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The membrane potential of a basement membrane (bovine-anterior-lens-capsule) was studied by use of the 
Gibbs-Donnan systems. The T.M.S. (Teorell, Meyer, Sievers) theory was applied to these systems for the 
treatment of experimental data. The results show that, in the basement membrane, the density of fixed 
charges such as ionogenic groups encountered in heparan sulfate proteoglycan is low. The ratios of the 
mobilities from the chloride anion and the alkaline cation are different to those in water. In this type of 
membrane, the mobility of C!- is higher than the mobilities of K +, Na + and Ca 2+. This result leads us to 
investigate further the diffusion problem of electrolytes through basement membrane. 

Introduction 

The importance of basement membrane investi- 
gations becomes more and more evident. Biolo- 
gists and chemists have devoted many efforts to 
discover the nature of basement membrane [1-10]. 
Their researches have shown that the basement 
membrane plays a very important role in attache- 
ment, spreading, migration, growth, repair and 
differentiation of the overlying cell population as 
well as in the physical phenomena of fluid filtra- 
tion and gas exchange [10]. Basement membranes 
act as potential barriers to metastasis. They have 
been considered as important determinants in 
neoplasia, and as available substrata for tumour 
cell attachement and differentiation [6,11]. The 
last works showed that perhaps the basement 
membrane should be considered playing a central 
role in organs and tissue biology [12,13]. These 
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functions of basement membranes depend cer- 
tainly on their structures and components and 
also on ionogenic groups such as these of heparan 
sulfate proteoglycan [9,14-17]. These effects led 
us to study the electric potential behavior of these 
membranes. 

Membrane potentials have been studied by 
many authors [18-20]. In this paper, the 
bovine-anterior-lens-capsules have been taken as 
the basement membranes with which a Gibbs- 
Donnan system [19,21] is formed. The membrane 
potentials were measured by using this system. 
The theory developed by Teorell, Meyer and 
Sievers (T.M.S. theory) [22-25] was used to analyze 
the experimental results. There is another theory 
developed by Kobatake and co-workers [40]. 

This theory was derived from the T.M.S. one. It 
has been developed to account for the behavior of 
a special experimental system, characterized by 
the fact that diffusion occurs through a polyelec- 
trolyte layer settled between two semi-permeable 
membranes. Our experiments concern the mem- 
brane itself, in particular the membrane potential. 
Kobatake's theory does not apply to our experi- 

0005-2736/87/$03.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division) 



184 

mental system, which may be described by the 
T.M.S. theory. We obtained the concentration 
range of ionogenic groups within the membrane 
from the calculations used in the T.M.S. theory. 
We have compared the phenomena in the case of 
several different salts, when they diffuse through 
the basement membrane. In the preceding paper 
[9], we described the diffusion of some electrolytes 
under the same conditions. We find the maximum 
concentration of salt in the membrane is depen- 
dent only of salt-membrane interactions inside 
the membrane. From a series of diffusion experi- 
ments performed with an applied electric polariza- 
tion, we concluded that a weak voltage influences 
greatly the diffusion behaviours. We propose an 
explanation for these phenomena: an electrostatic 
barrier, which depends probably on the ionogenic 
groups such as those of heparan sulfate proteo- 
glycan in the basement membrane, builds up pro- 
gressively during diffusion of electrolyte solutions. 
If this hypothesis may be verified, we can under- 
stand more about the mechanism of fluid filtra- 
tion or of other roles played by the basement 
membrane. Another question should be proposed 
from our research. That is, when the diffusion of 
electrolyte occurs within the membrane, which of 
the cations or the anions diffuses faster? Having 
examined previously the diffusion velocities for 
different salts with common anion, we are able to 
predict which among the cations diffuse faster by 
comparing one with another according to our 
calculated results. But up to now no answer can be 
afforded to the question concerning the relative 
speeds of cations and anions in the solution. In 
this paper, we attempt to answer this question and 
to discuss the problem of diffusion further. 

Principle of the method 

The membrane potential measurements have 
been performed with bovine-anterior-lens-caps- 
ules. We may admit that this membrane behaves 
as an ion exchange membrane with fixed charges, 
due to the presence of heparan sulfate proteo- 
glycan ionogenic groups. These properties allow us 
to take into account the general Gibbs-Donnan 
system for the potential measurements and to use 
the T.M.S. theory in the interpretation of our 
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Electrode I M ÷A- M*A - Electrode 
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potential potential potential potentir~l 
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Fig. 1. Scheme of the O i b b s - D o n n a n  system. 

results. Fig. 1 shows the schema of the Gibbs- 
Donnan system. 
Using an Ag-AgC1 electrode as metal electrode, 
we obtain the following system: 

A g - A g C l / s o l u t i o n ( 1  ) / m e m b r a n e / s o l u t i o n ( 2 ) / A g - A g C 1  

M + A  - M + A  - 

Under zero-current condition, the measured 
potential is the sum of the potential differences at 
each phase boundary 

4 <  - ¢ ' ,  = ( , ~ ' < -  4 : )  + ( &  - 4 , )  + (~ ' ,  - ~ # , )  (1) 

where 1, 2 represent the aqueous solution phases. 
C1- being the potential determining ion at the 
both solution interfaces, Nernst equation gives 

¢pM _ OZ o R T  
= E A g / A g C l  --  --ff-ln a c l -  (2) 

Combining Eqns. 1 and 2, we obtain 

qal: -- ~11 = (~p Mz -- (bM1) -- -R~ln (acl- )1 
(acl)2 (3) 

where @15_ @h is the membrane potential and 
~M= _ @M, is the measured potential. 

Another aspect of the T.M.S. theory is that it 
enables us to calculate the membrane potential 
under the condition that the membrane composi- 
tion is known, particularly the concentration of 
the charged groups. But this concentration is un- 
known in our system. It can be approximated 
from the experimental data by deduction using the 
T.M.S. theory. In the T.M.S. theory the membrane 
potential is given by the sum of the diffusion 
potential and the Donnan potential. In the case 
where the membrane carries some negative charges 
of concentration ~', the diffusion potential (Ed) 
can be expressed by TeoreU's equation [26] 

~ + - ~ -  R T  ~ + ( ~ + ) 1 + ~ - ( ~ - ) ~  
Ea= R + T R _  -if- In + ( ~ + ) 2 + R _ ( ~ _ )  2 (4) 



where fi+ and fi_ are the mobilities of cation and 
anion, respectively, within the membrane; ~ are 
concentrations which are given by 

{ ~2 a2 ~1/2 

~ + = T + ~ - T + ~  ) O) 

~-=-~-+ +v~ (6) 

If we consider ~+ and ~_, the activity coefficients 
within the membrane, being equal to unity 
[22,25-27], and U =  (fi+ - fi_)/(fi+ + fi_), we get 

Ed = uRFTln UXI + (~2  + 4 ( a 2  )1)1/2 

UX 2 + (.~2 2 + 4 ( a ~  )2) ' /2 
(7) 

The net Donnan potential is given by 

RT, ( a - ) l ' ( a -  )2 
Eoo~ = - - m - -  (8) 

F ( a _ ) l - ( a _  )2 

where (a_)l  and (a_)2 are the activities of the 
CI-  in the solutions 1 and 2, respectively. By 
substituting Eqn. 8 with Eqn. 6 and adding Eqn. 7 
to Eqn. 8, we obtain the total membrane potential 

_ R T ( ,  (a-)2 (4(aZ)l+x2)l/2+X 
~ " - q ~ " -  - - i f - t , n ~ "  (4(a2)2+ ~ 2 ) 1 / 2 ~ X  

+ V In (4(a2)~ + X2)1/2+ U-'X / 

(4(a2)2 + X2)1/2+ UX)  
(9) 

where (a)~ and (a)2 are the activities of the 
electrolytes present at both sides of the mem- 
brane. 

In order to calculate the experimental mem- 
brane potential, Eqn. 3 should be used. In this 
equation, we must known the activity coefficients 
at 37 ° C. We can obtain them by using Debye- 
Htickel's formula: 

-- Ail Z1Z2 I11/2 
log fi = (10) 

1 + 11/2 

where 

h i = N2e3(2,n,//1000)l/2/(2.303R3/c~/2Ti 3/2) 
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c i = dielectric permittivity 

T i = absolute temperature (K) 

fi = activity coefficient in liquid (not within the membrane) 

The following relation is easily deduced from Eqn. 
10 

f37oC = (f25oC) I'0296 (11) 

Because the activity coefficients at 25 °C can be 
found in some constant tables, the activity coeffi- 
cients at 37 °C can be derived. 

Now we consider Eqn. 9 in which we should 
calculate U. In the case when only one electrolyte, 
under the condition n+=n_ (n 's  are valence 
numbers), is present in solution, we have }+ = 

+/(~ + + ~_ ) and }_ = ~_/(  ~ + + ~_). Therefore 

U = } + - } _  (12) 

where ?~ are transport numbers within membrane. 
They can't be measured directly without difficul- 
ties, but we can calculate them approximately [36] 
with 

E/Emax = 2}+ - 1 or E/Ema x = 2}_ - 1 (13) 

We find E/Em~ after having drawn the curves 
(q,~2_ ¢11) versus log(a_)l/(a_): (See Figs. 3-6). 
E/Ema x is equal to slopes ratio g/Kmax; where 
Kma x is 61.53 mV at 37°C. In the cases when 
either two electrolytes are present together in a 
solution or one electrolyte is present with its ions 
having different valences (n+ 4: n_), this calcula- 
tion is only an approximation. Now in Eqn. 9, all 
terms become known except ,~. Since the mem- 
brane potential q,l~_ q,l, has been obtained by 
experiments, X can be calculated. This calculation 
was achieved using the following method 

O(q, 12 - d/ ')  d~+~-~  O(~ 12 - ep 1~) 
d(,/, I~ ~) 11 ) dai  

a S  / ' i  aai 
(14) 

In this equation, the terms under the sum are 
equal to zero, due to the fact that the a i values are 
constant. Eqn. 14 becomes 

= 1.8246.106/(qTi) 3/2 d(q~12 - ~bll) 0"~12 -- ~1" dX ( ) 3X (15) 
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For every ' i '  point, we get 

d( ~¢2 _ Oh ), ___ A ( ~'2 _ ~ 1 1 ) i  = ( q~12 _ ~,~ll ) ical - ( ~12 __ (~11) iexp 

06) 

Subscripts cal and exp represent the calculated 
value and the experimental one. 

a~ 

RT (, (a - )2  (4a~ +.~2)l/2-(4a~ +.~2) ~/2 
=--if- l in (-~_)1 + [(4a 2 + ~:~)(4a 2 + X2)]  w2 

U(4a 2 + .~2)I/2 + 

+ U ((4a] 2 + X2)I/2+ U-X)(4a~ + X2) I/2 

U(4a2+X2)l /2+X ] )  

((4a~ + -~2)'/2 + U-'X)(4a 2 + X2) '/2 
(17) 

For  every ' i '  point, we get 

A (¢'2 -- ~l,) / = (a (¢1~¢1 ' )  ) i -A~" i (18) 

Taking AXi=AX=(~,TAXi) /n  (n is the total 
point number) and matrices 

A =  

A(d#'2 - -  ¢11)11 

a(¢l~-. ¢1')2J 

a ( , '2  - , ' , )  ° /  

a(,'~- ,~',) 

B =  ~X 

a(¢2-#,) 
aY 

c = (,aX) 

We get 

A n x  l = B n x l * C l x  1 (19) 

BtA = BtBC (20) 

and 

( BtB)-1( BtA) =C (21) 

where superscripts t and - 1  mean transformation 
matrice and inverse matrice, respectively. From 
these operations, A X can be obtained. The next 
cycle of calculation is permitted, until we obtain a 

value .~ with which the calculated results are close 
to that of experiments. 

Experiments 
The potential measurements were carried out at 

fixed temperature (37 + 0.5 ° C) by means of an air 
thermostat cabinet. To maintain the concentra- 
tions on both sides of membrane at constant val- 
ues during the experiment, a circulation system for 
every compartment of the experimental cell with a 
pump was used (see Fig. 2). Stabilization of the 
system during the experiment was checked by 
means of a recorder. We have chosen AgC1-Ag 
electrodes as metal electrodes and KC1, NaC1, 
CaC12 solutions as experimental ones. In every 
case, as shown in Fig. 2, the cathode (11) was 
immersed in a 0.10 M solution (1), the concentra- 
tion of which was kept constant during the series 
of experiments. The anode (12) was immersed in 
solution (2) which may be adjusted between 0.01 
M and 1.0 M for a series of experiments. To 
ascertain that the records of results are correct, 
every experiment was carried out twice. 

Two other experiments have been achieved. In 
the first one, the KC1 and NaC1 solutions present 
on both sides of the membrane, respectively, had 
the same concentration. In the second, the con- 
centration of KC1 was kept constant (0.10 M) and 
that of NaCI varied during the series of experi- 
ments (0.01 M, 0.02 M, . . . , 0 .05  M). 

Results and Discussion 
Figs. 3 -6  show the relation of the electrode 

potential versus log((a_)l/(a_)2) and that of the 

li 
,2 l | 

Fig. 2. Scheme of experimental apparatus. 1, Basement mem- 
brane; 2, metal electrodes; 3, pump for the circulation of the 
solutions; 4, air thermostat cabinet; 5, thermometer; 6, thermo- 
stat control; 7, recorder; 8, voltmeter. 



membrane potential versus log((a_) ] / ( a _ )  z). The 
numerical results are classed in Tables I - IV.  We 
can consider that basement membranes act as ion 
exchanger. This character is due to their internal 
structure [28]. But the basement membranes are 
not ideal ion exchangers, because some diffusion 
proceeds at the same time when we measure the 
membrane potentials [9,29,30]. As mentioned in 
the Introduction, we can predict which electrolyte 
diffuses faster. But we don't  known which of the 
cations or the anions diffuse faster. This question 
can be answered now by our experimental results. 
In Tables I - I V  and Figs. 3-6, we have noticed 
that the membrane potential (~12 _ ~l,) is negative 
when log((a_)Ja_)2 ) is greater than zero, and it 
is positive in the opposite case. This means that 
the mobility of anion is more important than that 
of the cation in the direction of diffusion. Chlo- 
ride ions diffuse faster than the cations (K ÷, Na ÷, 
Ca 2÷) when a basement membrane is placed in 
the way. We compare, in Table V, the transport 
number values of NaC1, KC1 and CaC12 in water 
with these inside the membrane. The transport 
number value for C1- is greater within membrane 
than that in water. This result supports our hy- 
pothesis in which we supposed that a potential 
barrier builds up progressively during the diffu- 
sion of electrolyte solutions. This barrier, which is 
a double layer of ions at the immediate neighbour- 
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Fig. 4. Relation between the membrane potential and the 
CaC12 concentration. 

ing of the anionic layer in membrane, can hinder 
further diffusion. If we compare NaC1 and KC1, 
we find that for KC1, t_ is nearer to ?+ than in the 
case of NaC1 and that the difference between the 
transport number values (t+ and t_)  inside mem- 
brane and in water for KC1 is less important than 
for NaC1. The barrier has less influence in the case 
of KC1 diffusion than in the case of NaC1 diffu- 
sion. The diffusion velocity of KC1 can be predic- 
ted as more rapid than that of NaC1. This predict- 
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Fig. 6. Relation between the membrane potential and the NaC1 
concentration. On negative side the KC1 solution (0.10 M) was 
placed, 

ion has been confirmed by the experimental dem- 
onstration [9]. 

Using the method described in Principle of the 
method, the concentration of negative ionogenic 
groups within the membrane was found to be in 
the order of 10 -4 to 5 • 10 -4 M. In this range the 
calculated values are in close agreement with the 
experimental ones. The results are given in Tables 
I - I V  where the value of concentration of negative 
groups in the membrane ( X )  was chosen equal to 
2.5 • 10 -4 M. This fact indicates that in the base- 
ment membrane,  the density of ionogenic groups 
is low. This result was also obtained by direct 
titration of heparan sulfate from basement mem- 
brane [31,32]. But the role of heparan sulfate 
proteoglycan is known as very important  due in 
particular to its internal anionic layer which exists 
specially in this type of b iomembrane [30,31]. Its 
importance can be related undoubtedly to the 
membrane  potential behaviour. 

Another test was undertaken with KC1 and 
NaC1 separated by the membrane  and at the same 
concentrations for every one in the series of ex- 
periments (0.01 : 0.01 M, 0.02 : 0.02 M, • • • ,0.50 : 
0.50 M). These measurements show that the mem- 
brane potential keeps a constant value (approx. 
5.5 mV). Membrane  potential for this system is 
called a bi-ionic potential [33-35]. In Table IV we 
should consider the system as a bi-ionic system. 

But in this case, the effect due to the difference in 
mobilities of the two distinct cations can be as- 
sumed as negligible, compared to the effect due to 
the concentration difference on the two sides of a 
membrane.  For this reason we take the value 5.1 
mV, where the concentrations of two electrolytes 
KC1 and NaC1 are equal (0.10 M), as the origin. 
This value was also found in this test. The general 
expression of the bi-ionic potential is given [36] by 

RT / .  .ZB 
. . . .  i n _  + In KBA 

q~J2 _ q)l F \ ~AZA -- ~BZB DAZ A 

+ zAz----T 'n  z - ;  ' n  ,n 

(22) 

where the D terms are the diffusion coefficients of 
two different electrolytes, in our system KC1 and 
NaC1. C =  ZAC A + ZBC B is the total counterion 
concentration, and (CA)l, (Ca)2 are the bulk con- 
centrations of solutions on the two sides of the 
membrane.  KsA is the corrected molar selectivity 
coefficients for the ion exchan._ge reaction between 
the two electrolytes: B + A  = A + B. If  we assume 
some conditions such as DA/D B, KBA, C are 
constants, there are neither co-ions nor convection 
in the membrane,  and the boundary condition 
( C B / / C B ) 2  = ( C A / / C A ) I  = (C//C) holds. In the c a s e  

of our experiments Z A = Z B = 1 for Na  + and K ÷, 
a A = a B (if the Ag-AgC1 electrode is taken as 
metal  electrode), and if ~'B = ~A, Eqn. 17 becomes 
[37,38,39] 

R T ln I)A ,,2 _ ol, = --P- ~ (23) 

In the preceding paper [9], we gave values of the 
diffusion coefficient within the membrane for some 
salt solutions under the same conditions as in our 
mathematical  model. These values are 1.188.10 -7 
cm2/s  for KC1 and 0.983- 10-7cm2/s  for NaC1 at 
37 o C. If  we introduce these values into Eqn. 23, 
we get the membrane potential for this bi-ionic 
system as 5.1 inV. This result affords a proof of 
validity for our mathematical  model in its applica- 
tions to the basement membranes.  

From these results, we notice that in basement 



T A B L E  I * 

SALT:  NaCI.  X =  2 .5 .10  -4  M. 

C ( M )  AdpM ( m Y )  ( 1 2 _ ) 1  

log (a_ )~ 
z~@~xp(mV ) A@~.j (mV) 

0.01 35.85 0.934 - 21.61 - 24.63 

0.02 22.15 0.649 - 17.79 - 17.03 

0.03 16.80 0.483 - 12.92 - 12.65 
0.05 9.45 0.277 - 7.62 - 7.25 

0.10 0.00 0.000 0.00 0.00 

0.20 - 9 . 6 0  - 0 . 2 7 6  7.35 7.18 

0.30 - 15.15 - 0 . 4 3 9  11.86 11.43 
0.50 - 24.80 - 0.641 14.66 16.73 

T A B L E  II  

SALT:  KCI. X =  2.5-10 -4  M. 

C ( M )  A*M(mV) , ( a _  )1 
log (a_)2 

Ad~lexp (mV) A dOlal (nlV) 

0.02 34.95 0.646 - 4.77 - 4.12 

0.03 26.54 0.479 - 2.93 - 3.04 
0.05 15.15 0.275 - 1.78 - 1.73 

0.10 0.00 0.000 0.00 0.00 

0.20 - 15.03 - 0.270 1.58 1.68 
0.30 - 23.45 - 0.430 3.01 2.67 

0.50 - 34.26 - 0.625 4.20 3.88 

T A B L E  I I I  

SALT:  CaC12. X =  2 .5 .10  -4  M. 

C ( M )  A~bM(mV) 1 ( a _ ) 1  

° g (  a -  )2 

zl@~xp(mV) zlep~ (mV) 

0.01 28.90 0.851 - 23.46 - 23.41 
0.02 20.20 0.585 - 15.81 - 16.00 

0.03 15.11 0.432 - 11.48 - 11.74 

0.05 8.80 0.246 - 6.32 - 6.68 
0.10 0.00 0.000 0.00 0.00 
0.20 - 9.15 - 0.260 6.84 7.04 

0.30 - 1 4 . 5 5  - 0 . 4 2 0  11.27 11.36 
0.50 - 21.70 - 0.634 17.28 17.14 

* Note :  In  Tab les  I - V ,  Ae, M - ¢h M2 - ¢h MI  A,,h I - -  / ¢ h  | 2  ,'kll$ 
- - T  - -  1- ~r ~ mn 'ex  - -  ~ '~  - -  w 1 

ca lcu la ted  wi th  Eqn. 3, and  A@~ 1 = (~12_ ;~1) the mem-  

b r a n e  po ten t i a l  ca lcu la ted  wi th  T.M.S.  theory (Eqn.  9). In  
Tab le  IV, when  CNaCl =CKo = 0.10 M, A~ M =  5.1 mV. 
This  value was t aken  as the origin.  
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T A B L E  IV 

SALT:  KCI ( C O N C E N T R A T I O N  F I X E D  A T  0.10 M, 
NEGATIVE SIDE).  

SALT:  NaCI  ( V A R I A B L E  C O N C E N T R A T I O N ,  P O S I T I V E  
SIDE).  X =  2 .5 .10  -4  M. 

C ( M )  AdpM(mV) , ( a _ ) l  Adplexp (mV) A~/a |(mV ) 
Jog (a_)2 

0.01 44.92 0.929 - 12.26 - 11.95 

0.03 24.02 0.479 - 5.43 - 6.07 

0.05 13.62 0.273 - 3.17 - 3.45 
0.10 0.00 0.000 0 . 0 0  0.00 

0.20 - 13.58 - 0.280 3.65 3.52 
0.30 - 21.88 - 0.443 5.41 5.57 

0.50 - 31.98 - 0.646 7.76 8.10 

membrane, ionogenic groups such as encountered 
in heparan sulfate proteoglycan, despite of their 
weak concentration, play an important role, par- 
ticularly in electrochemical behaviour. The results 
of membrane potential measurements can be 
analyzed on the basis of the T.M.S. model, the 
basement membrane being considered as an ion 
exchange membrane bearing fixed negative 
charges. The study has shown that in the mem- 
brane phase the ratios of the mobilities between 
chloride ion and alkaline cation are different to 
those in water. In this membrane, the mobility of 
C1- is higher than that of K ÷, Na ÷ and Ca 2÷. 
This leads us to understand the phenomena 
according to which cations diffuse at a slower rate 
than do the anions, just as the non-equilibrium 
system in the biomembranes. Other experimental 
methods are used in order to afford further proof 
to support our hypotheses. Furthermore, in order 
to operate under conditions approaching those 
encountered in physiological media, we are run- 

T A B L E  V 

T R A N S P O R T  N U M B E R  V A L U E S  I N  W A T E R  A N D  IN-  
S I D E  T H E  B A S E M E N T  M E M B R A N E  

Elec t ro ly te  In  wa te r  Ins ide  m e m b r a n e  

t+ t_  t+ t_  

NaC1 0.39 0.61 0.29 0.71 

KCI  0.49 0.51 0.45 0.55 
CaC12 0.58 a 0.42 a 0.28 0.72 

a Values  at 35 ° C  and  0.05 equiv, g/1. 
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n i n g  e x p e r i m e n t s  in  wh ich  K r e b s  so lu t ion  is used  

as a so lvent  i n s t ead  of  water .  T h e  resul ts  will  be  

p u b l i s h e d  in  fu tu re  papers .  
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