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A B S T R A C T Previous electronmicroscope studieshaveshown that the Schwann 
cell layer is traversed by long and tortuous slit-like channels ~60/~ wide, which 
provide the major route of access to the axolemma surface. In the present work 
the restriction offered by the resting axolemma to the passage of six small non- 
electrolyte molecules has been determined. The radii of the probing molecules 
were estimated from constructed molecular modds. The ability of the axolemma 
to discriminate between the solvent (water) and each probing molecule was 
expressed in terms of the reflection coefficient g. g was then used to calculate 
an effective pore dze for the resting axolemma. The value of 4.25/~ found for 
the pore radius is in excellent agreement with the 1.5 to 8.5/~ limiting values 
previously calculated from our measurements of water fluxes. The presence of 
pores with 4.25 ~ radius in the resting axolemma is compatible with restricted 
diffusion of Na. The present paper leads to the conclusion that the axolemma 
is the only continuous barrier across which the ionic gradient responsible for 
the normal functioning of the nerve can be maintained. The combined find- 
ings of electron microscopy, water permeability, and molecular restricted 
filtration indicate that in all probability the axolemma is the "excitable mem- 
brane" of the physiologists. 

Previous studies on the squid giant nerve fiber have shown agreement between 
the fine structure observed with the electron microscope (1-3) and the one 
suggested by the diffusion permeability coefficients of water (1, 2) and K+ 
ions (4). The channels in the Schwann cell layer observed in high resolu- 
tion electron micrographs appear as the common pathway for the ions and 
the water molecules to reach the axolemma surface. From the water permea- 
bility studies (1, 2) it was possible to determine the presence of pores in the 
axolemma with an effective radius between 1.5/~ and 8.5/~. 

The object of the present study is the determination of the reflection coeffi- 
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cient  cr (5, 6) of  the  a x o l e m m a  for a set of  non-e lec t ro ly t ic  molecules  of  smal l  

radii .  ~ describes the abi l i ty  of  the  m e m b r a n e  to d i sc r imina te  be tween  the  
solvent  and  solute molecules.  T h e  cr values  are  then  used (based on  the  p r in -  
ciples deve loped  b y  D u r b i n ,  F r ank ,  a n d  So lomon  (7), D u r b i n  (8, 9), a n d  

So lomon  (10)) to ca lcu la te  (a) an  equ iva l en t  po re  size, and  (b) a geomet r i ca l  

po re  a rea  for the  axon  m e m b r a n e  in rest ing state. 

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

Principles 

When ant'axon is immersed in a new environment, it is considered to be in transient 
osmotic equilibrium with it when  the rate of volume change at zero time is zero; in 
this case the osmolarity of the new environment has balanced that of the axoplasm. 
In  a medium containing only osmotically non-penetrating solutes an osmolarity of 
1010 mOsM/liter is necessary to establish equilibrium with the axoplasm. 1 When 
only penetrating solutes are used outside, higher concentrations are needed to achieve 
osmotic balance at zero time. Preservation of nerve activity normally requires the 
presence of some inorganic ions, and therefore a partial substitution of the non- 
penetrating solutes by the penetrating solute has been made. The  concentration of 
the penetrating solute required to balance a constant gradient of non-penetrating 
solutes is a function of the molecular radius of the permeable solute used. 

Experimental Procedure 

The giant nerve fiber from the first stellar nerve of the tropical squid Doqteuthis plel 
was used. The  experiment consisted of determining the change in volume of the axon 
as a function of time after its artificial sea water  environment was replaced by a test 
solution. The  technique and equipment were the same as those previously described 
(of. reference 1). The  isolated nerve fibers are placed along specially made lucite 
holders containing isotonic sea water. They  are kept slightly under tension by means 
of threads tied at both ends. The  length was measured with 0.1 mm.  precision with a 
vernier micrometer. The  axon diameter was measured with a microscope equipped 
with an ocular micrometer, the divisions of which were standardized by a Zeiss 
stage micrometer. Each division of the ocular micrometer corresponded to 5.0 X 
10 -4 cm. and the image was sufficiently sharp to permit measurements with a pre- 
cision of a third of a scale division. The  objective was immersed in the sea water, 
care being taken to avoid nerve fiber compression. The  axon diameter was measured 
at consecutive intervals of approximately 10 sec. from the time of immersion of the 

a In the present paper non-penetrating solutes are considered the normal constituents of artificial 
sea water and the axoplasm (cf. reference 1). Penetrating solutes are those for which the axolemma 
behaves as a non-selective membrane. The fraction of cell water which is apparently free to par- 
ticipate in the osmotic phenomena has already been determined (1). 
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nerve in the test solution, the timing error being approximately 4-1 sec. At the end 
of the observation period the test solution was replaced by isotonic artificial sea water;  
the fiber then returned to its initial diameter. Three  different test solutions with vary- 
ing concentrations of the same penetrating solute were used in each experiment. 
The  order in which they were applied to the nerve, corresponds to that  shown in 
Table  I, from (a) to (d). Each test solution remained in contact with the tissue for 
a max imum time of 2 minutes. The  nerve was immersed in the isotonic artificial 
sea water  for 10 minutes between observation periods, and the sea water  was re- 
placed at least twice during this interval in order to remove any remaining traces 
of the previous solution. Experiments were carded out at 22-24°C. 

T A B L E  I 

C O N C E N T R A T I O N  O F  T E S T  S O L U T E S  I N  T H E  B A T H I N G  F L U I D  

Solum Conccn~afion Concentration Concentration Concentration 

mOsm/Hter mOsm/liter mOsm/liter mOrro/liter 

M e t h a n o l  230 65 140 - -  

F o r m a m i d e  230 50 118 - -  

E t h a n o l  230 65 - -  479 

U r e a  230 60 - -  479 

E t h y l e n e  g l y c o l  230 55 - -  479 

G l y c e r o l  230 60 - -  394 

Results were accepted as valid when (a) microscopic alteration of the structure 
was not appreciable; and (b) a normal action potential was evoked upon electrical 
stimulation at the end of the experiment. In  order to maintain the normal resting 
state no other electrical stimulation was applied to the fibers. No changes have been 
observed in the axon diameter during 1 hour exposure to isotonic sea water. 

Composition of the Solutions 

Artificial sea water  as described by Hodgkin and Katz  ( I I ) ,  was used as a normal  
medium. The  concentration of its components in millimols per liter was as follows: 
NaCI, 441.7; KC1, 9.9; CaC12.2FI~O, 11.0; MgCI~.6H~O, 53.1; NaHCOa,  2.5. Its 
osmolarity of 1010 mOsM/liter was taken as isosmolar with the axoplasm. 

Test solutions were made with artificial sea water  from which 230 milliosmols of 
NaCI per liter had been removed, giving a final osmolarity of 780 mOsM/liter. Dif- 
ferent amounts of a single non-electrolyte were then added to obtain the concentra- 
tions shown in Table  I. The  solutes used were methanol, formamide, ethanol, urea, 
ethylene glycol, or glycerol. The  osmolarities given in the text and tables were 
measured with a freezing point osmometer (Fiske osmometer apparatus) with an 
accuracy of -4-1 mOsM/liter. The  cryoscopie point of a solution that has a concen- 
tration of 1 osmol per kg. of water  is -- 1.858°C. 



966 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  4 4  " I96I 

Molecular Radii 

The  radii of the probing molecules were estimated from constructed molecular  
models and their dimensions measured with a precision of 0.1 ram. by  means of  a 
vernier micrometer.  I n  the Fisher-Hirschfelder~Taylor a tom models used, 1 cm. is 
equivalent to 1 ,~. T he  molecular  model  was orientated to give the smallest possible 
configuration, and its dimensions along three perpendicular  axes determined. T h e  
measurements  were repeated with a molecular  model giving the largest possible 
configuration. The  radius was taken as r~ = 0.5[0.5~/d-~u d~z d3z + 0.5~/d-~u d~, ds,], 

T A B L E  I I  

MOLECULAR RADIUS OF THE TEST SOLUTES 

Solute Radius in ,~ 4- S.E. 

Methanol 1.83+0.002 
Formamide 1.964-0.02 
Ethanol 2.13-4-0.02 
Urea 2.174-0.01 
Ethylene glycol 2.244-0.01 
Glycerol 2.774-0.03 

in which dis and  di, are the diameters of the model for the largest and smallest con-  
figurations respectively. Five determinations of r8 were made  for each molecule and 
the mean  4- s tandard error  is shown in Tab le  II .  The  radius of the water  molecule 
was taken as 1.5 A (12). 

M A T H E M A T I C A L  T R E A T M E N T  

The  net  volume flow per unit  area s in the absence of an hydrostatic pressure gradient,  
for the case of a system composed of a membrane  permeable  to solvent and to one 
probing non-ionic solute, and impermeable  to the other solutes present, is described 
by the following equat ion:  

Jr = Lp Azrl --aL~RTAc, (1) 

in which the symbols have the following meaning:  
J r  = the net  volume flow per unit  area, equal to dV/Adt, V being the axon volume, 

A the area, and t the time, 
Lp = the phenomenological  coefficient, 
A~r~ = the osmotic pressure difference across the membrane  produced by  non-  

penetrat ing solutes, 

2 The area of the nerve is assumed to remain constant. Due to the irregularities in the axon surface 
in isotonic sea water the cell may begin to swell with no changes in its area. It should be pointed 
out that the present method of determining the equivalent pore radius is based upon measurements 
of the initial rate of volume change. 
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R = the gas constant, 
T = the absolute temperature, 
~c~ = the concentration difference of penetrating solute across the membrane; i.e., 

the concentration of the test solute in the bathing fluid assuming the absence 
of penetrating solutes in the cell interior, 

a = the Staverman reflection coefficient (5, 6). The limiting values of this coeffi- 
den t  are: (a) a = 1 in the ease of an ideally selective membrane, and (b) 

-- 0 when the solvent and solute pass across the membrane with equal 
velocity. 

Utilizing the approach of Kedem and Katchalsky (13) Equation 1 was derived 
(Appendix I) and is related to their Equation 39 

Hence from Equation 1 : 

= (A~' i /RT) /hc , ,  when J r  = 0 at t =  0 (2)  

In the present experiments the concentration differences of non-penetrating and 
penetrating solutes, A~-~/RT and Ac,, respectively, are expressed in osmolar units. 

Durbin, Frank, and Solomon (7) have suggested, and later Durbin (8, 9) has 
demonstrated that: 

a = I - -A , fA ,~¢  (3)  

in which A,/ ,  and A,o/are the effective pore areas available for the passage of solute 
and solvent molecules respectively. 

A,: ,  the effective pore area for filtration of any molecule x passing through a 
membrane, is given by Renkin's Equation 19 (14): 

r M r~,/.1 

[ 1 - -  2 .104(r~)  + 2.09 ( r ' Y -  0.95 ( r ' Y ]  = A ~ , f ( ~ )  
v ; :  \ D  • . , -  

(4) 

in which A~ is the geometrical pore area, rx the radius of the molecule, and r~ the 
pore radius. The ratio A,ffA,~: can be determined for any chosen value of r~ by 
substituting in Equation 4 numerical values of rx for a given solute and water: 

A,I /A~ I = f(r~/r~) /f(r~o/rp) ( 5 ) 

in which r, and rw are the molecular radii of any solute and water respectively. Then, 
from Equations 3 and 5: 

,r = 1 -- [f(r,/r,)/:(r,~/r~)] ( 6 ) 

To determine the equivalent pore size of the axolemma, a family of theoretical 
curves was calculated from Equation 6 for r~ values of 1.5 to 8.5 A in steps of 0.25 A. 
In the curves values for 1 -- a are plotted as a function of the molecular radii. The  
experimental values of 1 -- a calculated from Equation 2 are juxtaposed to the best 
fitting theoretical curve. 
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R E S U L T S  AND D I S C U S S I O N  

The Equivalent Pore Size 

Axon  vo lume  changes per  uni t  a rea  in fo rmamide  test solution, are shown in 
Fig. 1. Fig. 2 shows the initial ra te  of vo lume  change  per  uni t  area,  in the 
region where  t ~ 0, as a funct ion of Ace for a cons tant  concen t ra t ion  differ- 
ence  of  non-pene t ra t ing  solutes, Azr~/RT, of 230 mOsu / l i t e r .  As shown in 
Fig. 2, the concen t ra t ion  of pene t ra t ing  solute which  gives zero ra te  of  vo lume  
change  at  zero t ime decreases wi th  increasing molecular  radius. T h e  results 
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Fmum~ 1. The squid giant axon volume changes per unit area in formamide test 
solutions plotted as a function of time. The initial slope of the curves represents the rate 
of volume change at a time near to zero when the penetration of the probing solutes 
to the membrane phase is negligible. Azri/RT = 230 mOsM/liter. 

for twenty-e ight  axons, and  a total of six test solutes are summar ized  in T a b l e  
I I I .  W h e n  the value  of A~ri/RT is d iv ided by  the cor responding  Ace for zero 
ra te  of vo lume  change  at  a t ime close to zero, the reflect ion coefficient ~r can  
be ca lcula ted  (Equa t ion  2). T h e  values of ~ and  1 l ~ are  presented  in 
T a b l e  IV. In  Fig. 3, the average  (1 -- 0r) 4- one  s t andard  e r ror  is p lo t ted  
as a funct ion of the molecu la r  radii.  T h e  cont inuous  line in Fig. 3, represents  
the theoret ical  curve  describing most  closely the exper imenta l  results. I t  
corresponds  to an equiva len t  pore  size of 4.25 A, while the unce r t a in ty  in 
fitting the curve  is 4-0.25 A. 

T h e  adequacy  of mixing the test solution wi th  the extracel lular  space fluid 
canno t  be measured  exper imenta l ly ,  bu t  m a y  be  es t imated  by  calculat ion.  
I t  is possible to app rox ima te  diffusion in the extracel lu lar  space, if this space 
is considered as a p lane  l iquid sheet cover ing the axon.  Since diffusion be- 
tween the extracel lu lar  space and  the ba th ing  solution occurs  on ly  across a 
single b o u n d a r y  of the plane,  the calcula t ion m a y  be accompl ished by  using 
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Equation 2 of reference 1, with a thickness set at double the actual thickness 
of the extracellular space. 3 Electron micrographs of a group of nerves similarly 
dissected and cleaned of surrounding tissue, show that the connective tissue 
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Fxoum~ 2. The initial rate of volume change per unit  area, plotted as a function of the 
concentrat ion of penetrat ing solutes in the test solutions, for a constant concentra-  
tion difference of osmotically non-penetra t ing solutes. I t  is shown that  the amount  of 
permeable  solute necessary to establish osmotic balance is a function of the molecular 
radius of the penetrat ing solute used. ATrl/RT = 230 mOsM/liter. 

around the nerve in the present experiments is a layer no thicker than 2 #. 
The  diffusion coefficient of the solute is assumed to be equal to that in ordinary 

s Equation 2 of reference 1 is: 

c 1 8 e _ ( o ~ i / 4 b s )  ~ 

in which c/co is the ratio of the concentration of the test solute in the extracellular space to that in 
the bathing fluid, D is the diffusion coefficient of the solute, and b the half thickness of the extra- 
cellular space. It should be noted that this equation applies equally to the case of the solute diffusing 
in or diffusing out of a plane sheet. The change from any preexisting conditions is expected to follow 
the course predicted by this equation. The equation can be employed with any diffusion constant. 
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water; in the case of glycerol it is 0.82 ;< 10 -5 cm.2/sec, for a 228 mM/liter 
concentration at 20°C. as obtained by graphical interpolation from Interna- 
tional Critical Tables (15). Under these conditions the extracellular solute 

TABLE III 

CONCENTRATION DIFFERENCE OF TEST 

SOLUTES (At.) WHICH BALANCE A 230 rnOsM/LITER 
DIFFERENCE OF NON-PENETRATING SOLUTES 

(A~r~/RT) A T  Z E R O  T I M E  
Tempera tu r e  22-24°C. 

Solute Axon No. Axon diameter ~w, 

1~ mOsm/litcr 

Methyl  alcohol 11 248 762 
13 303 880 
14 177 622 
15 196 766 
26 269 656 
27 265 7O0 
28 184 450 

Formamide  29 284 583 
30 196 485 
31 319 545 
32 246 480 
33 284 593 

Ethyl  alcohol 16 196 336 
17 167 368 
18 154 327 
19 273 390 
20 255 418 

Urea  5 220 334 
6 260 340 
7 234 296 
9 255 350 

Ethylene glycol 10 243 316 
24 339 348 
25 316 298 

Glycerol 1 393 230 
2 243 240 
3 360 240 
4 256 252 

concentration would reach 90 per cent of that in the bathing solution within 
3 X 10 -s sec. Since the first measurement of the volume change was recorded 
after a 10 sec. interval, diffusion in the extracellular space does not appear to 
affect the experimental observations. 
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TA B LE IV 

REFLECTION COEFFICIENT or, OF THE AXOLEMMA 
FOR THE TEST SOLUTES 

971 

8 o l u t e  A x o n  N o .  ~ 1 - -  ~r 

Methyl alcohol 

Average4- S.E. 

Formamide 

Average 4- S.E. 

Ethyl alcohol 

Average -4- S.E. 

Urea 

Average 4- S.E. 

Ethylene glycol 

Average4- S.E. 

Glycerol 

Average-l- S.E. 

12 0.30 0.70 
13 0.26 0.74 
14 0.37 0.63 
15 0.30 0.70 
26 0.35 0.65 
27 0.33 0.67 
28 0.51 0.49 

0.354-0.03 0.654-0.03 

29 0.43 0.57 
30 0.47 0.53 
31 0.42 0.58 
32 0.48 0.52 
33 0.39 0.61 

0.44-4-0.02 0.564-0.02 

16 0.68 0.32 
17 0.62 0.38 
18 0.70 0.30 
19 0.59 0.41 
20 0.55 0.45 

0.634-0.03 0.374-0.03 

5 0.69 0.31 
6 0.68 0.32 
7 0.78 0.22 
9 0.66 0.34 

0.704-0.03 0.304-0.03 

10 0.73 0.27 
24 0.66 0.34 
25 0.77 0.23 

0.724-0.03 0.28-I-0.03 

1 1 . 0 0  0.00 
2 0.96 0.04 
3 0.96 0.04 
4 0.91 0.09 

0.964-0.02 0.044-0.02 

S ince  b o t h  the  S c h w a n n  cell  a n d  the  a x o l e m m a  l ie  b e t w e e n  the  e x t r a c e l l u -  

l a r  space  a n d  the  a x o p l a s m ,  i t  is i m p o r t a n t  to d e m o n s t r a t e  t h a t  the  a x o l e m m a  

is t he  b a r r i e r  to  w h i c h  the  p r e s e n t  m e a s u r e m e n t s  refer.  W h e n  a m o l e c u l e  such  

as g lycero l ,  w i t h  a r a d i u s  of  2 . 7 7 / ~ ,  passes t h r o u g h  a c y l i n d r i c a l  p o r e  60 

i n  d i a m e t e r ,  t he  re f l ec t ion  coef f ic ien t  ~r c a n  be  c a l c u l a t e d  to be  0.10. T h e  

S c h w a n n  cel l  c h a n n e l s  a re  n o t  c y l i n d r i c a l  pores  b u t  slits , ~ 6 0  ~ wide .  F r i c -  
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tion, du r ing  passage,  is i m p o r t a n t  a long  one  d imens ion  only,  thus the cal-  

cu la ted  ~ can  only  be  r e g a r d e d  as an  u p p e r  l imit  a n d  the a s sumpt ion  tha t  
the  a x o l e m m a  is the ba r r i e r  across which  the net  v o l u m e  flow m e a s u r e d  

takes p lace  is a p p a r e n t l y  justified. T h e  concen t r a t i on  g rad i en t  across the  
S c h w a n n  cell l ayer  will d i s a p p e a r  as soon as the concen t r a t i on  in the  a x o n -  
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FIGURE 3. Experimental values of (1 -- or) 4- standard error, for the squid nerve 
axolemma, plotted as a function of the molecular radius. These values are fitted by a 
theoretical curve corresponding to an equivalent pore radius of 4.25 A. The uncer- 
tainty in fitting the curve is 4- 0.25 A. 

S c h w a n n  cell space  ~ 8 3  A wide becomes  equa l  to the ex te rna l  solution. I t  
is possible to show tha t  a solute p resen t  in the b a t h i n g  f luid diffuses in to  the  
a x o n - S c h w a n n  cell space  accord ing  to the fol lowing equa t ion :  

c = c~[1  - e - ~ D ' " / ~ ' ~ ' ]  ( 7 )  

in wh ich  : 

c = the concentration of the solute in the axon-Schwann cell space, 
cl = the concentration of the solute in the bathing fluid, 
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Ds 

A = 

A x  = 

t = 

the diffusion coefficient of the solute through the channels, assumed to be 
equal to that in ordinary water; in the ease of glycerol it is 0.82 X 10 -5 cm.~/ 
see. for a 228 raM/liter concentration at 20°C. (15), 
the area for diffusion of the solute, taken as that for water (minimum value 
0.23 per cent of the Schwann cell surface), times 0.94 which represents the 
glycerol restriction to diffusion relative to water through slits 60 A wide (16), 4 
the diffusion chaanel length which is taken as 4.3 /z (1), 
the volume of the axon-Schwann cell space; for a 1 era. segment of the nerve, 
with an axon diameter of 300 ~, the computed value of v is 3.86 X 10 -s 
cm. 8, 

the time in seconds. 

Upon introducing these values in Equation 7 one obtains t = 10 .5 see.; 
the time for the axon-Schwann cell space concentration to attain 90 per 
cent of the bathing fluid concentration. In these experiments the first ob- 
servation was made at approximately 10 see. after submersion of the nerve 
in the test solution; i.e., the axon-Schwann cell space solution was equal to 
that  of the test solution considerably before the moment  of the first experi- 
mental  observation. 

The deviations of the experimental points from the theoretical curve, 
which are observed in Fig. 3, may be related to the simplification involved 
in the estimation of the molecular radii. In general, substances containing 
polar groups, such as - - O H ,  and - -NH~,  which have a tendency to form 
chemical linkages with the water molecules, are expected to have an effective 
radius larger than that  obtained from measurements of their molecular 
models. Thus, glycerol, with three - - O H  groups would be expected, in the 
present set of molecules, to show the largest difference. The value for the 
radius of the glycerol molecule (2.77/~) as obtained from the molecular model 
measurements, is in good agreement with the value of 2.90 A determined by 
Schultz and Solomon (17) for the hydrated glycerol molecule. Hence, the 
-4-0.25 /~ tolerance with which the experimental data  and the theoretical 
curve are fitted is assumed to cover the uncertainty in the estimation of the 
molecular radii. 

I t  should be noted that  the present method of determining the equivalent 
pore size is based on experimental measurements taken at a time near zero 
when the penetration of the probing solutes through the membrane would be 
negligible. This is supported by the fact that the data  do not show a correla- 
tion between values of a and the respective oil-water partition coefficients. 

Pappenheimer  et al. (reference 16, Equation 11) give the following equation to calculate the re- 
striction to diffusion of spherical molecules through slit: 

Dre,tri¢t~d/Dfr¢o = [1 -- (r,/O.5w)]/[l + 3,4(r,/O.5w)~], 

in which r, is the radius of the penetrat ing molecule, and 0.5w is the slit half-width. 
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The oil-water partition coefficients of formamide, urea, ethylene glycol, and 
glycerol are less than 0.001 ; the methanol and ethanol coefficients have values 
of 0.009 and 0.036 respectively, as obtained by graphical interpolation from 
Collander and Barlund's data as presented by H6ber  (18). 

The  Geometrical Pore Area 

An estimate ofA~, the geometrical pore area per  era. ~ of axolemma, may  be ob- 
tained if Pa,  (the water diffusion permeabili ty coefficient of this membrane) ,  
and the equivalent pore radius are known. The presence of the slit-like 
channels in the Schwann cell precluded, as previously noted (1), the direct 
measurement of Pa , .  It is possible to calculate Pn,  by combining P~ (the 
water filtration permeabili ty coefficient of this membrane)  and its equivalent 
pore radius. If  it is assumed that the diffusion of water through the pores 
may  be described by Fick's law, and the osmotic flow of water by Poiseuille's 
law, then from Equations 21 and 22 of Paganelli and Solomon (19) we have: 

r~ = - r ~  + n / ~ r J  + X (8)  

k = (r~ + r~o)' - 2r, o 2 = [P~ - (PaJAa,o]8~DH~o/Pao (9 )  

and solving for Pao gives: 

Pa. = P,~PntDH,oAa,o (10) 
~Aa,~ + 8~D.~o 

In these equations ~ is the viscosity of water, whose value is 9.36 X 10 -3 poise 
at 23°C.; Da2o is taken as the diffusion coefficient of H12018 at 23°C.; i.e., 

2.65 X 10 -6 cm.2/sec. (20); and Aa~ is the difference in water activity across 
the membrane when an unidirectional flux of labeled water is measured. The  
activity gradient for the diffusion of water is 55.2 moles/liter which is equiva- 
lent to 1.38 X 10 e cm. water pressure at 23°C. Pw for the axolemma is 7.8 X 
10 -1° ml. H 2 0 / ( c m .  2, sec., cm. H 2 0  pressure) (1). Substitution of these 
values in Equation 10 yields Pa, = 3.60 X 10 -4 ml. H20/sec . ,  cm. ~ of the 
axolemma. 

A~d, the effective pore area for water diffusion per cm. ~ of axolemma, is 
obtained from the expression Pa, /Dr t2o  = A p a / A x .  The present experiments 
give a value of A~,,z /Ax = 13.6 cm. per cm. 2 of axolemma. For Ax = 79 /k, 
assuming the diffusion path length to be equal to the axolemma thickness as 
estimated from electron micrograph measurements (1, 3), A~a = 1.1 X 
10 -5 cin.* per cm. 2 of axon membrane.  From Renkin's Equation 11, A~, the 
geometrical pore area, is given by:  
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Substitution ofA~d, r~,  and r~, in Equation 11 gives A~ = 7.6 X 10 -5 cm. * of 
pore area per cm. ~ of axolemma. Assuming the axon membrane  to be perfo- 
rated by an homogeneous population of right cylindrical pores of 4.25 
radius, it can be calculated that there are 1.3 X 10 l° pores per cm. * of axo- 
lemma. This idealized geometrical picture should be regarded as a computa-  
tional device rather  than a structural reality. 

Hodgkin and Keynes (21) and Hodgkin (22) have considered the possible 
existence of two fundamental  mechanisms for transport of ions in the nerve. 
In  parallel with a pore system, which would allow ions to move passively 
through the membrane,  an active transport mechanism might be present 
which would absorb potassium and extrude sodium against the electrochemi- 
cal potential gradient. The  proposed active transport system, made up of 
carrier molecules driven by metabolic energy, is related to the maintenance 
of the steady state ionic concentration gradient and to the recovery process 
(21-24). The downhill ionic movements, both in the resting membrane  and 
those accompanying the action potential, would occur through the pores. It  
is tempting to assume a possible relation between the pores in the excitable 
membrane  proposed by Hodgkin and Keynes (21) and those found in the 
axolemma herein described. Tobias' (25, 26) recent results seem to indicate 
that  the ionic discrimination is apparently related to the lipid components 
of the excitable membrane.  Taking the axolemma thickness, and even that of 
the lipid layers, as the m i n u m u m  length of the pores, it may  be observed that 
the path dimensions agree with the hypothesis of single file diffusion of potas- 
sium across the membrane  phase (27). Mullins (28-31) has further assumed 
a Gaussian pore radius distribution to explain the membrane  permeability 
coefficients for the different ions. Since it appears improbable that unhy- 
drated ions could be present in appreciable quantities at room temperature,  
he suggested that the hydration shells exceeding the path diameter are re- 
placed with a solvation of similar magnitude by the adjacent pore wall mole- 
cules during the journey. For the solvation from the pore wall to be at all 
effective, it must fit the ion closely; therefore, if the pore is too large the ion 
will be excluded. At the present time no experimental evidence is available 
concerning the passing of ions through pores in the axolemma. 

The value of 4.25 .~ found for the effective pore radius in the axolemma is inde- 
pendent of the nature of the hypothesis used to explain the ion transport mechanism. 
However, this value is wholly compatible with the controlled ionic environment re- 
sponsible for the normal functioning of the nerve (22). 

Our thanks are due to Dr. A. K. Solomon for helpful discussions during his stay in our laboratory; 
to Dr. Guillermo Whittembury, Dr. Richard P. Durbin, Dr. Leon McPherson, Dr. Leopoldo Ville- 
gas, and Dr. Julian M. Tobias for reading the manuscript and for their helpful suggestions. We 
are indebted to Mr. E. Jungo for his technical assistance. 
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A P P E N D I X  I 

Kedem and Katchalsky (13) have defined J~ ,  the net volume flow per unit area, 
and JD, the relative velocity of solute versus solvent, for a system composed of solvent, 
non-ionic solute, and membrane,  permeable to both solute and solvent, by the follow- 
ing equations: 

J~ = L ~ p  4- L~,DRTAc, (l~) 

JD = L D ~ p  4- LDRTAc,  (2~) 

Lpo = LDp ( 3 a )  

The  symbols in these equations are defined as follows: J r  = h~w 4- h,o,,  in 
which hw and h, are the corresponding solvent and solute flows in moles per second 
per unit area; ~, and ~, are the partial molar volumes of solvent and solute respec- 
tively; JD ---- (h,/c,) -- (fi~/cw), in which c~ and c~ are the corresponding concentra- 
tions of solute and solvent; L~, L9 -- direct coefficients; LDp, L~D = cross-coeffi- 
cients; Ap -- the hydrostatic pressure difference across the membrane;  R = the gas 
constant; T = the absolute temperature;  ~c, = the concentration difference of 
permeable solutes. 

In  the ca~e in which the membrane  is impermeable to the solute, J r  = h ~ , ,  and 
JD ---- --(h~/cw). Since c,o = 1 / ~  for dilute solutions, it can be concluded that J ,  = 
- J 9  for an ideal semipermeable membrane.  In this case: 

(L~ 4- L~D)&p -b (LD + L~D)RTAc, -- 0 ( 4 a )  

Lp + L ~  = L~ + LpD = 0 ( S a ) 

Lp = --LpD = LD ( 6 a )  

Equations 4 a and 6 a are also due to Kedem and Katchalsky (reference 13, their 
Equations 23 and 24). For a non-selective membrane,  --LpD < L~, Staverman's 
(5, 6) reflection coefficient is introduced making --LpD = o'L~. Substituting for 
--L~D in Equation 1 a: 

J~ = L~Ap -- crL~R TAc8 ( 7 a ) 

The hydrostatic pressure difference, Ap, can be equated to an osmotic pressure 
gradient A~'i, produced by non-penetrating solutes (8, 9). Substituting Ap in Equa- 
tion 7 a gives: 

J~ = L~zr~ -- ~L~R TAc~ ( 8 a ) 

Equation 8 a describes J r ,  for the case of a system composed of a membrane  
permeable to solvent, and to one probing non-ionic solute present in one side, and 
impermeable to the other solutes present, in the absence of an hydrostatic pressure 
gradient. 

Received for publication, August 12, 1960. 
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