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ABSTRACT 

The processes o f  charge r e d i s t r i b u t i o n  i n  p h o s p h o l i p i d  b i l a y e r  membranes 

have been examined by  v o l t a g e  clamping. D i f f e r e n t  t ypes  o f  phospho l i p ids  d i s -  

so l ved  i n  n-decane were used as membranes and t h e  membranes were made conduct- 

i n g  by  add ing  ionophores. The r e l a x a t i o n  processes were found t o  be composed 

o f  a t  l e a s t  two e x p o n e n t i a l  decays o f  which t h e  f a s t  process can be e x p l a i n e d  

i n  terms o f  a charge r e d i s t r i b u t i o n  between t h e  s u r f a c e  l a y e r s  and t h e  i n t e r i o r  

o f  t h e  membrane, f o l l o w i n g  t h e  s t e p  i n  p o t e n t i a l .  The e f f e c t  on t h i s  o f  vary-  

i n g  t h e  l i p i d  composi t ion,  t h e  e x t e r n a l  s o l u t i o n  c o n d i t i o n s  and t h e  a p p l i e d  

p o t e n t i a l  a r e  desc r ibed  i n  terms o f  changes i n  t h e  capac i tance  Cp and t h e  

r e s i s t a n c e  R 

ment o f  t h e  l i p i d  p o l a r  groups i s  r e s p o n s i b l e  f o r  t h e  observed changes i n  C 

and Rp i s  a l s o  discussed. 

o f  t h e  s u r f a c e  l a y e r s .  A model i n  which a s t r u c t u r a l  rearrange-  P 

P 

INTRODUCTION 

The s t r u c t u r e  and o r i e n t a t i o n  o f  t h e  l i p i d  p o l a r  groups i s  n o t  o n l y  essen- 

t i a l  t o  t h e  f o r m a t i o n  and s t a b i l i t y  o f  l i p i d  b i l a y e r  membranes b u t  a l so  an 

i m p o r t a n t  f a c t o r  de te rm in ing  t h e  e l e c t r i c a l  and p e r m e a b i l i t y  p r o p e r t i e s  o f  t h e  

membranes. I t  i s  w e l l  es tab l i shed ,  t h e o r e t i c a l l y  as w e l l  as exper imen ta l l y ,  

t h a t  t h e  s u r f a c e  charge and p o l a r i z a b i l i t y  o f  t h e  p o l a r  groups depend on 

s e v e r a l  e x t e r n a l  f a c t o r s  such as i o n i c  environment, pH and temperature,  a l l  

o f  which a r e  known t o  i n f l u e n c e  t h e  membrane conductance and r a t e  cons tan ts  

de te rm in ing  t h e  t r a n s f e r  o f  i o n s  ac ross  t h e  membrane ( f o r  r e v i e w  see r e f .  6 ) .  

It has t h e r e f o r e  been poss ib le ,  t h rough  t h e  use o f  ionophores,  t o  c o r r e l a t e  

t h e  over  a l l  e l e c t r i c a l  p r o p e r t i e s  o f  l i p i d  b i l a y e r  membranes t o  t h e  s i g n  and 

magnitude o f  t h e  co r respond ing  s u r f a c e  charge (10). 

Coster and S m i t h  (4 )  have measured t h e  charge rearrangement i n  t h e  membrane 

u s i n g  impedance methods and i n t e r p r e t e d  these  r e s u l t s  i n  terms o f  a t h r e e  
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capac i to r  model (see Fig. 1) where the outer capac i to rs  correspond t o  the  po la r  

groups and where the i nne r  capac i to r  represents the  hydrocarbon region. Their 

model was l a t e r  extended t o  inc lude an in te rmed ia te  reg ion  between the  hydro- 

carbon and po la r  pa r t s  o f  t he  membrane (1). 

Fig. 1. Equivalent c i r c u i t  o f  a membrane 

( R  ) ,  the  e l e c t r i c a l  parameters o f  the 
surfaces ( R  , C,) and o f  the nonpolar 

CP cN CP showing the  ex te rna l  s o l u t i o n  resistances 

S 
- - reg ion  (RN,'CN). U i s  the  p o t e n t i a l  

RS RS d i f f e rence  across !!he membrane and Ue  i s  
qr*c 

the t o t a l  p o t e n t i a l  d i f f e rence  between 
the electrodes. 

RP RN RP 
-u,- 

The t h ree  capac i to r  model was a l so  used by Sandblom e t  al .  (11) i n  order t o  

exp la in  the  f a s t  r e l a x a t i o n  process seen i n  vol tage clamp experiments w i t h  

b r a i n  l i p i d  ex t rac ts  i n  the  presence o f  ionophores (nonactin). The vol tage 

clamp method can the re fo re  be used t o  charac ter ize  the  l i p i d  po la r  reg ion  i n  

d i f f e r e n t  l i p i d s  and the  r e s u l t s  o f  such s tud ies  w i l l  be reported here. 

I f  a feed back c i r c u i t  i s  used t o  clamp the  vol tage UM, the i n i t i a l  charg- 

i n g  process w i l l  supply the  capaci tors C, and CN w i t h  equal amounts of charge. 

Fol lowing t h i s  shor t  per iod  the r e s u l t i n g  charge on the  capac i to rs  w i l l  re- 

d i s t r i b u t e  t o  conform w i t h  the  new steady s t a t e  p o t e n t i a l  p r o f i l e  which i n  

t u r n  w i l l  depend on the  values o f  RN and R,. This gives r i s e  t o  a displacement 

cu r ren t  w i t h  a t ime constant T and i n i t i a l  Go [ I ( t  O)/UM 1 given by: 

I f  the  fo l l ow ing  cond i t ions  are s a t i s f i e d :  

Rp << RN 

CN << cp 

Eqs. (1) and ( 2 )  reduce to :  

( 3 )  

(4) 
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T f  = RPCP (5)  

2c*N 

VpZ G O f  = - 

The index f has been introduced t o  i n d i c a t e  t h a t  the  process i s  f a s t  com- 

pared t o  the  i n t e r i o r  charging t ime (T = RNCN). 

clamp) the  p o t e n t i a l  w i l l  approach i t s  steady s t a t e  value w i t h  a t ime constant 

T and f i n a l  conductance Gm given by: 

I f ,  instead, t he  c i r c u i t  o f  Fig.  1 i s  subjected t o  a cu r ren t  s tep  (cur ren t  

1 
Gm G - 

RN 

where the  i n e q u a l i t i e s ,  Eqs. ( 3 )  and ( 4 )  have been assumed t o  apply. 

A comparison between Eqs.  (5 )  and (7)  shows t h a t  the  c i r c u i t  parameters 

can be ,conven ien t ly  evaluated by a combination o f  vol tage and cur ren t  clamp 

experiments. He w i l l  use t h i s  method t o  compare the  p roper t i es  o f  t he  c i r c u i t  

parameters o f  Fig. 1 i n  d i f f e r e n t  l i p i d s .  

The presence o f  c a r r i e r  molecules used t o  increase the  conductances i n  the 

c i r c u i t  o f  Fig. 1 w i l l  a l so  in t roduce a d d i t i o n a l  t ime constants associated 

w i t h  the  k i n e t i c s  o f  i o n  b ind ing  t o  the  c a r r i e r  (13). As w i l l  be shown, how- 

ever, the  conductance o f  t he  po la r  reg ion  i s  much higher than the  corresponding 

apparent conductance o f  the  c a r r i e r  k i n e t i c s  which makes i t  poss ib le  t o  study 

the  two phenomena separately. 

MATERIAL AND METHODS 

L i p i d s  

The phosphol ip ids used were phosphat idyl  ethanolamine (PE),  phosphat idyl  

cho l ine  (PC),  phosphat idyl  ser ine  (PS) and phosphat idyl  i n o s i t o l  ( P I )  w i t h  

f a t t y  a c i d  chains cons is t i ng  o f o l e i c  ac id  i n  a l l  cases. The phosphat idyl  

ethanolamine was obtained from bovine b r a i n  e x t r a c t  (Sigma). All other l i p i d s  

were purchased from Supelco Inc.. The membranes were formed from 2% (w/w) 

s o l u t i o n  of l i p i d  i n  n-decane and app l ied  t o  a hole (2 mm i n  diameter) i n  a 

Tef lon diaphragm. I n  some cases the  phosphol ip ids were combined with choles- 
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t e r o l  (C) t o  give l i p i d  so lu t i ons  o f  15 (w/w) with respect t o  cho les te ro l  and 

2% (w/w) w i t h  respect t o  phospholipids. 

Aqueous so lu t i ons  

The membrane was surrounded by so lu t i ons  having the  same concentrat ion on 

the two sides. Members o f  t he  macro te t ro l ides  ( a c t i n s )  were used as ionophores. 

These are macrocycl ic polypept ides e x h i b i t i n g  a h igh  degree o f  a l k a l i  c a t i o n  

s p e c i f i c i t y  and where the  i n d i v i d u a l  members d i f f e r  from one another by the 

s u b s t i t u t i o n  o f  the  backbone w i t h  methyl  and e t h y l  groups. Nonactin or a m i x -  

t u r e  o f  monoactin and d i n a c t i n  i n  p ropor t ions  o f  70% and 30% respec t i ve l y  

( k i n d l y  provided by D r .  Barbara Stearns o f  Squibb) were added i n  var ious con- 

cen t ra t i ons  t o  t h e  aqueous so lu t ions .  The chamber and aqueous so lu t i ons  were 

maintained a t  a temperature o f  30°C by means o f  a P e l t i e r  c e l l  on which the 

chamber was mounted (11). 

E l e c t r i c a l  measurements 

The c i r c u i t  used f o r  clamping e i t h e r  the p o t e n i t a l  o r  the  cu r ren t  has been 

descr ibed by Er iksson e t  a l .  (5), and i t s  performance has been tes ted  on 

dummy c i r c u i t s  o f  the  k ind  shown i n  Fig.  I .  The method was found t o  g i ve  

values, accurate t o  w i t h i n  30L, f o r  the  e l e c t r i c a l  parameters o f  r e l a x a t i o n  

processes w i t h  t ime constants down t o  about 1 us. 

I n  order t o  determine t h e  i n i t a l  change i n  the  conductance fo l l ow ing  an 

app l ied  p o t e n t i a l  step across the  membrane, i t  i s  necessary t o  est imate the  

t ime i t  takes f o r  the  membrane t o  be e f f e c t i v e l y  clamped. A r a p i d  charging o f  

the  membrane capacitance has been achieved by the  use o f  a p o s i t i v e  cu r ren t  

feed back which compensates the  se r ies  res is tance RS. Figs. 2a and 2b show 

the recordings from an a c t u a l  experiment us ing  the  vol tage clamp c i r c u i t ,  and 

Fig. 2a. P o t e n t i a l  (upper) and cur ren t  Fig, 2b. Same records as i n  
( lower )  records from a vol tage clamp Fig. 2a, bu t  w i t h  d i f f e r e n t  
experiment w i t h  0.1 M KC1, 'loq6 M mon- ampli tude and t ime scales. 
ac t i n -d inac t i n  mixture and 2% PE. 
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the  l a rge  i n i t i a l  t r ans ien ts  seen i n  the  vol tage records are  due t o  p o t e n t i a l  

drops across the  s o l u t i o n  se r ies  resistances RS (see Fig. 1 )  caused by the 

charging current.  

The i n t i a l  conductance i s  evaluated by ex t rapo la t i ng  the  conductance 

values,measuredsubsequent t o  the  charging period, back t o  1 ps (5, 11). This 

procedure i s  i l l u s t r a t e d  i n  Figs. 2b and 3. The p o t e n t i a l  and cur ren t  t rans-  

mA’cm21 ‘ 

Fig. 3. Logarithmic p l o t  o f  t he  cu r ren t  
record  i n  Fig. Zb., which includes on ly  
the  e a r l y  p a r t  o f  t he  record with the  
f a s t  process. 

0.01 L-+-.-- 10 y s  

i e n t s  seen i n  Fig. 2b are the  same as those 

d i f f e r e n t  ampli tude and t ime scales. Fig. 3 shows record  p l o t t e d  i n  a loga- 

r i t h m i c  diagram from which the  values o f  T~ f o r  the  process i s  ca lcu la ted  from 

the  slope o f  th is  l i n e  and the  i n i t i a l  conductance GOf i s  obtained by ex t ra -  

p o l a t i n g  the  l i n e  back t o  1 us. 

I n  order t o  ob ta in  a complete s e t  o f  e l e c t r i c a l  parameters cha rac te r i z inq  

i n  Fig. 2a although recorded w i t h  

the  membrane i t  i s  necessary t o  c a r r y  out a cur ren t  clamp experiment under 

the  same cond i t ions  as the  vol tage clamp experiment. This i s  done with the  same 

e l e c t r i c  equipment s imply by e l i m i n a t i n g  the  vol tage feed back i n  the  c i r c u i t .  

Fig. 4 shows the  p o t e n t i a l  and cu r ren t  records from such an experiment and a 

logar i thmic  p l o t  o f  UM (Fig. 5 )  g ives the  capacitance CN and the  res is tance 

RN according t o  Eqs. ( 7 )  and ( 8 ) .  

Fig. 4, Time course of  e lec t rode poten- 
t i a l  Ue obtained from a cur ren t  clamp 
experiment w i t h  0.1 M KC1, 10-6 M Non- 
a c t i n  and 2% PE. 
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Fig. 5. Logar i thmic p l o t  o f  t he  p o t e n t i a l  
record i n  Fig. 4. The c o n t r i b u t i o n  from Rp 
and Cp (Fig. 1) can be neglected i n  a cur ren t  
clamp experiment. 

2 

The corresponding values f o r  PS and PE were found t o  be 0.32 uF/cm and 0.25 

pF/cm2 respec t ive ly .  For P I  the value was 0.42 uF/cm 

data repor ted  by Stark e t  a l .  (12). These values have been used i n  the  calcu- 

l a t i o n s  o f  Cp and Rp according t o  Eqs. (5) and (6). 

The r e s u l t s  o f  the  vol tage clamp experiments w i l l  be presented i n  a se r ies  

o f  f i g u r e s  and tables.  The f i gu res  are taken from t y p i c a l  experiments whereas 

t h e  r e s u l t s  presented i n  the  tab les  are average values ca lcu la ted  from 1-3 

experiments. Unless otherwise stated, the magnitude o f  the  app l ied  p o t e n t i a l  

s tep  has been kept between 60-70 mV. 

The values of CN f o r  PC measured by t h i s  method are equal t o  0.45 pF/cm . 
2 

2 ca lcu la ted  from the  

RESULTS 

I n  response t o  an app l ied  vol tage step the  cu r ren t  re laxes  towards a new 

steady s t a t e  w i t h  a t ime course which i s  composed o f  a t  l e a s t  two d i f f e r e n t  

exponent ia l  decays. This i s  seen from Fig. 6, which shows the l oga r i t hm ic  

p l o t s  o f  such records f o r  the  four  phosphol ip ids used. The two processes ex- 

h i b i t  q u i t e  d i f f e r e n t  pa t te rns  o f  behaviour and Fig. 7 showing the  p o t e n t i a l  

dependence o f  the  two processes, gives an example o f  t h i s .  The f a s t  process i s  

seen t o  be independent o f  t he  app l ied  p o t e n t i a l  suggesting t h a t  it i s  indepen- 

dent o f  the k i n e t i c s  o f  c a r r i e r  t ranspor t  and associated w i t h  the  d i e l e c t r i c  

p roper t i es  o f  the  boundary l aye rs  o f  the  l i p i d  membrane. The second process 

has a t ime constant which decreases w i t h  i nc reas ing  app l ied  p o t e n t i a l  i n  

agreement w i t h  the  observed behavior o f  the  k i n e t i c s  o f  c a r r i e r  t ranspor t  (7,  

8 ,  12). 

Table 1 summarizes the  measured t ime constants T f, T~ and the  i n i t i a l  con- 

ductances GOf and GOs f o r  t he  f a s t  and slow processes respec t i ve l y  a t  d i f f e r e n t  

s o l u t i o n  cond i t ions  w i t h  respect t o  concent ra t ion  and i o n i c  strength.  It i s  

seen t h a t  Cp changes more w i t h  the  i o n i c  s t reng th  than w i t h  the  concent ra t ion  
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Table 1. I o n i c  s t rength  dependence. Membranes were made o f  2% PS and 15 C i n  
the presence o f  lov6 M Nonactin. 

Solut ions 0.1 M K C 1  0.1 M KC1+ 1.0 M KC1* 
1 .IJ M L i C l  

T f  3.1 us 2.4 p s  1.9 p s  

10 us 13 p s  8.3 us 
11 mS/crn 

1.4 mS/cm 

Gm 0.19 mS/cm 

cP 6.0 pF/cm 

2 

2 58 mS/cm 
2 4.5 mS/cm 
2 2.9 mS/cm 

1.9 pF/cm2 

1,O fi cm 

2 

2 

2 

2 

30 mS/cm 

1.4 mS/cm 

0.83 mS/crn 

2.0 VF/cm 

2 0.86 fi crn 

2 

2 

2 

2 

=f 

G O f  

GOs 

2 0.52 a cm RP 

* 
UM 110 mV 

o f  the  so lu t i on .  Gp on the  other hand remains more constant than Cp cons is ten t  

w i t h  the  observat ion made by Coster and S m i t h  ( 4 )  t h a t  Gp shows a weak depen- 

dence on the  concent ra t ion  o f  the  e l e c t r o l y t e .  

The e f f e c t  o f  vary ing  the nonact in concent ra t ion  i s  summarized i n  Table 2 

f o r  two d i f f e r e n t  l i p i d s .  The f a s t  t i m e  constant i s  r e l a t i v e l y  independent o f  

the nonact in concentrat ion whereas the slow t ime constant increases a t  t he  

higher concent ra t ion  w i t h  PE, cons is ten t  w i t h  c a r r i e r  k i n e t i c s  (10). 

\ 
Y U I  r 

5 10 15 20 25 ps 

003- 

I 
10 2 0  p s  

Fig. 6. Logarithmic p l o t  o f  the  
cur ren t  f o r  a 2% PS membrane cur ren t  vs t ime a t  two d i f f e r e n t  
together w i t h  the  corresponding appl ied p o t e n t i a l s  w i t h  0.1 M K C 1  
curves f o r  2% PE, 2% P I  and 2% + 1,O M LiC1, M Nonactin and 
PC obtained under s i m i l a r  ex- 2% PS + 1% c. 
mr i rnen ta l  condi t ions.  

Fig. 7. Logar i thmic p l o t s  o f  
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Table 2. I onophor i c  dependence. Aqueous s o l u t i o n :  0.1 M KC1. 

L i p i d s  2% PS 2% PE 

Ionophore M M 0.5.1t1-~ M 10-6 M 
Nonact in  Nonac t in  Nonac t in  Nonac t in  

2.9 us 2.8 us 2.0 U S  2.0 us T f  
T 16 ~ J . S  15 us 3.2 p s  5.7 us 

G D f  
13 rnS/cm2 22 mS/cm2 13 mS/cm2 18 mS/cm 2 

2 1.3 mS/cm2 4.3 mS/cm2 2,9 mS/cm2 5.1 mS/cm 

Gm 0.45 mS/cm2 2.9 mS/cm2 1.9 mS/cm2 3.2 mS/cm 2 

5.4 uF/cm2 3.3 pF/cm2 5.6 pF/cm2 4.1 uF/cm 2 
CP 

RP 
2 0.54 Q cm 0.85 a cm 0.36 a cm 0.49 n cm 

- 

Comparing Tables 1 and 2 shows t h a t  an i n c r e a s e  i n  t h e  i o n i c  s t r e n g t h  has 

t h e  same e f f e c t  on Cp and A 

namely a decrease i n  t h e  c a p i c i t a n c e  and an  i n c r e a s e  i n  t h e  r e s i s t a n c e .  This  

suggests  an  i nc rease  i n  t h e  t h i c k n e s s  o f  t h e  s u r f a c e  l a y e r  as t h e  charge den- 

s i t y  increases.  

as an i n c r e a s e  i n  t h e  n o n a c t i n  c o n c e n t r a t i o n  P 

Table 3. L i p i d i c  dependence. Aqueous s o l u t i o n :  0.1 M K C 1  and M Nonactin. 

L i p i d s  2% PE 2% PC 2% PS 2% P I  

2.1 lls =f 
T 5.7 ps 5.8 us 15 U S  8.0 US 

2.0 1J.s 2.7 us 2.8 ~J .S  

18 mS/cm2 33 mS/cm2 22 mS/cm2 28 mS/cm 2 

4.1 uF/crn2 4.5 pF/cm2 3.3 pF/cm2 6.0 uF/cm 2 

Go f 7 
5.1 mS/cm2 4.5 mS/crn2 4.3 mS/cm- 1.6 mS/cm2 

2 GOs 
Gm 3.2 mS/cm2 1.5 rnS/crn2 2.9 mS/cm2 0.5 mS/cm 

C 

0.49 n cm2 0.60 cm 0.85 n cm 0.35 a cm 
2 P 

RP 

Table 3 i s  based on exper iments w i th  i d e n t i c a l  e x t e r n a l  s o l u t i o n  c o n d i t i o n s  

t o  a l l o w  a comparison between t h e  f o u r  d i f f e r e n t  p h o s p h o l i p i d s  used. The t i m e  

cons tan ts  f o r  t h e  f a s t  process show a s m a l l e r  d i s p e r s i o n  t h a n  i n  t h e  case o f  

t h e  s low  process. This c o u l d  i m p l y ,  i n  a l l  o f  t h e  cases, t h a t  t h e  f a s t  process 

takes  p l a c e  e i t h e r  between t h e  aqueous s o l u t i o n  and t h e  s u r f a c e  l a y e r s  o f  t h e  

membrane or  i n  t h e  p o l a r  groups o f  t h e  l i p i d s  or  between t h e  s u r f a c e  l a y e r s  

and t h e  i n t e r i o r  o f  t h e  membrane. 
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DISCUSSION 

Despite the  uncer ta in ty  invo lved i n  es t imat ing  the e l e c t r i c a l  parameters 

C and R t he  r e s u l t s  permit  somegeneral conclusions t o  be drawn. F i r s t l y ,  i t  

i s  establ ished, from the general dependence o f  r e l a x a t i o n  processes on the 

i o n i c  s t rength ,  nonact in concent ra t ion  and the app l ied  p o t e n t i a l ,  t h a t  the  

two processes behave d i f f e r e n t l y .  The f a s t  process might be due t o  a charge 

r e d i s t r i b u t i o n  between the  surface l aye rs  and the  i n t e r i o r  o f  t he  membrane. 

The most obvious reason fo r  i n t e r p r e t i n g  the  rapid,  process i n  terms o f  a 

charge r e d i s t r i b u t i o n  process i s  the  value o f  t h e i n i t i a l r o n d u c t a n c e  which 

seems f a r  t oo  l a r g e  t o  be explained by a ne t  t rans fer  o f  charge across the 

membrane (2, 4). I n  a d d i t i o n  the  values obtained f o r  Cp and Rp seem t o  be 

reasonable f i g u r e s  f o r  the  po la r  l aye rs  o f  the  membrane. Assuming t h a t  the  

po la r  l aye rs  accupy about 1/5 o f  the t o t a l  membrane thickness, the  d i e l e c t r i c  

constant o f  t he  po la r  l aye r  must be about tw ice  t h a t  o f  the  nonpolar reg ion  

i n  order t o  s a t i s f y  the experimental values o f  Cp. The values o f  Cp i n  the 

experiments repor ted  by Sandblom e t  a l .  ( I ’ l ) ,  and by Coster and S m i t h  (4) a re  

about 3 t o  6 t imes higher than those given here. Since phosphol ip ids have been 

used i n  a l l  cases, the d i f f e rence  must be due t o  the add i t i ves  [a-tocopherol 

( I I ) ,  tetradecane ( 4 )  and decane respec t ive ly ] .  

P 

P P 

The values o f  R obtained i n  the  present experiments are s i m i l a r  t o  those 

found prev ious ly  w i t h  nonact in (11) and are about 3 orders o f  magnitude lower 

than the  values obtained with the bare l i p i d  b i l a y e r  (4 ) .  The vol tage clamp 

technique does no t  a l low an accurate determinat ion o f  displacement cu r ren t  

a t  the  low conductance l e v e l  o f  the  bare l i p i d  membrane and i s  advantageous 

far reso lv ing  f a s t  processes w i t h  higher conductances. 

The p o s s i b i l i t y  t h a t  the measured parameters could be those o f  the  e l e c t r i c  

double l aye rs  adjacent t o  the  membrane water i n te r faces  has been considered 

( 3 ,  11) al though ca l cu la t i ons  show t h a t  e i t h e r  GOf or  T~ are much too  small 

t o  g ive  any measurable e f f e c t s  i n  these experiments. Anclther p o s s i b i l i t y  would 

be the  presence o f  aqueous surface l aye rs  with spec ia l i zed  s t ruc tu res ,  a model 

suggested by Coster and Simons (3 )  t o  account f o r  the h i g h  frequency disper-  

s ion  regions appearing i n  the  impedance curves. The same mechanism may be 

responsible for both  the  h igh  frequency d ispers ion  and the  r a p i d  s tep  response 

of the conductance although the  exp lanat ion  o f fe red  here seems more adequate 

i n  accounting f o r  the  e f f e c t s  o f  l i p i d  composit ion and concent ra t ion  o f  iono- 

phore. 

A second conclusion which can be drawn from the r e s u l t s  i s  t h a t  the  capa- 

c i tance Cp decreases w i t h  inc reas ing  i o n i c  strength,  whether t h i s  occurs on 

the aqueous s ide  o r  on the  hydrocarbon s ide  o f  the po la r  groups. This i s  

41 



a l s o  accompanied by a s l i g h t  increase i n  the  res is tance Rp. These f i nd ings  

suggest a v a r i a t i o n  i n  the  thickness o f  the  po la r  layer ,  poss ib ly  by screen- 

i n g  the  charge on the  phosphate or the  amino groups. Adding s a l t  would then 

cause the  two charged s i t e s  t o  separate producing the  observed changes i n  the 

e l e c t r i c a l  parameters o f  t he  po la r  region. An independent evidence f o r  t h i s  

s t r u c t u r a l  change i s  obtained from NMR s tud ies  on l ame l la r  mesophases i n  the  

presence o f  var ious s a l t  concentrat ions (9).  
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