r a n e  potent ia l  
using the equivalent  circuit f rom Fig. 3c. If  we represent  the 
electr ical  charge of an impermean t  ion Y as qy ,  the follow- 
ing equat ions  can be written: 

~ , q x  + ~_~qv = qm (5) X Y 
qy : vFzy([d, - [ d o )  (6) 

where qx is the electrical charge of a pe rmeab le  ion X, qm is 
the electr ical  charge on the membrane ,  and zv is the valence 
of Y. F r o m  Eqs. 3, 5, and 6, the following equat ion is 
obtained:  

I zxF I  zx[X o + [Y]o) qm vF  (7) 
Y 

Since qm is far smaller  than Eqx, 5 and the extracellular  
fluid can be  thought as neutral ,  i.e., 



Fig. 3. The structure of a generalized equivalent circuit 
based on the electrical characteristics of a cell. a The flux 
of ions through the membrane of an imaginary cell in 
the external fluid. Here we assume that the ion pumps 
in the cell are only Na§ + pumps, and the extracellu- 
lar permeable ions are Na +, K +, and C1 . b A new 
equivalent circuit of a cell using ion condensers and the 
equivalent current power sources of ion pumps, c A 
generalized equivalent circuit of a cell. Here, if ion X has 
no active transport, the active transport current Ip, x = O, 
and if ion X has no ion channel, the conductance of ion 
X through the membrane g x  is constant, d Another  type 
of equivalent cell circuit, where the ratio of Ip, x and gx  is 
defined as the active transport potential VA'r,X" In this 
case, the power source VAT,X is related to the conduc- 
tance g x ,  i.e., the permeability of the ion through the 
membrane.  In the steady state, both 1p, x and VAT,X are 
constant 
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Eq. 7 becomes 

ZxF_F 

,y__,zx[X]o e Rrvx + "~Zg["] i  = 0 (9) 
X Y 

From the equivalent circuit of Fig. 3c, we obtain the 
equations 

Ig,x + le,x = I x  (10) 

Vx = -G,  + Ig,x (11) 
g x  

In the steady state, the concentrations of intracellular 
ions are constant, i.e., I x = 0. Thus, f rom Eq. 10 we obtain 

Ig, x = - I e , x  (12) 
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Fig. 4. The presence of 
impermeant ions leads to a mem- 
brane potential, a Ion exchange 
through the membrane of an 
imaginary cell, where a permeable 
cation K + and an impermeant 
anion A are intracellular ions 
put into a K+-C1 - solution, b An 
equivalent circuit of a, where Ccl 
and CK represent ion condensers 
of C1- and K +, gcJ and gK represent 
the equivalent conductance of per- 
meability through the membrane 
of CI- and K +, respectively, and 
C m represents the membrane elec- 
trical capacity. The instant the cell 
is put into the solution, as shown 
in aI, the switch SW is turned on in 
the equivalent circuit, as shown in 
bl 

K+[ 0.1mol/g K + [ 0.1mol/g ] Vm = -12 .12mV 

 0lmo 0+,oo  + 
a ( I ) ( I I )  (III) 

SW~ "~, I m 
1 

b ( I )  

.Cc,:g 
c K - - -  

I I 

(II) (III) 

Hence,  Eq. 11 becomes 

r x = - (  gm-~ [P'Xlgx ) (13) 

F r o m  Eqs. 9 and 13, the general ized equat ion is obta ined  
a s  

Zx[X]o e RTk m gx j ~_ Z Z Y [ Y l i  = 0 
Y 

Using Eq. 14, we can calculate the resting membrane  
potent ia l  Vm of any type of cell. Equa t ion  14 shows that  the 
resting membrane  potent ia l  is de te rmined  by (1) concentra-  
tions of extracel lular  ions and their  valences, (2) concentra-  
tions of intracel lular  impermean t  ions and their  valences, 
(3) rat ios of the active t ranspor t  current  and permeabi l i ty  of 
each ion, and (4) the t empera tu re  a round  the cell. 

Since the rat io of Ip, x and gx was defined as the active 
t ranspor t  potent ia l  of ion X, and it is represen ted  as VAT,X, 
Eq. 14 can be expressed as 

z x [ X ] o  e +  ATx) + ZZ [V], ---- 0 
Y 

4 Discussion 

4.1 Influence of impermean t  ions on the resting 
m e m b r a n e  potent ia l  

I t  is known that  impermean t  ions affect the resting mem- 
brane  potent ial .  However ,  no clear equat ion has been  
deve loped  to calculate a re la t ionship be tween  the resting 
m e m b r a n e  potent ia l  and impermean t  ion concentrat ions 

(14) except  for Eqs. 14 and 15. In this section, we discuss how 
impermean t  ions influence the equivalent  circuit. 

Le t  us consider  the flow of ions through a cell membrane  
when the cell has intracel lular  impe rmean t  ions. Since the 
extracel lular  ion concentrat ions  can be assumed to be con- 
stant, we discuss the process  of an imaginary  cell, which will 
have a pe rmeab le  cat ion K + and an impe rmean t  anion A -  
as in t racel lular  ions, put  into a K+-and-C1 solution. Figure  
4a shows that  the presence of impermean t  ions leads to a 
m e m b r a n e  potential .  A n  equivalent  circuit of Fig. 4a can be  
drawn as shown in Fig. 4b, where Ccl and CK represent  ion 
condensers  of C1- and K +, g a  and gK represen t  the equiva- 
lent  conductance of permeabi l i ty  through the membrane  of 
C1- and K +, respectively,  and C~ represents  the membrane  

(15) electr ical  capacity. 
The  instant  the cell is put  into the solution, as shown 

in Fig. 4aI, is the instant  the switch SW is turned on in 
the equivalent  circuit, as shown in Fig. 4bI. In this instant, 
external  C1- has a chemical  potent ia l  tha t  makes  it move 
into the  cell. We represen t  the chemical  potent ia l  as a 
C1- ion condenser  with the same equivalent  potent ia l  as in 
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Table 1. Impermeant ion concentrations in the axoplasm of freshly 
isolated giant neurons and in the external fluid 1 

Ion Concentration in 
axoplasm (mM) 

Hence,  Eq. 17 becomes 

l/2 / Blood FVm 
(raM) 560 e + 364.2 e ~ m __ 

K + 400 20 
Na + 50 440 
Ca z+ 0.4 10 
M f  + 10 54 
CI- 40 560 
Impermeant 385 - 

anions ( A )  

the equivalent circuit. As for CI-, K + has no concentra- 
tion gradient, and the potential of the K + ion condenser is 
0inV. 

Figure 4aII shows the state of the cell just after it is put  
into the solution, where C1 flows into the cell because of 
the chemical potential, leading to a membrane potential 
that causes K + to flow into the cell. Figure 4bII shows the 
equivalent circuit, in which condenser C~ and ion condenser 
CK are being charged by ion condenser Ccj. 

Figure 4aIII  shows the steady state of the cell, and Fig. 
4bIII  shows the equivalent circuit. Since there are no ions 
flowing through the membrane in the steady state in the 
case of Fig. 4aIII,  there are no currents flowing in the 
equivalent circuit. This means that Cm, CK, and Cct have 
the same potentials as in Fig. 4bIII.  Therefore,  Fig. 4 shows 
that impermeant  ions can cause a membrane  potential, but 
this does not change the structure of the equivalent circuit. 

4.2 Resting membrane  potential of a cuttlefish giant 
neuron with no operation of ion pumps 

In this section we discuss the influence of impermeant  ions 
on the resting membrane  potential in cases where the ion 
pumps are stopped (VAT,X = 0) in a cuttlefish giant neuron. 

Table 1 shows the approximate ion concentrations in the 
axoplasm and in the external fluid of freshly isolated giant 
neurons)  From Eq. 15 we obtain the equation 

([Na]o + [Klo)e RT ~  [Cl]oeRr 

( [ A l i -  2[Ca]i - 2[Mgli ) = 0 
(16) 

460 = 0 (21) 

F rom Eq. 21 we obtain the value of the membrane  
potential in the steady state. A t  a temperature of 20~ V m 
is - 1 0 . 0 m V .  Since the normal  resting membrane  potential 
of a cuttlefish giant neuron is about - 7 0 m V ,  the influence 
of intracellular impermeant  ions on the membrane  poten- 
tial is small. This result validates the experiments in which, 
after stopping the ion pumps, the membrane  potential de- 
creased slowly to a small value. 7 

4.3 Equivalent conductance of  Ca 2+ 

Some impermeant  ions such as Ca 2+ have ion channels and 
active transport. This means that the active transport  pro- 
duces a concentration gradient across the membrane,  but in 
the steady state, gca = 0, and the active transport  current is 
also 0, i.e., Ip,Ca = 0. In this case, using the active transport 
potential VAT,Ca to represent the active transport ability is 
better than using the active transport current Ip,ca, and the 
equivalent conductance can be represented as shown in 
Fig. 5. 

In the steady state, gca = 0. However,  when the channels 
work or there is active transport, conductance of the 
channels or the ion pumps exists. Therefore,  the generalized 
equivalent circuit of Ca 2+ shown in Fig. 5a can be described 
as in Fig. 5b, where gp is the equivalent conductance of the 
ion pumps, and gc represents the equivalent conductance of 
Ca 2+ channels. The sign T represents a diode through which 
a current passes in one direction only. Since gc = 0 in the 
resting state, Fig. 5b can be drawn as in Fig. 5c. Further- 
more, since the most intracellular C a  2+ is contained in the 
organelles of the cell, the concentration of released C a  2+ is 
very low. Since the membrane  of organelles also has active 
transport, the characteristics of both active transport poten- 
tials should be considered. In this case, the equivalent cir- 
cuit would become very complex, and the analysis is beyond 
the scope of this article. To aid the discussion, we use the 
total intracellular concentration of Ca 2+ to calculate the 
equivalent potential of a C a  2+ ion condenser. 

Hence 

[Cl]oeZFV" + ( [ A l i -  2 [ C a l i -  2[Mg]i)e FV'" 
-([Na]o + [K]o ) = 0 

~v,,, 
This is a quadratic equation with respect to e Rr 

From Table 1, 

[C1]o = 560 mM 

[Ali- 2 [ c a l i -  2[Mgli = 364.2 mM 

[Na]o + [K]o = 460mM 

4.4 Effect of  extracellular ion concentrations on the 
membrane  potential 

(17) In the steady state, the membrane  potential of a cell is 
constant, and thus the total electrical current through it is 0, 
i.e., 

~ , I x  = 0 (22) 
X 

(18) This is the basal condition of the G H K  equation. However,  
(19) the G H K  equation does not consider the currents of active 

transportation of ions, i.e., ZIg,x was assumed as 0 in the 
(20) discussion of using G H K  equation to estimate the resting 
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Fig. 5. The equivalent conductance of Ca 2+. Since C a  2+ is an 
impermeant ion, in the steady state gc~ - 0. However, when the chan- 
nels work and/or there is active transport, there conductance exists in 
the channels and/or ion pumps. Therefore, the generalized equivalent 
circuit of C a  2+ shown in a can be described as in b, where ge is the 

e R e s t i n g  s t a t e  

equivalent conductance of the ion pumps, and gc represents the equiva- 
lent conductance of the Ca 2+ channels. The mark ~ represents a diode 
through which only a one-directional current passes. Since gc = 0 in the 
resting state, b can be drawn as e. 

m e m b r a n e  potent ia l  of a cell. 6 F rom Fig. 3(c) and Equa t ion  
(22), the following equat ion can be obtained:  

~,(Ig,x + I e , x ) =  0 (23) 
X 

Equa t ion  12 shows that  in the s teady state, the value of 
I~,x is equal  to -Ig,x, and there  is no reason to think of ZIp, x 
as 0, i.e., YIg,x = -EIp,x ~ O. Thus, it can be seen that  the 
G H K  equat ion is not  sui table for living b iomembranes .  

To date,  the resting membrane  potent ia l  of a cell had to 
be  es t imated using the G H K  equation,  as follows: 

Vm = R T  in [K]~ + 0"01[Na]~ (24) 

F [Kli 

or  by omit t ing the 0.01[Na]o as 

R T 1  [K]~ (25) 
Vm= F n[K]7 

The  curves for Eqs. 24 and 25 are shown in Fig. 6 for a 
chlor ide-free sulphate  solut ion containing 8 m M  CaSO4, as 
descr ibed in Table  2 for frog muscle fibers. The results of 
the exper iments  carr ied out  by Hodgk in  and Horiwicz are 
represen ted  by the crosses and circles. 

Even  though the accuracy of the equat ions seems to be 
confirmed by Fig. 6, it can also be thought  that  this might  be 
a coincidence,  since [K]j is assumed to be a constant  and 
equal  to 140mM, but  this changes when there  is change in 
[K]o. Fur the rmore ,  when [K]o = 0, the exper imenta l  result  
(the point  (3- at the far left in Fig, 6) cannot  be expla ined by 
Eqs. 24 and 25. 

Using the Nernst  re la t ion in Eqs. 1 and 13, the following 
equat ion can be obtained:  

Table 2. Solutions used in the experiments by Hodgkin and Horowicz a 

K + Na + Ca 2+ HPO]- H2PO 2 SO]- 
(mM) > 

0-80 83-3 8 1.08 0.43 48 

a These solutions have the same tonicity and ionic strength as Ringer's 
fluid 

R T  In IX]~ Ip,x (26) 
V m -  Zx F [ X ] i  g x  

If value of Ip,K/gK is small enough,  Eq. 26 can be writ ten as 
Eq. 25, but  it is only correct  at the beginning of  the change 
in [K]o. 

The gap be tween the b roken  line and the exper imenta l  
results in Fig. 6, general ly thought  of as being caused by 
[Na]o, can be considered to have been  caused by variations 
in [K]~, since the lower the [K]o , the faster  the intracel lular  
K + flow out  through the membrane .  

We can es t imate  the resting membrane  potent ia l  using 
Eq. 15 under  the  same condit ions as those given in Fig. 6. 
F rom Eq. 15 and Table 2, a re la t ionship be tween  membrane  
potent ia l  and [K]o can be obtained.  

2F VaT,Ca) _ F + VAT, K) 
16e ~(Vm + + [K]o e ~(Vm 

F 
-~ (83  - -  [ K ] o ) e - - ~ ( ~ m  + VAT'Na) - -  172.4 = 0 

(27) 

The active t ranspor t  potent ia ls  in Eq. 27 can be  obta ined 
from Eqs. 1 and 13 as 
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Fig. 6. The relationship between 0 
the membrane potential and 
log[K]o when using a chloride-free 1 0 sulphate solution containing 8mM 
CaSO4, as described in Table 2 for ~ " 2 0  
frog muscle fibers. The signs 
+,-C), and O-indicate the results -30 
obtained by Hodgkin and 
Horowicz. Crosses are potentials ~'~ - 4 0  
measured after equilibrating the ~,J 
membrane potential for 10- ~ - 5 0  
60 min. Circles are potentials mea- N 
sured 20-60s after a sudden "--t~ ~60 change in concentration: -C), after ~,~ 
an increase in [K]o; �9 after a de- -70 
crease in [K]o. The broken line 
shows V = 581og[K]o/140, and the ~ " 8 0  
thin line shows V = 581og([K]o + 
0.01[Na]o)/140. The thick line is ~ - 9 0  
plotted from Eq. 15. These esti- 
mated results (thick line) are close [ ]  1013 
to the experimental ones includ- 
ing the case where [K]o = 0, which 
cannot be calculated by Eqs. 24 
and 25. 

I I I I 

~ - 1 1 0  <~ 

_120 0 ," 
0.2 0.4 1 

+ 2 zr [Y], = 0 

,'~,'" V= 581og [K]o + 0.011Na1140 

, ' ' ' " ~  V = 581og [K]o 
," 140 

I I I I I 

2 4 10 20 40 100 
C o n c e n t r a t i o n  o f  ex trace l lu lar  K + ( m M )  

Table 3. Concentrations of intracellular and extrcellular ions of frog 
muscle fibers s'9 

Ion Intracellular Extracellular 
concentration (mM) concentration (raM) 

K + 140.0 2.5 
Na + 9.2 120.0 
C1- 2.2 77.5 
Ca 2" 4.9 a 2.1 
Mg z+ 14.0 b 1.3 
HCO3 12.4 26.6 
A 172.4 c 25.2 

Resting membrane potential Vm 71 mV 

a Most intracellular C a  2+ is in the sarcoplasmic reticulum, so the con- 
centration of released intracellular Ca 2+ is <<4.9mM. Since the 
membrane of the sarcoplasmic reticulum also has active transport, both 
active transport potentials have to be considered. To aid discussion, we 
use the total intracellular concentration of Ca 2+ to calculate the total 
equivalent potential of a Ca 2" ion condenser 
hAs for Ca ~+, the intracellular concentration of released intracellular 
Mg 2+ is also much smaller than 14.0mM. However, the concentrations 
of Mg 2+ in the solutions used in the experiments shown in Table 1 are 
all 0, and therefore the [Mg]~ does not affect the experimental results 
~Since the intra- and extracellular fluid are neutral, the intra- and 
extracellular impermeant ions were obtained from the concentrations 
of permeable ions 

Rr [x], 
V A T  X - -  I P , X  _ V m + l n - -  | (28) gx zxF [X]o) 

Table 3 shows the intra- and extracellular concentrat ions 
of frog muscle fibers. Using Table 3, the following active 
transport potentials of frog muscle fibers in the steady state 
can be obtained from Eq. 28: VAT.Ca = 79.3mV; VAT.K = 

- 1 1 . 7 m V ;  VAT,N a ~- 154.0mV. The above results show that 
K + has a very weak active transport  potential  owing to its 
large conductance (excellent permeability).  Even if an ion, 
such as HCO31 (VAT,HCO3 = 70.7mV), has an active transport  
potential,  it does not  always have ion pumps. The concen- 
tration gradient of HCO3 ~, which is believed to be caused by 
the difference in pH between intra- and extracellular fluid, 
can be calculated by the Henderson-Hasse lba lch  equation.  

The mechanism of active transport  is very complex. The 
transport  ability is affected by many conditions, such as 
intra- and extracellular ion concentrations,  membrane  
potential,  and the concentrat ion of ATP.  We assume that if 
enough A TP  exists in a cell, the active transport  potentials 
re turn to the standard levels when the cell reaches the 
steady state after a change in extracellular ion concentra-  
tions. Using Table 3, a relationship between membrane  
potential  and [K]o, shown as a thick line in Fig. 6, can be 
obtained from Eq. 27. Since HPO] , H2PO]-, and SO 2- are 
extracellular impermeant  ions, they were not  used directly 
in the calculation. 

Figure 6 shows that the estimated results (thick line) 
using Eq. 15 are similar t o  t h e  experimental  ones, including 
the case where [K]o = 0, which cannot  be calculated by t h e  
G H K  equation. The errors between the estimated results 
(thick line) and the experimental  ones may be caused by: 
(a) a change in the active transport potentials due to a 
change in [K]o, (b) cells which were not in a real steady 
state, i.e., in the experiments,  there was not  enough time t o  
l e t  the cells get into the steady state, or (c) the concentra-  
t ion of intracellular A TP  becoming lower than normal  since 
the cells had been out of a living body for a long time. 

Since the experimental  results shown in Fig. 6 were 
obtained more than 40 years ago, and have repeatedly been  



148 

confirmed by many different scientists, we did not  repeat  
the experiments again for this article. 

5 Conclusions 

We have proposed a new equivalent  circuit of cell by intro- 
ducing the concepts of ion condensers and current power 
sources. Using this equivalent  circuit, we obtained an equa- 
t ion for the resting membrane  potential.  The results are 
listed below 

1. The chemical potential  of an ion through the membrane  
of a cell cannot be considered as a constant-voltage 
power source when the intracellular concentrat ion of the 
ion is much lower than its extracellular concentration. 

2. The resting membrane  potential  of a cell is determined 
by: 
- concentrat ions of extracellular ions; 
- intracellular impermeant  ion concentrations; 
- the ratio of active transport  current  and equivalent  

conductance of permeabil i ty through the membrane  of 
each ion, i.e., the active transport  potential;  

- the temperature  around the cell. 
3. The G H K  equat ion is not suitable for a living bio- 

membrane ,  and the resting membrane  potential  can be 
estimated using the equat ion proposed in this article. 

4. The influence of intracellular impermeant  ions on the 
resting membrane  potential  is small in actual neurons. 
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