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Summary.  Equations are developed to examine the effects of 
secondary active transport processes on the steady-state mem- 
brane potential of symmetrical cells. It is shown that, with suitable 
modifications, equations of the type developed by Goldman, 
Hodgkin and Katz may be derived to accommodate the contribu- 
tions to the membrane potential of both electroneutral and elec- 
trogenic transporters. Where the membrane potential is a function 
of the dominant medium ions (Na, K, and C1), other contributions 
can come only from an electrogenic Na pump and from neutral 
co- and counter-transporters if, and only if, these involve the 
dominant ions. Experimental approaches to measure the parame- 
ters necessary to solve the equations developed here are dis- 
cussed. 
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Introduction 

Equations of the type derived by Hodgkin and Katz 
(1949) from the array of current-voltage relations of 
individual species described by Goldman (1943) 
have provided considerable insights into ion move- 
ments across plasma membranes and their relative 
contributions to the potential difference across the 
plasma membrane (V). As initially formulated, it is 
assumed in these equations that ions move by simple 
passive diffusion through the membrane. In addi- 
tion, only ions that are not distributed at electro- 
chemcial equilibrium contribute to the membrane 
potential under steady-state conditions. However, 
a variety of ions can cross the membrane through 
coupled pathways (Fig. 1). Where there is direct 
coupling of metabolic energy to ion movement (e.g., 
the transport of Na by the (Na-K)-ATPase), this is 
referred to as primary active transport. Alterna- 
tively, where the transport of ions is coupled to 
fluxes of other ionic species or of neutral solutes, 
this is referred to as secondary active transport. 
Such transport can be neutral or electrogenic and 
can be either cotransport (where the solutes move in 

the same direction across the membrane) or counter- 
transport (where the solutes move in opposite direc- 
tions across the membrane). Equations are therefore 
needed to show how the various forms of active 
transport contribute to the membrane potential. 

The purpose of this paper is to examine the 
effects on membrane potential of a number of sec- 
ondary active transport processes, both neutral and 
electrogenic, identified in a variety of cells: Na-CI, 
K-Cl and Na-K-2Cl (Geck et al., 1980; Geck & 
Heinz, 1986; O'Grady, Palfrey & Field 1987), Na- 
glucose (Crane, 1962; Schultz & Curran, 1970), Na- 
amino acid (Schultz & Curran, 1970) and Na-HCO3 
(Yoshitomi, Burckhardt & Fr6mter 1985) cotrans- 
port, and C1-HCO 3 (Cabantchik, Knauf & Rothstein, 
1978; Boron, 1986; Knauf, 1986), Na-H (Murer, 
Hopfer & Kinne, 1976; Grinstein & Rothstein, 1986) 
and Ca-Na (Schatzmann, 1985) counter-transport. 
Our analysis shows that, even though a transporter 
may itself be neutral, its contribution to the steady- 
state distribution of ions between medium and cell 
can influence V. 

Unless stated otherwise, in examining the ef- 
fects of a variety of processes on V, we have solved 
equations developed here for the model situation 
given in Table 1 in which cell chloride is out of 
electrochemical equilibrium at usual membrane po- 
tentials ( -  45 to - 85 mV), and have used for the n, 
the ratio K : N a  on the sodium pump, the value of 
2 : 3 (0.{;). In all equations, R,T, and F are the usual 
physical quantities. 

Membrane Potentials Consequent on 
Electrodiffusion of Ions 

Typically, the contributions of different permeant 
univalent ions to V have been expressed in terms of 
their concentrations and the membrane permeabilit- 
ies, e.g., 
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Fig. 1. A diagrammatic representation of the plasma membrane 
of a cell and the imbedded transport units considered in the 
text. The arrows show the direction of positive currents (always 
outwards). In this formalism actual individual currents may be 
negative, (i.e., ions may flow in the opposite direction to that 
shown by the arrows). Solid �9 with solid arrows represent pri- 
mary active transporters, open �9 with solid arrows represent 
secondary active transporters, and dotted arrows represent 
movements through conductance pathways (ion channels) 

Table 1, Standard cell and conditions 

Na K CI 

Medium ion concentrations (mmol �9 liter -~) 117 3.5 120 
Cell ion concentrations (mmol �9 liter -I) 17 140 47 
Membrane permeabilities (10-7cm �9 sec-1)  6.4 80 16 

RT, PKKo + PNaNao + Pc]Cli 
Vio - - - ~ - m p K K i  + PNaNai + PcIClo 

(1) 

where the subscripts o and i indicate the solution 
outside (reference) and inside the cell, respectively. 
(Having defined the reference solution for Eq. (1), 
we shall omit subscripts on V in all subsequent equa- 
tions.) It is common to use ion concentrations in 
solving these equations, since the more correct  pa- 
rameter,  ion activity, is not always readily available, 
particularly for the intracellular ions. For  simplicity, 
activity coefficients are not included in any of the 
equations presented here. 

In deriving Eq. (1), Hodgkin and Katz (1949) 
assumed that the concentrations of each ionic spe- 
cies in the membrane surface were in constant pro- 
portion with the concentrations of ions in the adja- 
cent surface layer of  the aqueous phase and used 

a flux equation (Goldman, 1943; Hodgkin & Katz,  
1949), which has the form 

I = z2pFgJ ci exp{z~b} - c o (2) 
exp{z4~}- 1 

where z is the ionic charge, ch = FVio/RT and sub- 
scripts i and o designate the fluids bathing the mem- 
brane, of which o, as before,  is the reference solution 
to which the current I flows. This is often referred 
to as the Goldman-Hodgkin-Katz (GHK) flux 
equation. 

Although the original assumption of a constant 
electric field used in the derivations of Eqs. (1) and 
(2) is not necessary (Teorell, 1953), it is assumed 
that ions are free to move independently and, in 
addition, in Eq. (1), that no processes other  than 
passive ion diffusion contribute directly to the gener- 
ation of  the membrane potential. 

Other forms of  Eq. (1) are often employed.  First, 
rather than using absolute permeabilities, the ratios 
of permeabilities can be introduced, thereby reduc- 
ing the number of variables inside the log function 
from 9 to 8; i.e., if 

PNa = O~PK (3a) 

and 

Pc1 =/3PK (3b) 

then 

RT, Ko + aNao + fiCli 
V = - F  m Ki + aNai + fiClo" 

(4) 

Secondly, in the steady state in cells where C1 
is distributed at electrochemical equilibrium (e.g., 
skeletal muscle,), the CI terms can be discarded and 

R T, K o + aN a  o 
V = -~- m ~ + aNai"  (5) 

Since Eq. (1) is based on a number  of restrictive 
assumptions, alternative strategies have been em- 
ployed. One such approach is to replace the G H K  
flux equation with an expression which highlights 
the proportionality between the current,  I, and the 
driving force (V + E) 

I = G (V  + E) (6) 

where the proportionality " co n s t an t "  is the chord 
conductance,  G, and E is the Nernst  potential for  the 
ionic species. By summing all the passive currents 
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given by Eq. (6), a relationship between V and the 
concentrations of the ions corresponding to that of 
Eq. (1) can be obtained. 

V = GKEK + GNaENa + GcIEcI 
G K + GNa + Gcl 

(7) 

Equation (7) would appear to be model free and 
to have an advantage in this respect over Eq. (1). 
However, this advantage is only superficial since 
the evaluation of the chord conductances cannot be 
made without the use of models and, in general, 
chord conductances are found to be dependent on 
the concentrations of the diffusing ions and also on 
the voltage. Without information concerning the 
chord conductances, and in particular their relation- 
ship to the slope conductances measured in experi- 
ments, it is difficult to apply this representation to 
analyze data obtained experimentally. Therefore, 
the presentation that follows is restricted to equa- 
tions involving permeabilities and ion concentra- 
tions. 

Contribution of Primary Active Transport to V 

The equations have been modified to allow for the 
contribution to the membrane potential of the cur- 
rent flow through the Na-K pump by introducing the 
coupling ratio n (Moreton, 1969) which represents 
the ratio of K/Na ions transferred in each cycle of 
the pump. With the active Na current represented 
by Ia Na, the total current flow through the pump is 
given by [(1 - n)INa]. By introducing the total pump 
current into the derivation of the equation for the 
membrane potential, Moreton (1969) showed that 

PKKo + PNaNao + Pc~Cli 
RT, + (1 - n)INaRT/F2V 

V = - - I n  - - - -  
F PKK/+ ['N~----~a/+ P~ICIo " 

+ (1 - n)I~aRT/F2V 

(8) 

This equation, which is derived later (Eq. 30) under 
more general conditions in that neutral ion cotrans- 
porters are accommodated, requires the introduc- 
tion of two extra variables (n and iNa) but has the 
advantage over many other forms of the equation 
in that it holds for both the steady state and the 
nonsteady state. 

In an earlier treatment for the steady state, Mul- 
lins and Noda (1963) expressed V more simply with 
the introduction of only the one extra variable n. 
More recently, Jacquez and Schultz (1974) followed 
a similar approach. 

RT, PKKo + nPNaNa o + PclCli 
V = ~ - m  PKKi + nPNaNai + PclClo" 

(9) 

V appears on both sides of Eq. (8) and thus requires 
iterative procedures for its determination, whereas 
Eq. (9) shows V explicitly. [Equations (8) and (9) 
are derived later in this paper for a more general 
case--Eqs. (31) and (19), respectively.] 

The Combined Contribution of Primary and 
Secondary Active Transport to V 

C O U P L E D  C1 F L U X E S  

Cotransporters Involving Cl with Na 
and~or K 

Jacob et al. (1984) developed equations to examine 
effects of electroneutral transporters on membrane 
potential and included consideration of a K-C1 co- 
transporter in their paper. The approach followed in 
this section differs from theirs and provides more 
general equations applicable to Na-C1, and K-Cl co- 
transporters alone and in combination. Further- 
more, the equations developed here are explicit in 
V. 

As represented in Fig. 1, the total currents (Iv) 
of Na, K and C1 out of  the cell are, respectively, 

I Na = I Na + I Na -t- /aN a (10) 

IF = + IT + xy (11) 

ICr ' = I cl + I c '  (12)  

where Ip represents current flow through passive (p) 
conductance pathways in the plasma membranes, Ic 
represents current flows through secondary active 
coupled (c) pathways, and Ia represents current flow 
through primary active (a) pathways. 

Besides these equations, there are others that 
relate to the relationships within the transport sys- 
tems. Using the ratio n of K current to Na current 
through the Na-K pump, 

nI Na + I~ = 0. (13) 

For a neutral co-transporter involving Na, K 
and C1 ions 

1Na + I T + I c1= 0. (14) 
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Given that the only appreciable currents are due 
to the flows ofNa,  K and CI ions, then by Kirchoff 's  
first law 

Ir Na + Ir  K + ICr ' =  0. (15) 

Equations (10)-(15) are all valid for both steady state 
and nonsteady-state conditions, provided that the 
capactitive currents can be neglected. 

The steady-state condition is given by 

Ir  N~ = I~ = I cI= 0. (16) 

This condition is more restrictive than Eq. (15). It 
fixes the relative passive currents of the ions (Ip) 
and, as follows, establishes a unique intracellular 
potential for functionally nonpolarized cells. 

We now define a variable q, such that 

- - ( h i  Na @ I K) 
= (17) 

q icl 

This variable is chosen so that in the steady state 
we may obtain from Eqs. (10) to (17) a relationship 
exclusively between the passive currents, i.e., 

nIYp ~ + I2 + q ~ ' =  O. (18) 

Substitution of Eq. (2) into Eq. (18) for each 
ionic species allows the intracellular potential to be 
expressed explicitly as 

RT PKKo + nPyaNa o + qPclCli 
V =- f f - ln  PKKi + nPNaNai + qPclClo (19) 

or, using a = PNa/PK and/3 = PcJPK (from Eqs. 3a 
and 3b) 

RT K o + nc~Na o + q/3Cli 
V =- i f - In  Ki + naNai + q/3Clo" 

(20) 

Note that, since q is defined in terms of current flows 
through electrically neutral cotransporters (Eq. 17), 
it is independent of V and Eq. (19) is of the same 
type as Eq. (9). In this regard our approach differs 
from that of Jacob et al. (1984) whose equations 
included a factor g which was a function of V so that 
their equations were transcendental in V. 

Before applying these equations, the driving 
force for cotransport (i.e., the gradient of free energy 
for the species transported) must be considered. For 
electroneutral transporters this gradient is indepen- 
dent of membrane potential and is simply related 
to the chemical potentials of the substrates. (Note, 
however, that the rate of cotransport, which is deter- 

mined by activation energy barriers, may be affected 
by membrane potential.) All cotransport involving 
Na, K, and C1 ions can be considered to result from 
a combination of Na-C1 and K-CI cotransporters, 
where the two transporters are either free to move 
independently or are coupled together. For example, 
an Na-K-2C1 cotransporter could be regarded as a 
combination of completely coupled 1 : 1 Na-Cl and 
K-C1 cotransporters, where the coupling is such that 
the two transporters drive the cations in the same 
direction across the membrane. In theory, Na-CI 
and K-C1 cotransport may be coupled in any combi- 
nation (e.g., Na and K sites not exclusive for Na or 
K) and the transport system can be described by 
xNa-(2-x)K-2Cl, where x refers to the contribution 
of NaC1 cotransport to the total cotransported flux 
and 0 -< x -< 2. The overall direction of transport is 
indicated by the net chloride flux through the co- 
transporter. Using the convention shown in Fig. I, 
this flux will be negative (net influx) when B > l and 
positive (net efflux) when B < 1 where 

Ya5 K -X 
B -  x 2-~ 2" (21) 

Na i K i Cli 

Thus the standard free energy driving the coupled 
cotransport system is R T  lnB. (Note that Eq. (21) 
is not applicable for a combination of uncoupled, 
independent K-C1 and Na-CI cotransporters.) 

When x = 0, 1 or 2, K-C1, Na-K-2C1 or Na- 
Cl are transported, respectively. Given that CI is 
distributed out of electrochemical equilibrium and 
the steady-state C1 distribution is governed only by 
(i) the C1 conductance channel (characterized by Pcl) 
and (ii) the cotransporter under consideration here, 
we can find the restrictions on x. If cell C1 is above 
its equilibrium value, then C1 will leave the cell via 
the conductance channel and in the steady state 
there must be an influx of chloride via the trans- 
porter, i.e., B > 1 and by using Eq. (21) 

( CliK i) / {NaoKi'~ 
x > 2 In ~Cl - i~o~ / ln  [ Na.--7-~j" (22) 

As shown in Table 1, coupled cation-Cl cotrans- 
port requires that 0.99 < x -< 2. If cell C1 were less 
than the equilibrium value, then the inequality (22) 
would be reversed. 

Also, the ratio of cation currents through the 
cotranporters (coupled or independent) can be rep- 
resented by y, that is 

y = -~f. (23) 
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Thus, in general, where cell C1 concentration ex- 
ceeds that required for equilibrium and cell Na is 
low and K high, and where the cotransporters are 
not coupled, the value of y will be negative. If it 
were not for cellular constraints, y could take values 
from -oc to + %  and, since from Eqs. (14), (17) and 
(23) 

n y +  1 
q - - -  (24) 

y + 1 

q could also take values from -~c to +~c. However, 
the inequality (Eq. 22) which confines the value ofx  
to a particular range of values, also, by Eq. (24), 
restricts the ranges ofy  and q. This restriction is due 
to the energetics of cellular transport. Obviously, to 
maintain steady-state conditions, the cotransporters 
cannot transport against their chemical potentials 
when uncoupled nor against their summed chemical 
potentials when coupled. 

In addition, it is not possible to have a negative 
argument in the log function in Eq. (19). Thus q may 
not take values which produce opposite signs for 
the numerator and denominator of the argument. 
Therefore, under our model conditions, q must lie 
outside the range -1.036 to -5.872 when n = 2/3 
(the corresponding range of y is given in Table 2). 
Thus, Table 2 summarizes the allowable cotransport 
systems, both coupled and uncoupled, for the model 
cell with n = 2/3 and using the permeabilities and 
ion distributions given in Table I. Table 2 and Fig. 
2 show the importance of the neutral cotransport 
systems in the establishment of the membrane po- 
tential and indicate the 'forbidden' values of y. It is 
possible that some oscillatory behavior observed in 
tissues in response to perturbations of transport re- 
flects a shift in the value of y into a 'forbidden' 
region. This would result in marked instability and 
force radical changes in cellular parameters before 
an allowable steady state could be achieved. 

We now define values of q for three common 
cation-coupled C1 cotransporters operating within 
the permitted constraints. The Na-K-2C1 cotrans- 
porter is defined by 

I a=lS= (25) 

and, on substituting into Eq. (17) 

q = (1 + n)/2. (26) 

Similarly, for an independent K-C1 cotransporter 

q = 1 (27) 

and, for an independent Na-C1 co-transporter 

q = n. (28) 

To illustrate the magnitudes of the effects of 
possible CI cotransporters on plasma membrane po- 
tentials and also the consequences of a variable stoi- 
chiometry of the (Na-K)-ATPase, we have plotted 
V against n for a Na-CI and K-CI cotransporter or 
mixtures coupled and free thereof (including a Na- 
K-2C1) in Fig. 3. It is apparent that at any fixed pump 
stoichiometry, with n < 1, a wide range of V's would 
be possible depending on the balance between the 
Na-C1 and K-C1 cotransporters. With the cotrans- 
porters coupled so that all ions are moved in the 
same direction (i.e., into the cells given the driving 
force used in the example), the effect on V is rela- 
tively small (the region between y = 0.98 and y = 2. 
However, if the two transporters can move indepen- 
dently of one another through the membrane, much 
larger effects on membrane potential may occur. 
Indeed, V can become much more negative than the 
K equilibrium potential. The reason for this lies in 
the fact that cell CI concentration in our model cell is 
held constant and above its equilibrium distribution. 
Therefore, there must be a net influx of C1 on the 
cotransport system at all times to maintain the speci- 
fied conditions. It must be stressed that potentials 
more negative than the K equilibrium potential are 
a consequence of the constraints placed on the 
model and may not be found in any cell under steady- 
state conditions simply because cell ion concentra- 
tions and permeabilities would change before such 
values were reached. Nevertheless, the principle re- 
mains that under steady-state conditions combina- 
tions of electroneutral cotransporters, if coupled to- 
gether, can depolarize the membrane potential 
whereas when uncoupled they can result in hyperpo- 
larization which may exceed the K equilibrium po- 
tential. 

We can also examine the effects on V of particu- 
lar cell C1 concentrations at different values of Pci'S 
(Fig. 4). With any cell C1 concentration, the higher 
the Pcl, the less negative the cell potential. Indeed, 
with relatively low Pcl (1 • 10 -7 cm �9 s e c  -1)  there 
is little effect on V over a wide range of C1 concentra- 
tions. In addition, it can be seen that the nature of 
the cotransporter (Na-CI or coupled Na-K-2CI) has 
only a small effect at any Pc~. 

Equations (19) and (20) are only applicable to 
the steady state. A value of the intracellular potential 
may also be obtained for the nonsteady state but 
now only as an implicit function. The left-hand side 
of Eq. (15), which is applicable to the nonsteady 
state as well as to the steady state, contains within 
its terms only passive (It,) and active (I~) currents, 
since it is simply the summation of Eqs. (10)-(12) 
and, with electroneutral cotransporters, the sum of 
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V I,~ a 
(mY) (~A) yt q C o t r a n s p o r t e r  

Forbidden log 

Forbidden 
o n  

energetics 

-57.1 - 1.36 -ac  
-57 .5  -1 .53  - 1 0  
- 6 1 . 2  - 3 . 0 0  - 2  
-66 .8  -5 .15  - 1 . 5  
- 78.8 - 9.23 - 1.3 

- 146.0 -25,32 - 1.2 
- 176.0 -31.03 - 1.197 

0.667 Pure NaCl 
0.629 
0.333 
0.000 

- 0.444 '~ 
- 1.000 Uncoupled 
- 1.025 $ 

- 2  - 1 .196  - 1 .0362 

+c~ - 1 .051 - 5 . 8 7 2 3  

- 23.4 + 16.25 - 1.00.. 1 - :c 
- 23.4 + 16.21 - 0.99..9 + zc 
- 5 1 . 2  + 1.15 - 0 . 5  1.333 
- 5 3 . 8  0 0.0 0 l 
- 5 4 . 8  -0 .43  0.5 0.67 0.888 

Pure KCI 4 

-55 .3  - 0 . 6 4  0.98 0.995 0.835 I" 
- 55.4 - 0.65 1.0 1 0.833 Coupled 
- 5 5 . 9  - 0 . 8 8  2.0 1.33 0.777 
- 56.7 - 1.23 10 1.82 0.696 
- 57.1 - 1.36 ~ 2 0.667 Pure NaCI 

r 
Cycle to beginning of Table. 

I I ~  a 1 - q 

Y I~ q - n "  

2 (PKKo + nPNaNao) 
q = _ PclCli 

(PKKi + nPN~ Nai) 
3 q = PcICIo 
4 Continued activity of  a pure KC1 cotransporter  is not possible in the steady state within the constraints 
of our model system because C1 is retained in the ceil above its equilibrium distribution whereas a pure 
KC1 cotransporter  would produce a net efflux of  chloride. 
5 The lowest value of x allowed in coupled cotransport is governed by the inequality (22). 

the Ic components is zero. Thus, in the nonsteady 
state, Eq. (15) can be expanded to 

(29) 

which, of course, is also applicable to the steady 
state. After substituting for Ip's from Eq. (2) and on 
rearranging 

~_T Na In PKKo + P•aNao + PcICli + (I~ + I~)RT/F2V 
V =  (30) 

PKKi + PNaNai + PclClo + (l~a + IK)RT/F2V 

w h i c h  b y  u s e  o f  E q .  (13) y i e l d s  E q .  (8) f i r s t  d e r i v e d  

b y  M o r e t o n  (1969)  b u t  w i t h o u t  c o n s i d e r a t i o n  o f  t h e  

p o s s i b i l i t y  o f  s e c o n d a r y  a c t i v e  t r a n s p o r t .  A s  q d o e s  

n o t  a p p e a r  in  E q .  (30) ,  t h i s  f o r m u l a t i o n  c a n  b e  c o n -  

sidered to be independent of the type of neutral 
cotransport present, and, as it is also applicable to 
both the steady state and nonsteady-state condi- 
tions, it is, in theory, relatively general. 

Alternatively, Eq. (30) can be rearranged to fit 
the format of the GHK equations for current. 

C-D exp{6} (31) 
IN a = F 6  (exp{6} - 1)(l-n) 

w h e r e  C = PKKo + P N a N a o  + P c l C l i  a n d  D = P K K  s 

+ PNaNai + Pc l C l o .  
W e  c a n  n o w  u s e  E q .  (30)  t o  d e r i v e  d i f f e r e n t  

e x p r e s s i o n s  f o r  t h e  s t eady - s ta t e  p o t e n t i a l  d i f f e r e n c e .  

T h e  f o l l o w i n g  f o r m u l a t i o n  o f  V ( f o r  t h e  s t e a d y  s t a t e )  

c a n  b e  o b t a i n e d  f r o m  E q s .  (19) ,  (30)  a n d  (13) .  
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- 2 0  

~ - 4 0  

o 

- 6 0  

- 8 0  
1 I 

4 - 3  

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  
t: :i:~:i:i:~:~:~:~:i:  : : : i :!:~:!:  

: : : : : : : : : : : : : : : : : : : : : : : : : : : : :  . : . : . :  

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  
, : . - . : . : . : . : . : . . . . . . . . . . . . . . . , . , . . . . . i  

t . . . . . . . . . .  : r  . . . . . . . . . . . . . . . . . . . . .  I 

~ i : i : i : i : i : i : i : i : i : i : id :~ : i :~ :? : ! : ! :~  

~ : :  : : i :~ :~ :~ : i : i : i . : . . : . : - : . : . : . :~  !:!:!:  : : : : : : : : ! : ! : ! : ! :  : : : 

I ]i::::::iiiiii::~!~)h'?:ii~i~i~i!ili 
iii i!iiiiiiii i iiii i ii 

- 2  - I  0 I 

I N a / I  K 
c / e  

Fig. 2. The relationship between the ratio of the cotransported 
cation currents I~/I~ and the membrane potential (V) for CI 
cotransporters. Using the membrane permeabilities P~, PN~, and 
Pcl and the corresponding intra- and extracellular ion activities 
as given, the values of I~a/I K are found to be restricted to two 
ranges. For the standard cell, these ranges are ~ < I~a/I~ < - 1.2 
for independent Na-CI and K-CI cotransporters, and 0.98 < I~."/ 
I~ < ~ for coupled Na-C1 and K-CI cotransporters. The forbidden 
range of 1~/l~ (....) on energetic grounds is dependent on the 
value of n (see Table 2 and Fig. 3). The hatched area shows the 
forbidden range consequent upon a negative argument in the log 
function 
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Fig. 3. The relationship between the membrane potential (V) and 
n (the K to Na pump ratio) for CI cotransporters at fixed values 
of l ~ a / I  N. = y which are given beside the appropriate lines. For 
n = 2/3, Table 2 and Fig. 2 show V as a function of y. At n = 1, 
the value of V is independent of y and invariant at -50.13 inV. 
As n increases, all lines approach the Nernst potential for CI. 
Allowable values for y lie only within the range encompassed by 
unshaded areas on the Figure 

YPclCli 
R T  PyaNa~  + - -  + INaaRT/F2V 

V = ~ - l n  (1 + y )  
ypcIClo (32) 

PNaNai + (1 + y-----~ + I~aRT/F2V 
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c e l l  c h l o r i d e  c o n c e n t r a t i o n  ( m m o l / l )  

Fig. 4. The relationship between the membrane potential (V) and 
the intracellular C1 concentration at three different Pcl'S. For each 
Pcl, the solid line shows V for a Na-CI cotransporter and the 
dotted line shows V for a Na-K-2CI cotransporter. Other parame- 
ters relate to the standard cell 

s t e a d y  s ta te ,  does  not  invo lve  e i t h e r / ,  K o r  n exp l i c i t l y  
or,  i ndeed ,  any  o t h e r  d i r ec t  r e f e r e n c e  to the  K sys-  
tem,  e x c e p t  t h rough  the  p a r a m e t e r  y. T h e  r e a s o n  for  
this  is tha t  bo th  I~  and  n a re  f ixed t h r o u g h  the i r  
r e l a t ionsh ips  to the  o t h e r  t e r m s  in the  equa t ion .  A 
s imi lar  cu r io s i t y  is the  n o n a p p e a r a n c e  o f  any  refer -  
ence  t h roughou t  this  d i s c us s ion  to the  a b s o l u t e  mag-  
n i tude  o f  c o t r a n s p o r t .  I n s t e a d ,  the  n u m b e r  o f  co-  
t r a n s p o r t e r  s i tes  and  the  m o b i l i t y  o f  ions  t h r o u g h  the 
c o t r a n s p o r t e r  a re  re f lec ted  he re  in the  m a g n i t u d e s  
o f  the  c o n c e n t r a t i o n s  o f  the  ions .  I t  shou ld  be  n o t e d  
that  the  cu r r en t s  t h rough  the  p u m p  and  t h rough  the  
c o t r a n s p o r t e r s  a re  not  r e l a t ed  spec i f i ca l ly  in the  
equa t ion  to the i r  d r iv ing  fo rces ,  nor  is t h e r e  any  
r e f e r ence  to the i r  m e c h a n i s m s  e x c e p t  t h r o u g h  the i r  
a s s o c i a t i o n  wi th  the  G H K  r e q u i r e m e n t s .  H o w e v e r ,  
y/(1 + y) the  coef f ic ien t  o f  the  t e r m s  PclC1 in Eq.  
(32) has  a range  o f  va lues  ( that  can  be  c a l c u l a t e d  
f rom Tab le  2) as  the  i n t e g r a t e d  c o t r a n s p o r t  s y s t e m  
in the  m e m b r a n e  c ha nge s  in t y p e  f rom K-CI  to Na-  
CI. H e r e  c o t r a n s p o r t  is in a s s o c i a t i o n  wi th  C1, but ,  
i ndeed ,  the  equa t ion  is m o r e  gene ra l  and  is i n d e p e n -  
den t  of  the  p r e s e n c e  o f  o t h e r  ne tu ra l  c o t r a n s p o r t e r s ,  
as shown  be low.  

If  the  only  i m p o r t a n t  p a t h w a y s  for  N a  th rough  
the m e m b r a n e  we re  a s imple  c o n d u c t a n c e  and  the  
N a  p u m p ,  then  q = 1 and  s ince  f rom Eq.  (24) y = (1 
- q)/(q - n), Eq.  (32) w o u l d  b e c o m e  i n d e p e n d e n t  
o f  bo th  the  K and C1 p a t h w a y s ,  i . e . ,  

R T  PNaNa o + I~aRT/F2V 
V = - i f - l n  pN~Nai + I~aRT/F2 v . (33) 

Cu r ious ly ,  Eq.  (32), w h i c h  c o n c e r n s  on ly  the  H e r e ,  the  ac t ive  p u m p  c u r r e n t  o f  N a  is equ iva -  



148 L.G.M. Gordon and A.D.C. Macknight: Membrane Potentials 

lent to the current through the conductance pathway 
and, as such, Eq. (33) can be rewritten in the simple 
format of Eq. (2). As discussed in the following paper 
(Gordon & Macknight, 1989), this may be the situa- 
tion in some 'tight' epithelia under certain experi- 
mental conditions. 

Counter-Transporters Involving Cl 

Examples of counter-transport can be found in the 
expulsion of the products of metabolism, H + and 
HCO3, from cells. In some cells, these transport 
systems involve a 1 : 1 HCO3-CI exchanger and a 
l : l  Na-H exchanger (e.g., some epithelia--some 
epithelia--Boron, 1986). Jacob et al. (1984) consid- 
ered a system in which Na-H, HCO3-CI and K-C1 
transporters were available and resulted effectively 
in Na-K exchange. Though their original analysis of 
Na-H exchange was in error (Scriven & Mundel, 
1985), they subsequently modified their approach 
and analyzed the effects of this exchanger on V in 
model systems where an organic anion generated 
with H ions during metabolism left the cell by a 
diffusive pathway and where there was a significant 
passive permeability of the plasma membrane to H 
ions (Jacob et al., 1985). Our approach here differs 
from theirs in that we assume that CO2 which is 
produced in cells from the oxidation of metabolites 
diffuses out of the cells as a neutral species or is 
ejected in ionic form as HCO~- and H § through the 
exchangers and that, compared to the fluxes of Na, 
K, and Cl, there is little flux of either H § or 
HCO 3 through conductance pathways in the mem- 
brane. Thus the steady-state currents out of the cell 
are given, as before [from Eqs. (10)-(12) and (16)]. 

By definition, in the steady state, the efftuxes of 
H § and HCO~ must be equal. 

I~ + IHC% = 0 (34) 

where the subscript c here indicates counter- 
transport. 

The conditions imposed by 1 : 1 transporters im- 
ply that 

/~C l -t~ I HCO3 = 0 (35) 

and 

I~ + I Na = 0. (36) 

Since (nI 2a + IKa) is zero (Eq. 13), it is simple to 
show using Eqs. (10-(12) (16), and (34)-(36) that 

n~pNa _[_ jpK ~_ n~pl= 0 (37) 

and by substituting the appropriate GHK flux equa- 
tions we obtain the following equation: 

V = RTIn PKK~ + n(PNaNa~ + PcICli) 
F PKKi + n(PNaNa i + PclClo) 

(38) 

which is identical to the case of the NaCI cotrans- 
porter [combining Eqs. (19) and (28)]. 

Indeed, an important conclusion arises from this 
analysis. Where the membrane potential is a func- 
tion of the dominant medium ions, Na, K, and CI, 
other contributions can come only from the Na pump 
(if n r 1; Fig. 3) and from neutral co- and counter- 
transporters if, and only if, these involve the domi- 
nant ions. In the steady state, minor ions must exist 
in conjugate pairs since no one type of ion can accu- 
mulate ad infinitum. In the example above, the con- 
jugate pair is H § and HCO 3. They influence the 
distribution of Na and C1 ions across the membrane, 
and thus their effect on membrane potential may be 
examined simply in terms of a Na-CI cotransporter. 
In general, neutral transporters may be reduced sim- 
ply to NaC1 and KCI cotransporters and Eqs. (19) 
and (30) remain applicable. In contrast, current-car- 
rying co- and counter-transporters may affect the 
membrane potential directly [e.g., Eq. (42)] and, 
although Eqs. (19) and (30) remain true, the perme- 
ability terms then require extension [Eq. 43)]. 

ELECTROGENIC COTRANSPORTERS 

A description of electrogenic cotransport at the mi- 
croscopic level has been given by Lfiuger and Jauch 
(1986). Their treatment is based on Transition Rate 
Theory, and, although it is limited to a system in 
which the binding site on the transport protein may 
switch from inward-facing to outward-facing only 
when empty or full (i.e., containing both neutral 
molecule and ion), it provides a more flexible model 
for an electrogenic cotransport system than the 
GHK approach presented here. However, their ap- 
proach does not address the question we are con- 
cerned with here of how the transporter affects cell 
potential but rather the converse question of how the 
cell potential affects the cotransport. Other models 
have been postulated by Kaunitz and Wright (1984) 
and Restrepo and Kimmich (1985). 

As an example of the GHK approach to electro- 
genic cotransport, we will first examine a 1 : 1 Na +- 
glucose cotransporter. We will assume, for simplic- 
ity, that the Na-glucose cotransporter can be repre- 
sented by a transporter in which one Na ion and one 
glucose molecule are transported only as a pair, and 
that the partition coefficient for this Na-glucose pair 
is independent of concentrations and given by 
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Fig. 5. The effects on membrane potential (V) of ncreasing PNaG 
relative to a constant PNa at different cell glucose concentrations 

[Na gluc] 
[Na] [gluc] 

(39) 

where [Na gluc] indicates the membrane concentra- 
tion of the solute. (Note that we assume (i) [Na] = 
[gluc] in the membrane but [Na] r [gluc] in the bulk 
solution, i.e., the activity of the substrate pair [Na 
gluc] in the membrane surface is proportional to the 
product of the activities in the bulk aqueous phase 
and (ii) that the fluxes are independent; conditions 
used by Hodgkin and Katz (1949) for simple ion 
transport.) 

In the GHK formalism, the cotransport current 
is given by 

Naogluc,,ex p { q S }  - Naigluci 
/NaG = P N~oFch exp{q~} - 1 (40) 

where PNaG represents the permeability of the mem- 
brane to the cotransported product (Na-glucose), 
i.e., the flux through the membrane per unit driving 
force. [The glucose influx would be given by JN,O = 
INaO/F. Since the permeance of Na moving through 
the cotransporter is proportional to the glucose con- 
centration in the solution, PN~C has the units cm 4 �9 
S-~ �9 mol -~. PN~O can be considered to be invariant 
only when this cotransport system is far from satura- 
tion. Otherwise PN~O no longer increases linearly 
with the product of the concentrations of Na and 
glucose. In that situation a more complex treatment 
is required which will not be developed here. Thus 
PNaG as a constant should be regarded as a first 
approximation only. 

As the glucose component is neutral, the effect 
of the cotransporter (Na+-glucose) on the steady- 
state membrane potential given above by Eq. (19) is 

V = ~ In PKK~ + n(PNa + PNacgluc~176 + qPclCli 
PKKi + n~Na 7 ~  + qP~lClo " 

(41) 

PN,G relative to PNa at different cell glucose concen- 
trations. The greater the Na movement through the 
cotransporter, the greater the membrane depolariza- 
tion even though the increased Na influx must be 
compensated for by increased Na efflux through the 
electrogenic Na pump. 

Equation (41) can be extended to a more general 
case to include all secondary active transport in 
which neutral molecules are co- or counter-trans- 
ported with Na. Here, we define P ~  and 
P ~  which express the overall permeabitities for Na 
from the outside to the inside, and the inside to the 
outside of the cell, respectively. 

po = PNa + ' o " '" N~ PNa~,IUCo + PNaaa,, + ...PNaZi (42) 

and 

" r tr i t !  P~, = PNa + PNaglUci + PNaaai + ...PN~Zo (43) 

where aa represents the concentrations of neutral 
amino acids cotransported with Na and z represents 
neutral molecules counter-transported with Na. 
Note that these 'permeability' terms are no longer 
symmetrical since they contain within them concen- 
tration terms which may be different for cell and 
extracellular fluids. Introducing these terms into Eq. 
(19) we obtain 

RT, PKKo + nP}aNao + qPc~Cli 
V = - - I n  - -  - -' 

F PKKi + nP~aNai + qPciClo " 
(44) 

COMBINATIONS OF ELECTROGENIC AND 

ELECTRONEUTRAL TRANSPORTERS 

A more complex situation arises when we consider 
combinations of electrogenic and electroneutral co- 
and counter-transporters. As an example, consider 
the possible combination of an electrogenic Na- 
HCO 3 cotransporter and electroneutral Na-K-C1 co- 
transporter and C1-HCO 3 counter-transporter. Here, 
the steady-state currents for K are given by 

1~ + I~ + I~ K = 0 (45) 

but the Na currents are now 

jpa + inca + & + & + & = o (46) 

where I,b indicates current carried on the Na-HCO 3 
exchanger and Ish indicates the current carried on 
the Na-H exchanger. The C1 currents become 

Figure 5 illustrates the effects on V of increasing ~1 + ~J + ~! = 0 (47) 
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where lhc indicates current carried on the HCO3-C1 
exchanger. In addition, the currents involved in CO2 
efflux as HCO3 and H ions are represented by 

inc% + I~ + I~,C~ = 0. (48) 

The currents associated with the various mem- 
brane elements are 

Na-K pump: n ~  ~ + I~ = 0 (i3) 

Na-rHCO3:rI~, ~ + I~C~ = 0 (49) 

(where r is the ratio of HCO 3 to Na transported by 
the exchanger in each cycle). 

Na-H: I Na + Is~ : 0 (50) 

HCO3 -CI: IH503 + /~b~. = 0 (51) 

Na-K-CI: I~ a + I~ + ~ ' =  0 (14) 

and 
I Na -- y I  K ~- 0. (23) 

Under these conditions, V is given by Eq. (19), 
but now 

I~n(  1 -  1 ) +  11-Ic% (n~ - - b e  ~r] ~l(nY+c \~'-i-]l~ 

q : I~cC03 _ ~1 

If r =  1, then 

Yll~b ~ q- ~ccl (ny + 1~ 
\ y +  l /  

q = ~ + C (53) 

In the absence of a Na-K-C1 cotransport system, 
~1 in the above equations is zero and 

q = 7  [ 1 - (1 - r)L~-U~3(. (54) 
*be' ) 

(52) 

ELECTROGENIC COUNTER-TRANSPORTERS 

Sjodin (1983) has developed equations to describe 
Na+-Ca 2+ counter-transport. To his analysis we 
shall add the treatment of neutral chloride cotrans- 
porters. The procedure can be summarized as fol- 
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lows. In the steady state the passive Ca current, 
~",  and the counter-transported Ca current, 
/~,~a, wild have the same magnitude but different signs. 
The ratio of currents, Na to Ca, through the Na-Ca 
cotransporter is assumed to be constant to that a 
number, f, can be defined by 

- n I ~  a 
f -  ~,a (55) 

The following four equations represent the 
steady state for all values of n, q and f. 

//(iNa _}_ iNa + lNa _~ INa) = 0 (56) 

X 2 + 15 + I~ = 0 (57) 
q(~l+ /Cc 1) =_ 0 (58)  

f(ICpa + ICa)cs = 0. (59) 

However, n, q and f are defined according to 
Eqs. (13), (17) and (55), and the summation of Eqs. 
(56)-(59) leads to 

nip a + + ql ' + f C =  o. (60) 

Since Ca is divalent, the GHK flux Eq. (2) has 
to be reformatted before the Ca term can be com- 
bined with those for the univalent ions. Following 
Sjodin (1983), this operation can be done by simulta- 
neously converting the divalent cation to an appar- 
ent univalent cation and Pca into P~a and 
P~a (apparent permeabilities for influx and efflux, 
respectively), where 

2Pca exp{(b} _ 2Pca 
P~a exP{4~} + 1 exp{- 4~} + 1 

and 

2Pca 
P+~ exp{qS} +1" (61) 

From this analysis, we see that presenting a 
divalent ion flux in an expression for univalent posi- 
tive ions requires the apparent permeabilities for 
forward and reverse currents to be both voltage de- 
pendent and different. 

Alternatively, we may retain the true value of 
Pca and encompass the voltage dependence within 
the "concentration terms" so that 

Ca~ - 2 C a  i 
exp~b + 1 

and 
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2 Ca o (62) 
Ca,; - exp{ - 95} + 1" 

Equation (19) then becomes 

V = R._T In PKK'~ + nPNaNa~" 4- qpclC____..~li + fPcaCa;, 

F PKKi + nPNaNai + qPc~Clo + fPc~Ca/ 
(63) 

FIS 
where f = ~- [Eq. (55)] and s is the ratio of Na/Ca 

ions transferred by the Na-Ca counter-transporter. 
Only at V = 0, do Ca;, = Cao and Ca~ =Cai .  

Though this approach allows us to account for 
the contribution of a Na-Ca counter-transporter 
within the confines of the GHK formalism, this mod- 
ification to the equation is not always required. Al- 
though important for the maintenance of cellular 
ionized Ca 2+ activity, in many cells the Na-Ca ex- 
changer produces negligible fluxes across the mem- 
brane since Pca is exceedingly small in comparison 
with the other permeabilities. 

Finally, we may develop an equation which de- 
fines the steady-state membrane potential when we 
have a range of co- and counter-transported solutes. 
This is achieved by replacing PNa in Eq. (63) with 
P~a and pi N, as defined in Eqs. (42) and (43). 

V = R---TIn PKKo _+ n~y,Na_.__, o +_ qPclCl,+ fPc~Ca;, 

F PKKi + npiyaNai + qpclC1 ~ + fPcaCa ~ " 
(64) 

Note that Eq. (64) remains valid when q is given by 
Eqs. (52) to (54), and is thus the most general form 
of the modified GHK equations developed in this 
paper. 

Experimental Assessment of the Determinants of 
Resting Membrane Potentials 

Major problems arise when attempts are made to 
obtain experimental data from living cells under 
steady-state conditions to examine the equations de- 
veloped in this paper. Though there remain difficult- 
ies in determining cell ion activities, the use of dou- 
ble-barrel, ion-sensitive microelectrodes, and the 
recent developments of fluorescent dyes sensitive to 
a range of ions, make this task much easier than it 
has been. Of much greater concern is the measure- 
ment of the membrane permeabilities. 

M E M B R A N E  PERMEABILITIES  

Most of the equations require one to determine the 
permeabilities of the conductance pathways through 
which the ions move by simple electrodiffusion. The 

fact that the plasma membranes of many cells con- 
tain a variety of pathways through which coupled 
movements occur means that a common method 
used in the past to determine membrane ion perme- 
abili ty-measurement of unidirectional ion flux us- 
ing isotopes--is invalid for the purpose of solving 
most of the equations developed here. This intu- 
itively obvious fact can be illustrated by considering 
the situation where C1 permeability is measured in a 
cell possessing neutral KCI and NaCI cotransport- 
ers, as well as an electrodiffusive pathway. Here, 
net C1 currents through the C1 conductance are given 
by 

PcIF95 C l ~ r  ,, T Clo if'= 
e x p , -  O) - 1 

(65) 

through the KC1 cotransporter by 

IcC~ = _ kKF(KiC1 i - KoClo) (66) 

through the NaCI co-transporter by 

icNaCl = _ kNaF(NaiC1 i _ NaoClo ) (67) 

where kK and kNa are the associated rate constants 
for membrane transit of the ions. 

The magnitude of the influx of C1 is, therefore, 
given by 

(,Cl  ) 
J~l = 1 - exp{-95} + kKK~ + kyaNao Clo (68) 

o r  

e~95 
J~l - 1 - exp{- 95} Cl~ (69) 

where 

Picl = Pci + (kKKo + kNaNao) 1 - exp{-qS} (70) 
95 

Similarly, from the magnitude of the C1 efflux 
we obtain, 

P~I = Pc1 + (kKKi + kyaNai)exp{95} - 1 
6 

(71) 

i.e., P~I # P~I and both P~I and P~l are functions of 
concentrations and membrane voltages and there- 
fore only pseudo-permeability constants. 

The number of terms in the expressions for 
P~ and Pb~ depends on the number of pathways for 
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CI, both neutral and electrogenic, through the 
plasma membrane. Thus the permeability for CI 
through the conductance pathway, Po,  can be found 
only after the additional fluxes have been determined 
separately. This poses considerable methodological 
problems, particularly as the use of specific blockers 
to inhibit pathways is likely to result in difficult 
steady-state concentrations of the intracellular ions 
and modifications to the permeabilities of the re- 
maining pathways. 

Similar arguments can be developed for the mea- 
surements of membrane K and Na permeabilities 
and for these the fluxes through the Na-K pump 
provide an additional pathway to be corrected for. 

CHANGES IN MEMBRANE POTENTIAL. 

In a variety of experimental situations, alterations 
in medium composition will affect the resting mem- 
brane potential. Although many of the equations 
developed here apply only to the steady state, the 
following approaches may enable one to use the 
equations to predict the instantaneous change in 
membrane potential following a step change in either 
the external concentrations of Na or K, the pump 
rate, or  PNa, PK or Pcl, provided that the only param- 
eters altered are the membrane potential and the 
parameter changed by the experimenter. 

For example, Eq. (8) may be rearranged so that 

PKKo + P Na,, = h (72) 

where h contains the remaining parameters. Since h 
is a function of V, step changes in Na o or K,, will 
immediately affect V. However, by Eq. (72), de- 
creasing Na,, and increasing K,, (or vice-versa) at 
constant C! o would reduce the changes in h com- 
pared to those which would follow step changes in 
concentration for only one of the cations. By trial 
and error, concentrations of Na,, and Ko could be 
chosen so that a simultaneous step-wise change in 
both cation concentrations would give no change 
in voltage. Thereby h would remain constant. This 
condition is given by 

PK AK, + PN~ANao = 0 (73) 

or  

PK _ 2~Nao 
PNa RK,, 

This approach thus provides a way of obtaining 
the ratio of the cation permeabilities. It has a number 

of disadvantages, however. It cannot be applied to 
determine anion:cation permeability ratios, and in 
the presence of electrogenic cotransporters 
P ~  [Eq. (42)] would need to be substituted in Eqs. 
(72) and (73). Also, experiments would need to be 
performed in the domain where all the values of Ko 
used would saturate the Na pump so that I, N~ (of 
which h is a function) remains constant, i.e., changes 
in K,, could affect l Nn and invalidate Eq. (73). Since 
the condition is that V must remain constant during 
step changes in Na, and K,,, the problem of PNa 
or PK changing with V does not arise using this 
approach. 

Blocking the Na-K pump rapidly changes the 
membrane potential given by Eq. (30) 

RTln PKKo + PNaNao + PcICI; V 
F PKKi + PNaNai + PciClo 

(l) 

the equation with which we began ! Note that as ions 
redistribute, there will be continuing change in the 
potential which will, however, still be given by this 
equation. 

Instantaneous inhibition of neutral co- or count- 
er-transporters will have no immediate effect on 
membrane potential since their characteristics are 
not included, as such, in the nonsteady-state forma- 
tion [Eq. (30)]. Instead, their contributions are re- 
flected only in the concentration terms which will 
not change instantaneously following inhibition of 
the transporter. 

However, any step changes in membrane per- 
meabilities (as may occur with electrogenic trans- 
porters or simple conductances) will lead to immedi- 
ate changes in membrane potential. Complete 
inhibition of the Na conductance reduces the poten- 
tial from that given by Eq. (30) to 

RT PKK,, + PoCI; + ((1 - n) INa)RT/F2V 
V = T I n  e----K~,+ ~ + ((l ,,) ;p)R~/F2V (74) 

where I Nn , as well as the other parameters, apart 
from V, remain constant. 

Having discussed some of the experimental dif- 
ficulties in obtaining membrane permeabilities, we 
here outline a possible experimental approach. The 
following parameters must be determined: V, the 
intra- and extra-cellular concentrations of ions (or, 
better, the activities), and three independent flux 
measurements ( J ~  (or JNa), JiK (or J~:), Jcl  (or  
J~)). The measurements must be made when the cell 
is in a steady state so that the influxes and effluxes 
of each of the ions can be equated. 

As an example, suppose that the cell contains 
Na,K and Cl conductance pathways, both NaCI and 
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KCI cotransporters, an Na-K pump, that the fluxes 
through these pathways are given by equations simi- 
lar respectively to Eqs. (65) to (67), and that the Na 
flux through the pump is given by 

J2~ = kpNa i. (75) 

Though this equation may seem too simple to 
provide a representation of the Na flux through the 
pump, it may be made as complex as required by 
making k s a function of the variables of the system. 
As the experiments are performed under steady- 
state conditions, kp will be constant. 

For simplicity in formulating the equations, we 
shall use the following abbreviations: 

4, (76) 
4'* 1 - exp{-4'} 

6 (77) {~}t __  

exp{qS}- 1 

Effluxes and influxes are represented by the su- 
perscripts o and i, respectively. 

JNa = (PNa6*  + kNaCli + kp)Nai 

= ( P N a 6 '  + kNaClo)Nao 

J~: = (PK6* 

= (PI~6' 

J~l = ( P a 6 '  

= (Pcl6* 

(78) 
(79) 
(80) 

= J}qa 

+ kKCliJKi 

N a i \  
+ *KCl,, + 27o) K,, = & (81) 

+ kKK i + kNaNai)Cl i (82) 

+ kKKo + kNaNao)Clo = J c l .  (83) 

In these six independent linear equations, there 
are six unknowns PNa, P~, PcJ, kNa, kK and kp. A 
computer spread-sheet is helpful for diagnostic pro- 
cedures when solving these equations. If in the anal- 
ysis either kN~ or k~ is found to be negative, this may 
simply indicate that the NaC1 and KC1 cotransport- 
ers are coupled, perhaps as an Na-K-2C1 cotrans- 
porter. 

Having developed these equations and illus- 
trated some of their applications and implications 
for symmetrical cells, we apply them in the following 
paper to consider membrane potentials in epithelia, 
illustrating our approach by considering, in particu- 
lar, a typical simple 'tight' epithelium. 

L.G.M.G. is a Career Fellow of the Medical Research Council of 
New Zealand. This work was supported by a Programme Grant 
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