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SUMMARY 

I. A permeabil i ty  cell is described which allows tracer diffusion studies to be 
carried out on model lipid membranes  for an extended time. 

2. The permeabil i ty  of a model lipid membrane  to 22Na+ drops to an unde- 
tectable level in IO 12, 6 7, and 4 h for membranes  formed in distilled water, o.I M 

NaC1, and 0. 5 mM MgCI 2, respectively. 
3. In  o.1 M NaC1 and  distilled water tim permeabil i ty  constant  is dependent  on 

the an lount  of n-tetradeeane,  added to the lipid solution from which the membranes  

are formed. 
4. The permeabil i ty  constant  is also dependent  on ~lc, the 22Na+ concentrat ion 

difference across the membrane.  Va~lues, as ~4c-+o, of 3 .71. Io  s, o .27. io-S,  and 
o.25"IO s cm/sec were obtained for the 22Na+ permeabi l i ty  constant  for membranes  
formed in o.I M NaC1, distilled water, and 0.5 mM MgC12, respectively. 

5- Solvent drag, the ionic composition of the aqueous medium, and the hydro- 
carbon region of the n~embrane are considered in accounting for the results. 

INTRODUCTION 

The thermodynamic  aspects of solute and solvent flow across a permeabi l i ty  
barrier, such as the model lipid membrane,  have been developed 1 and  emphasize as 
energy sources the chelnical potential  and osmotic pressure gradients. A more recent  
kinetic derivation of the t tmrmodynamic equations of ttow considers the energy- 
barrier model of membranes  2. I t  takes into account the interface potential  energies 
which, depending on the nature  of the solute, may either hinder or aid the movement  
of ions across a water lipid interface. In addition negative entropy changes in moving 
ions across the interface have been lneasured a. Their relative values for LiC1, Na('l,  
KC1, RbC1, and CsCI agree with the observed order of the flux rates across the interface 
for the live cations, I.i + <  N a + <  K+<~ Rb + < Cs +. Solvent drag, another restraint  t .  
ion flow across model lipid membranes,  has been considered but  not demonstra ted ~. 

The low conduct ivi ty  of model lipid membranes  suggests tha t  their permeabil i ty 
to ions is low. Permeabi l i ty  data, based on conduct ivi ty and/or  Nernst  potential  mea- 
surements,  1nay be in error s due to the effect of applied electric currents on a mem- 
brane,  composed probably of regions of different dielectric constant.  To obviate this 
effect it is necessary to use an ion diffusion technique to obtain permeabil i ty  data  
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that  are more easily interpretable. In this communication Na + pernleability data, 
based on tracer diffusion studies, are presented which indicate that  solvent drag, 
counterions, and the hydrocarbon layer are all involved in determining the rate at 
which the ions diffuse through the membrane. 

E X P E R I M E N T A L  P R O C E D U R E  

(:ell with perfusion chamber 
The cell adopted for the Na + permeability experiments is shown schematically 

in Fig. I in an oblique view from the top. [t consists of two lucite chambers, each 
of approx. 3 ml volume, separated by a teflon septum with a 2- or 2.8-mm diameter 
aperture for membrane location machined in it. The proximal chamt)er is bordered 
on the free side bv a curved glass window through which the behaviour of menlbranes 
applied to the aperture can be microscopically observed. The perfusion chainber 
consists of two parts. The larger part  nearest the teflon septum carries the perfusion 
inlet which enters from the bot tom so that  the perfusate streams upwards and past 
the membrane in the aperture. The perfusate flow is then streamed away fronl the 
membrane by means of the curved, grooved bot tom surface. I t  streams towards the 
smaller part  of the perfusion chamber which communicates through a 2-mm diameter 
hole with the larger part.  The smaller part  of the perfusion chamber is cvlindrical in 
shape, 6 mm in diameter, and contains the drain inlet. The meniscus in the cylindrical 
small part  maintains the drain inlet always below the liquid surface and prevents 
air from being entrained in the flow through the drain tube. The drain tube is approx. 
8 cm long and makes an angle of about 580 with respect to the vertical and has 
a U-shaped capillary outlet. Drop formation is by capillary flow through the opening 
and surface flow along the outside surface of the tube. This effectively separates the 
release of the drop from the aqueous contents of the perfusion chamber and t)revents 
any hydrostatic pressure backlash from rupturing the nlembrane. 

The perfusate is delivered to the perfusion chamber through a stainless steel 
micrometer valve from a 4-1 polyethylene reservoir bottle by way, of a gravity-fed 
drip set, normally used for intravenous infusions. The flow rate of the perfusate is 

CURVED GLASS WINDOW...._ ~ . - ~ - ' ~ ' - _  __ _ .~-----~ ~ 
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Fig .  I.  O b l i q u e  v i e w  f r o m  t l ie  t o p  of  t h e  p e r m e a b i l i t y  cell .  
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then control led by  the height of the reservoir  bot t le  over the perfusion chamber ,  the 
set t ing of the micrometer  valve,  the difference in e levat ion of the  water  level in the  
perfusion chalnber  and the outlet  of the  dra in  tube  and the size of the capi l lary  
opening of the  drain tube outlet .  The micrometer  valve  and the capi l la ry  opening 
are ad jus ted  to give a perfusion rate  of 15 2o ml/3 o rain which, in 3o min and at 
a Ioo % clearance efficiency, is sufficient to clear a volume 5 7 t imes tha t  of the 
perfusate  normal ly  in the perfusion chamber.  Chamber  clearance studies with ~'lugs 
of rad ioac t ive  Na 4 , two orders of magn i tude  greater  than  those normal ly  encountered 
in the pe rmeabi l i ty  exper iments ,  indicate tha t  at  least q8 % of the radioac t ive  slug 
is cleared in 3o rain. 

A short  leng:ll  of fine stainless steel wire was inser ted into the inlet port ion of 
the drain tube to improve  the en t ry  of the perfusate.  Under  these condit ions the 
flow ra te  of the perfusate  was very  uniform for the dura t ion  of the per lneabi l i ty  
experi inents .  Dur ing  an exper iment  some loss of water  occurred in the proximal  
chaml)er through evapora t ion ,  t3ecause the level of the perfusate  in the perfusion 
chamber  was kept  constant  by  the perfusion technique,  a small hydros ta t i c  pressure 
g rad ien t  therefore developed across the membrane.  This process was followed by 
microscopical ly  observing the changing l ight reflex of the membrane.  By periodical ly 
adding t~l volmnes of dis t i l led water  to the p~oximal chamber  the l ight reflex and 
hydros ta t i c  equi l ibr ium were s imul taneously  restored. The addi t ion of the small 
amounts  of dist i l led water  m a i n t a i n e d  the solute concentra t ion in the proximal  
chaml)er at its ini t ial  value (see below). 

Membrane jbrmatiolz 
The phosphol ip id  ex t r ac t  used in these exper iments  has been described previ- 

ously 6. The only new feature is tha t  the ex t rac t  was s tored in chloroform methanol  
( 2 :L  v/v) at  ~-5 o . To the t)hospholipid ex t rac t  vary ing  amounts  of n - te t radecane  
were added to make up the membrane  solution from which the membranes  ,*'ere made.  
The amount  of J>tet radecane added  var ied  between 14 and 23.0 % (v/v) and wa~ 
governed by  the cri terion tha t  the membrane  th inned fully in 6o rain (ref. 6). 

Prior  to memtwane appl ica t ion  the flow of the perfusate  was s ta r ted  and allowed 
to fill both the proximal  and perfusion chambers.  Ini t ia l ly ,  therefore, the solute con> 
posit ion of the aqueous medimn in the proximal  chamber  was identical  to tha t  ~f 
the perfusate  in the  perfusion chamber  but  was subsequent ly  increased bv the ad- 
dit ion of '~"Na ~ (as 22Na('l, see below). Flow ad jus tmen t s  were then made to achieve 
the desired flow rate  of 15 2o ml/3o rain. The perfusates  selected were o.I  M NaC1, 
o. 5 mM MgC12, and disti l led water.  

Appl icat ion of the meml~rane solution to the aper ture  in the teflon sep tum was 
made with a fine sable hair brush. The membranes  were then allowed to thin f u l h  
to the "secondary  b lack"  stage before two or more 3o-min control  samples of perfusate 
were collected in separate ,  previously unused, 2o-1111 liquid scint i l lat ion bot t les  for 
subsequent  background  counting ra te  determinat ions .  The exper iments  were run at 
37 ° in a con t ro l led- tempera ture  room. 

"Z2Na+ permeabililv experiments 
Following tile collection of the control  samples  22NaCI solution (specific actix~itv 

approx.  I6 / ,C/ rag)  was added  to the proximal  chamber  to an ac t iv i ty  level of approx .  
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I. IO ~ counts/min per cm a as determined by liquid scintillation counting (resulting 
in the addition of approx, o.25 mM 22NaC1). The contents of the proximal chamber 
were stirred briefly with a small stainless steel rod. Continuous collection of perfusate 
was then made in new 2o-ml liquid scintillation bottles with a fresh bottle placed 
under the drain outlet every 3o rain. 

All the 22Na+ activity diffusing through the membrane was thus collected for 
the duration of the experiments, lO-15 h were considered to be necessary for reasons 
that will become apparent later. 

The samples were then reduced to less than half volunle by drying. The two 
samples obtained per h for each hour were pooled and evaporated to dryness at 9o '~'. 
The two or more control samples were also dried as separate samples. 2 ml NE22o 
liquid scintillator solution (Nuclear Enterprises, San Carlos, Calif.) were added to each 
sample and the latter then counted for 22Na+ activity (mostly o.54 MeV positron) to 
a statistical accuracy of < I  ~?o. 

Three 5o-/,1 samples were withdrawn from the proximal chaml)er at the con- 
clusion of an experiment and counted for 22Na+ activity both bv Nal(TI) crystal 
spectrometry (z.28 MeV photopeak) and by the liquid scintillation counting technique 
described above. The permeability cell was then exhaustively decontaminated prior 
to re-use. 

RESULTS 

The net 22Na+ activity per hourly sample was determined by subtracting tile 
mean counting rate cf the control samples from the gross counting rate of tile hourly 
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I ' ig .  2. 2~Na+ p e r m e a b i l i t y  of  m e m b r a n e  w i t h  a r e a  o .o6  c m  'a a n d  d is t i l l ed  w a t e r  as  t h e  a q u e o u s  
t n e d i u m  a n d  p e r f u s a t e .  P e r m e a b i l i t y  c o n s t a n t  k - 0 .45-  io  s c m / s e c ,  c a l c u l a t e d  f r o m  t h e  s t r a i g h t  
l ine p o r t i o n .  
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samples. The time integral of the 2"Na+ counts, Q(t), was then calculated by sun> 
mation of the net counts per hourly sample over the total number of samples included 
at time t. In Fig. 2 a typical  curve of Q(t) vs.  t is shown for a model lipid membrane 
of area o.o6 cm 2 and distilled water as the perfusate and initial aqueous medium. 
The vertical bars associated with points give the standard deviation. 
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F i g .  3.22*Na " p e r m e a b i l i t y  o f  m e m b r a n e  w i t h  a r e a  0 . 0  3 c m  2 a n d  o. ] M N a C I  s o l u t i o n  as the  a q u e o u s  
m e d i u m  a n d  p e r f u s a t c .  P e r m e a b i l i t y  c o n s t a n t  k .... 2 . 6 - l o  s c m / s e c ,  c a l c u l a t e d  f r o m  the  s t r a i g h t  
l i n e  p o r t i o n .  
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I ) i s t i l l e d  xx a t c r  
o. 5 m M  Mg( ' l . ,  

Nmnbcr of "aeNa Fquation of line Nta~ldard 
cx/~crimcnts permeabilily through sd of points of k error of 

duratim~ vs, o~, ~-h'tradecane* estimate 
(h) by least squares fit  (~53,) 

5 0 7  Y = 0"39  -Y i 8 . 8 5  i o . 1 9  
12 1 0 - - 1 2  ~/ O.O2 A" O . 0 0  O.21 

7 4 3' o . o o 4 x  t o .  I 5  ,7 0 . 0 4  

* k is t h e  p e r m e a b i l i t y  c o n s t a n t  for '-"-'Na, i n  1 " iO 8 c n ] / s e c ,  k a n d  ° '  o n - t e t r a d c c a n e  r e p r e -  
s e n t e d  b y  y a n d  x,  r e s p e c t i v e l y .  

From the curve it is seen that tile amount  of 22Na+ diffusing through reaches 
a steady state value in 7 h and continues at this rate to IO h. In a few experinaents 
the perfusate samples were collected every 15 rain and counted for 22Na+ act iv i ty  to 
the same statistical accuracy as the hourly samples of the other experiments.  In the 
curve of Q(t) vs. t four points for every hour were then obtained. After Io h the amount  
diffusing through decreases and becomes undetectable after i i  h. 22Na+ permeabil ity 
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appears  to have  been shut  off. In  all of the  twelve exper iments  in dis t i l led  wate r  
the  shu t t ing  off occurred in i0  12 h (Table I). The samples of the exper iment ,  from 
which Fig. 2 was derived,  were also counted  for 22Na+ b y  NaI (TI )  c rys ta l  spec t rome t ry  
(1.28 MeV photopeak)  and a s imilar  curve was obta ined.  

F rom the s t eady  s ta te  por t ion of the curve in Fig. 2 the  amoun t  of 22Na+ per- 
mea t ing  in a unidi rec t ional  manner  through the membrane  per uni t  t ime,  .[i, can be 
ca lcula ted  in counts / ra in  per  sec. The pe rmeab i l i ty  cons tan t  k (cm/sec) m a y  be calcu- 
l a ted  from the equa t ion :  

, / i  k .A -~lc 

where A is the area  of membrane  in c m  2, and z:lc = c v - c v t . - ,  cv, since cp is the concen- 
t r a t ion  of 22Na+ in the p rox imal  chamber  (approx.  I .  IO 6 counts / ra in  per Cln ~) and 
cpr is the  concent ra t ion  of 22Na+ in the  perfusion chamber  (~<o.I counts /min  per cma). 

In  Fig. 3 a typ ica l  curve of Q(t) vs. t is shown for a model  l ipid n lemhrane  of 
area  o.03 cm 2 and o.I  M NaCI as the perfusate  and ini t ial  aqueous medium. The 
ver t ical  bars  again give the  s t a n d a r d  devia t ion  for each point.  In  this instance the 
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c o n s t a n t  kn, n o r m a l i z e d  to  15 % n - t e t r a d e c a n e ,  vs. zlc, t h e  22Na+ c o n c e n t r a t i o n  d i f f e rence  ac ross  
t h e  m e m b r a n e .  A q u e o u s  m e d i u m :  o . i  M NaCl .  M e m b r a n e  a r e a :  0.03 c m  2 ( 0 )  a n d  0 .06  cm 2 ( >~ ), 
r e s p e c t i v e l y .  
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s t eady  s ta te  flux of ""Na + through the membrane  begins at  3 h and declines after  5 h. 
Between the 0th and 7th tl the "2Na+ permeabi l i ty  appears  to have  been shut  off. 
In all of the  five exper iments  in o.I  M NaC1 the shut t ing  off occurred in 6 7 h (Table l) 
and similar curves were again obta ined  by  count ing the samples of all the  exper iments  
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by  NaI(TI)  crysta l  spec t romet ry  (I.28 MeV photopeak) .  In seven similar  exper iments  
run in o. 5 mM MgC12 the shut t ing  off t ime was reduced to 4 h. 

The pe rmeab i l i ty  cons tants  for the series of experixnents in o.x M NaCI and 
dist i l led water  correlate  with the percent  n - te t radecane  in the membrane  solution as 
shown in Figs. 4 A and 5 A, respect ively.  The equat ions  of the lines through the tw,~ 
sets of points  of k vs. percent  n - te t radecane  by  least squares f i t t ing are given in the  
figures and in Table  I. The last  column of Table I gives the s t anda rd  error of es t imate .  
The correlat ion of k with the percent  u - te t radecane  in the membrane  solution for 
the series in o.5 mM MgCI~ was not as s trong but  has been included in the table.  

In the o.I  M NaC1 and dist i l led wate r  series, the values of k were normal ized 
to z 5 % n- te t radecane  in the membrane  solution by  using the respect ive line equat ions  
given in Table I. The normalized permeabi l i ty  cons tants  kn were then p lo t ted  against  
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zlc,  and Figs. 4 B and 5 B show the results.  The equat ions  of the lines th rough  the 
points ,  ob ta ined  by  least  squares analysis,  are given in tile figures and in Table  II  
( third  column).  The s t anda rd  errors of es t imate  are given in the fourth column of 
the  table.  

TABLE I 1 

R E L A T I O N S H I P  B E T W E E N  T I l E  2 2 N a r  P E R M E A B I L I T Y  C O N S T A N T  k n A N D  lie, T H E  2 2 N a ~  C O N C E N -  

T R A T I O N  D I F F E R E N C E  A C R O S S  T H E  M E M B R A N E  

.4queous medium Number of  Equation of  line through Standard k,~* , los 
experime~#s set of poi~zts of  kn vs. Ac error of  as Ac -~ r, 

by least squares fit** estimate (cm/sec) 
(6y) 

o . I  M N a C I  5 3' - o . 7 9  x ~ 3.71 ± 0 . 0 9  3.7 l 
D i s t i l l e d  w a t e r  i 2  y : - - 0 . 0 2  x ~ 0 . 2 7 * * *  ± o. I o  0 .27  

0.  5 m M  MgC1._, 7 y 0 . 0 9  x + 0 .25  :! o . o l  0 .25  
7 y o . o o 5 x  : o . o  5 ~: 0 . 0 6  0 .05  

* kn - value of k normalized to ~5 o~ n-tetradecane in the membrane solution. 
* *  kn and lc  represented by y and x, respectively. 

* " *  Values of k not normalized to 15 ° o *2-tetradecane in the membrane solution in this instance. 

F o r  the  series in 0. 5 mM MgCI,, the  correlat ion of kn with Ac  was not  as good 
as the correlat ion of the  pe rmeab i l i t y  cons tan ts  k with Ac.  The s t anda rd  error  of 
e s t ima te  of the  former is 6 t imes  tha t  of the  l a t t e r  (Table I I ,  fourth  and th i rd  row, 
respect ively) .  Therefore  for this series k is p lo t t ed  agains t  Ac,  Fig. 6. In  all three  
series, however,  the  f i t ted  lines have a negat ive  slope and suggest  t ha t  solvent  d rag  
has a significant effect on 22Na+ diffusion through the l ipid membrane .  

Tile pe rmeab i l i ty  cons tan t s  for tile series of exper iments  in o.I M NaC1 and 
dis t i l led  water ,  normal ized  to I5°o n - t e t r adecane  in the  membrane  solution, were 
ffmnd not  to va ry  with the  area  of the membrane ,  a necessary and sufficient condi t ion 
to rule out  per iphera l  leakage.  The result  is consis tent  with earl ier  observa t ions  4. In 
the  o.5 mM MgC12 series t i le o.o3-cm" membrane  was used only once and the per- 
meab i l i t y  cons tan t  ob ta ined  for it compares  with the  values ob ta ined  for the  o.o6-cm e 
membranes .  

In the  equat ions  of the  f i t ted lines of Figs. 4 B, 5 B, and  6 the  ca lcula ted  values 
of the  3' in tercepts  are given and they  are the pe rmeab i l i ty  cons tants  as A c ~o (Table I I, 
fifth column).  Tile values of the 2"Na pe rmeab i l i ty  constants ,  thus  defined, for t i le 
l ipid membranes  in o . i  M NaC1, dis t i l led water ,  and  o.5 mM MgC12 are .3.71.1o s, 
o.2 7. Io  s, and o.25'  IO -s cm/sec, respect ively.  

In Figs. 2 and 3 the t ime integral  Q(t) of the  22Na- flux through the membrane  
is shown to approach  a l inear or s t eady  s ta te  port ion.  E x t r a po l a t i on  of this  l inear  
por t ion to ti le t ime axis provides  a measure  of the  diffusion t ime lag fi (ref. 7). In 
"Fable I l l ,  second column, the mean values of ll are given, along with the  s t anda rd  
devia t ion ,  for the three series of exper iments .  Tile diffusion t ime lag for t i le 22Na+ is 
longest  in o . i  M NaC1 and shor tes t  in o.5 mM MgC12. Qua l i t a t ive ly  it m a y  be accounted  
for on the basis of t i le re la t ive  energies of adsorpt ion  of the ions in the  polar  laver  
of the  membrane .  Since Mg 2+ is more s t rongly  bound  to the polar  layer  than  N a -  
(ref. 8), the  dens i ty  of the  l a t t e r  in the  laver  will be re la t ive ly  less in o. 5 mM MgC12 
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P E R M E A B I L I T Y  OF A MODEL MEMBRANE 4 3  

than  in o.I  M NaC1 (ref. 9). Fo r  a cons tan t  Na + pa r t i t ion  coefficient, therefore,  tl in 
o. 5 mM Mg('l  2 will be less than  its value in o . I  M NaC1. 

The values of tl are useful in ca lcula t ing  mi, the amoun t  of N a -  in the mem- 
brane  1°. The values of mi, ca lcu la ted  from mi 6 JiG are given in Table  I I I ,  column 
five. The values  of J i ,  used in the  calculat ion were ob ta ined  f rom:  J i  - k j . . . . .  • A -, lc, 
and are given in Table  I I I ,  column four for values of A and Ac tha t  are specified in 
the same table .  In column six of the same table  mi is expressed as a molar  concen- 
t r a t ion  on the  assumpt ion  t ha t  it  is un i formly  d i s t r ibu ted  th roughout  the volume of 
the  membrane  of thickness  IOO A and area  o.o6 cmE I t  is more reasonable  to assume, 
however,  t ha t  most  of the  N a -  within the  membrane  is located in the two hydrophi l ic  
polar  layers  9. Column seven of Table  1 l i  gives the local concent ra t ion  if the amoun t  
of Na~ given by  ml is un i formly  d i s t r ibu ted  within two approx.  2-A thick negat ive  
regions of the polar  lavers.  The highest  value of 12.7 molar,  ob ta ined  for the series 
in o.I  3{ NaC1, m a v  not  be in excess of the  water  solubi l i ty  of Na  + (ref. 9)- As sug- 
gested earl ier  the  concent ra t ion  of Na  ~ in the  polar  layers  of the  membrane  is much 
less in o.5 mM MgC1., than  in o.I  M NaC1. 

The Na~ cont r i tmt ion  to the membrane  conduc t iv i ty  Ki is of interest  n~ and has 
been ca lcula ted  from: 

I'[i ,liF'2/l¢l"J 

where F, R, T have their  usual  meaning.  The values  of Ki are given in Table I l l ,  
column eight  for a t empe ra tu r e  of 37 °-The s table  values  for the  electr ical  conduc t iv i t y  
(K) of the model  membrane  at  37 ° in o.I  M NaC1, dist i l led water ,  and o.5 mM MgCI., 
are given in colunm nine of the  same table.  In column ten the ra t io  (K-Ki)/Ki is 
given for the three  aqueous media,  i t  is seen tha t  the  electr ical  conduc t iv i ty  in each 
case is cons iderab ly  larger  than  the Na-  con t r ibu t ion  to membrane  conduc t iv i ty  in 
the  absence of an appl ied  electric field. 

The last  column of Table  I I I  gives the Na ~ t ransference numbers  li ca lcu la ted  
from : 

ti J i F 2 / R T K  

They  suggest  t ha t  the  ma jo r  charge carr ier  th rough  the  membrane  is not  Na+ bu t  
some other  charged species. The re la t ive  values  of ti in o.I  M NaC1, dist i l led water ,  
and  o.5 mM MgCI., are consis tent  with the  view tha t  d iva len t  cat ions  are more effective 
than monova len t  cat ions in br inging about  close packing  of the  membrane  n,~2 and  
tha t  such a t rans i t ion  in i ts s t ruc ture  increases its resis tance to the  diffusion of N a ' .  

DISCUSSION 

The dependence  of the  pe rmeab i l i ty  cons tan t  k on ti le amoun t  of n - t e t r adecane  
in the  membrane  solut ion suggests t ha t  the  amoun t  of n - t e t radecane  in the  membrane  
is var iable .  This dependence  is also consis tent  with the  view tha t  the  apolar  solvent  
acts  as a filler molecule in the  hydroca rbon  layer  of the  membrane .  I t  has been sug- 
ges ted  t ha t  these molecules are or ien ted  perpend icu la r ly  to ti le plane of the  mem- 
brane  aa. They  might  therefore  be expec ted  to increase the  resis tance of the  membrane  
to the  diffusing 22Na+ if the  hydroca rbon  layer  is sufficiently close packed.  

ldiochim. Biophys. Acta, :'o 3 ( i 9 7  o) 3 4 - 4 6  
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The lack of a dependence of k on the amoun t  of n- te t radecane with o. 5 mM 
MgCI,, as the perfusate may perhaps be a t t r ibu tab le  to the substant ia l ly  lower value 
of k. Also tile Mg 2- increases the close packing of the head groups of the phospholipid 
molecules, decreases tile free energy of configuration, and increases the Van der Waals 
forces between fa t ty  acids of adjacent  phospholipids H. The interact ion of the '~2Na* 
with ~z-tetradecane may then become relatively un impor tan t .  

A l imitat ion on ,1c exists by virtue of the radiat ion sensi t ivi ty of the phospho- 
lipid n~embrane (in preparation).  Concentrat ions equivalent  to a "~Na act ivi ty  
greater than I.  IO 8 dis int . /min per cm a in the proximal chamber  ruptured the mem- 
branes within a few hours and precluded the IO I5-h experiments desired. Suitable 
experiments  with non-radioact ive NaC1 solutions established that  the e a r h  rupture  
of the membrane  was not due to an excessive osmotic pressure gradient.  Ic was 
therefore held at about  x. I() 6 counts/rain per cm a or lower. 

At these concentrat ions the pernleabil i ty constants  are not pri inari ly dependent  
on any effect due to irradiation damage. Radiat ion effects such as desaturat ion and 
scissions of fa t ty  acid chains in the n lembrane l'~ would lead to a loosening of the 
membrane  structure.  The ion permeabil i ty constants  might then be expected to in- 
crease w i t h  [c and this was not observed. In all three series of experiments the 
permeabil i ty  constants,  normalized to 15 oo Ii te tradecane in the membrane  solution 
or not, are inversely proport ional  to Ic. Now the osmotic water permeabil i ty constant  
for the lipid membrane  in the presence of a o.25 mM Nag1 concentrat ion gradient  in 
().I M Nag1 was found to be 7-.3"I° 4 cm/sec, a result consistent with published 
values "~. The value exceeds the highest 2~Na- permeabil i ty  constant  obtained in these 
experiments  by more than four orders of magnitude.  The much higher water perme- 
abil i ty of the membrane  must  influence the i(mic lnovenlents  bv their interact ion 
with water. The dependence of the perlneabil i ty constants  on I c  may be a t t r ibuted,  
therefore, to water drag on the '~"Na ~ and indicates common pathways for the counter- 
current  diffusion of ions and water in the model membrane.  

The permeabi l i ty  constant  of 3.71 • io S t i n / s e e  for 22Xa in o.I M NaCI a s  lc ~() 
is larger than tile upper limit of i .  Io ~ cm/sec suggested earlierL The two \ 'alues 
are not inconsistent,  however, when it is considered that  the slope of the steady state 
portion of the graph in Fig. 3 is approx. 7 times that  ~)f a straight line approximat ion 
through the points corresponding to the first 2 h, the length of the earlier experi- 
ments  4. Fur thermore,  the value of 3.7I-ZO s cm/sec is a max imum value, obtained 
by extrapolat ing to l c  -o, a condit ion not obtained in the earlier study. In addition 
the membrane  used here is probably different in composition. 

Comparisons with permeabi l i ty  data  obtained for biological membranes  can 
only be of an approximate  na ture  since different solute compositions are invar iably 
used. The parameters describing solute membrane,  membrane  solvent, and solvent 
solute interact ions are not suflh ' ienth'  well established to permit  normalizat ion of ion 
fluxes to the same experimental  conditions. Nevertheless it is interest ing that  the 
permeabil i ty  constant  of 3.7 I .  io ~ cm/sec compares in order of magni tude  with the 
passive Na- permeabil i ty  (6. IO s cm/sec) of amphihian skinslL For dc -- o.23 M NaC1 
the permeabi l i ty  constant  of 3.7I.  Io s cm/sec corresponds to a unidirect ional  N a  
flux of 8.  5 " I O  1') moles/era') per sec, a value that  is within an order of magni tude  of 
the average resting Na + influx in perfused squid giant  axons for a o.e3 M NaCI concen- 
t rat ion difference across the membrane  Js. 

Biochim. Biopkys. Acta, ,o 3 (tO7 o) 34 V ) 
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As shown in Figs. 2 and 3 the time integral Q(t) of the 22Na+ flux through the 
membrane reaches a constant value at a time that depends on the ionic composition 
of the medium, Table I, third column. It means that, within the sensitivity of the 
tracer tectmique used, the membrane becomes impermeable to 2~Na*. A number of 
properties of the membrane may be considered in a preliminary general account of 
the drop off in Na ~ permeability. 

The durability of the unmodified lipid membranes (up to 2I days) is long com- 
pared to the duration of the permeability experiments (IO 15 h). This stability of 
the membrane suggests that oxidation of its unsaturated fatty acids is minimal and 
that the hydrocarbon region exists as a tight system ag. Cross linking between neigh- 
bouring molecular chains, resulting from secondary chemical reactions initiated by 
tile radiation from the '~2Na= traceH 5, may play a part in producing membrane 
stability, although the limitation on .,/c, described earlier, is evidence that it is not 
a predominant factor. It has also been shown that radiation increases the electrical 
conductivity of model l ipd membranes ~°, a feature that appears to indicate an in- 
crease in membrane permeability if it is assumed that the current through the mem- 
brane is ionic. 

More important perhaps, than the foregoing, are factors which lead to a closely 
packed structure, or that increase the energy required for ion permeation. Counterions, 
sorbed to the polar layers of the membrane, probably play an important part with 
respect to these aspects of the transitionE Tile dependence of the duration of mem- 
brane permeability on the ionic composition of tile aqueous phase is evidence in 
support of it. 

The transition of the membrane to a closed configuration is promoted by de- 
creasing the amount of water contained in it. Membrane hydration may be reduced 
through manipulation of the ionic composition and strength of the aqueous phase11,'~L 
Divalent cations, through their stronger interaction with the polar layer of the mem- 
brane, are more effective than monovalent cations in reducing the water content of 
model membranes. A transition time of 4 and 6 7 h for membranes in o.5 mM MgC1._, 
and o.I M NaCI, respectively, is therefore qualitatively correct. For the permeability 
experiments with membranes in distilled water the ionic strength in the proximal 
and perfusion chambers was approx, o.25 and approx. I mM NaC1, respectively. 
A longer time for the appearance of the transition to the impermeable state might 
be expected and was obtained ( io- i2  h). 

Periodic microscopic observations of the membranes throughout the experi- 
ments did not suggest any apparent change in the fluid nature of their structure 
after the transition to the impermeable state. No pH change of tile perfusate passing 
through the perfusion chamber during additional, but similar, permeability experi- 
ments was observed. The degree of ionization of the polar groups would appear not 
to have been changed significantly. The transition of the membrane therefore, is not 
due to the movement of the Na : involving a H+-linked exchange. 

The reduction in membrane hydration nmst lead to a decrease in its dielectric 
constant, particularly of the hydrocarbon region. The additional energy required by 
a "2Na~, permitting it to diffuse into the hydrocarbon region from the aqueous 
medium, may easily exceed the mean thermal and electrochemical potential energies 
available to it under the present experimental conditions2L Tile effective permeability 
barrier to the 2~Na~ is then tile hydrocarbon region of the membrane, a conclusion 

Biochim. Biophys. dcta, 203 ( I97o)  34 4 (> 
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consistent  with the description of the manner in which the ~ N a  ~ permeabil i ty  con- 
stant is bel ieved to depend on the amount  of n-tetradecane in the membrane  solution. 
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