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In  a previous paper 1 the diffusion constants  governing the movement  of potassium, 
inul in  and  th iocyana te  in the extracellular space of m a m m a l i a n  muscle were measured. 
I t  was found tha t  when an  appropriate  correction for the increase in  the mean  
diffusion pa th  due to the  presence in the tissue of the impermeable muscle fibres 
was applied, the diffusion constants  for inu l in  and  th iocyanate  approximated  to those 
holding in free solution, bu t  tha t  the diffusion of potassium occurred at  about  one- 
fifteenth of the free solution rate. I t  was suggested tha t  a possible explanat ion  of 
this phenomenon  might  be the adsorpt ion of the K onto the surfaces of the muscle 
fibres, and  tha t  this might  be a necessary pre l iminary  to the up take  of K across 
the muscle fibre membranes .  

This invest igat ion has now been extended to include measurements  of the 
diffusion cons tant  for sodium ions, both  in  muscle and  in other m a m m a l i a n  tissues, 
brain,  peripheral  nerve, and  liver. Bra in  and  nerve are similar to muscle in tha t  there 
exist large electrical asymmetr ies  between their  in t ra-  a nd  extracellular phases; while 
in the case of liver no such potent ia l  gradient  is present. Since the penet ra t ion  of 
inul in  into the extracellular space of b ra in  tissue is small  (for references see ~), the 
diffusion of sucrose has been measured as well. I t  has been found tha t  the diffusion 
of K in  b ra in  and  nerve is much slowed, as it is in muscle;  while in liver it  is ap- 
proximate ly  the same as in free solution. The diffusion of Na, sucrose and  inu l in  is 
also the same as the free solution rate in the extraceUular spaces of muscle, b ra in  
and liver. In  nerve the diffusion of all the tested substances is slowed; there ap- 
paren t ly  being in  this tissue some non-specific diffusion barrier  between the extra-  
cellular space and  the sur rounding  medium. 

METHODS 

The tissues used in this study were obtained from albino rats. The animals were killed by de- 
capitation, and the tissues rapidly excised. The extensor digitorum longus muscle and a portion 
of the sciatic nerve trunk were used; these were weighed on a torsion balance and then placed 
in the appropriate incubation medium. At the end of incubation they were carefully dried by 
blotting with filter paper and reweighed in order to determine the amount of swelling, before 
being subjected to the desired analytical procedure. Brain and liver slices were prepared with 
a razor blade: average brain slices were 2 mm in thickness, and liver slices 3 mm. They were 
weighed and placed on fine screens of silver-plated brass before being introduced into the incu- 
bation media. The screens insured that the slices remained flat during the course of the incubation, 
and also permitted them to be removed from the solutions without damage. 

The techniques involved in the use of radioactive 4aK have been described in detail in earlier 
communications 1,8, and the method by which diffusion of K in the extracellular space of muscle 
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was measured  I has  been app l i ed  w i t h o u t  modif ica t ion  to  the  o the r  t i ssues  s tudied.  Na  diffusion 
was  followed by  p lac ing  the  t i ssue  for a per iod of 3-4 hours  in a sal ine solut ion con ta in ing  a 
p ropor t ion  of r ad ioac t ive  ~2Na, af ter  which  i t  was t ransfer red  to  a non- rad ioac t ive  solut ion of 
iden t i ca l  composi t ion ,  and  the  loss of r a d i o a c t i v i t y  f rom the  t issue followed. The resul ts  ob ta ined  
are  compl i ca t ed  b y  the  fac t  t h a t  the  loss of label led Na  from the  inside of the  cells is also measured  ; 
however ,  the  t i m e  cons t an t s  gove rn ing  diffusion and  cel lu lar  exchange  are suff icient ly different  
to  p e r m i t  a separa t ion  of the  two processes to be made.  All measu remen t s  were carr ied  out  a t  
a t e m p e r a t u r e  of 20 ° C. HARRIS AND BURN 4 and JOHNSON 5 have  employed  a s imi la r  me thod  
to  de te rmine  Na  diffusion in frog muscle  ex t r ace l lu l a r  space. 

The u p t a k e  of inul in  or sucrose was followed by  i ncuba t ing  the  t i ssues  in sal ine media  which  
con ta ined  i % (w/v) of the  t r ace r  substances .  At  the  end of the  des i red per iod of incuba t ion  
the  t issue,  a f ter  d ry ing  and  weighing,  was  g round  wi th  sand, suspended in 3 ml  of water ,  and  
I ml  of 12 % t r ich loroace t ic  acid added.  The m i x t u r e  was  centr i fuged,  and  a l i quo t s  of the  super-  
n a t a n t  a s sayed  for the  t racer .  S t a n d a r d  solut ions  used were d i lu t ions  of the  soak ing  solut ions.  
Bo th  inu l in  and  sucrose were de t e rmined  by  the  me thod  of HUBBARD AND LOOMIS 6, aS a d a p t e d  
b y  PAPPIUS AND ELLIOTT 2. Resu l t s  were ca lcu la ted  w i t h  due a l lowance  made  for the  a m o u n t s  
of inul in  or sucrose in the  w a t e r  of swell ing,  as descr ibed by  the  l a t t e r  authors .  

THEORY 

In the earlier paper 1 the equation governing the diffusion of a substance from or 
into a semi-infinite cylinder was derived, and the extensor digitorum longus muscle 
corresponds approximately to this shape. The same equation can be employed for 
diffusion into the sections of nerve used in the present work, since they too are many 
times longer than their maximum radius, and are roughly circular in cross-section. 
The derivation of $, the fractional increase in the mean diffusion path due to the 
nerve or muscle fibres, will also be the same for nerve as for the muscle as previously 
discussed. The diffusion equation for a cylinder of radius "a"  is: 

e ~.,~, + e . ~  + . . .  (i) 
/ = z - -  4 /-0,2 I0,~ 

where " /"  is the fraction of the equilibrium amount of substance which has entered 
the cylinder; " D "  is the diffusion constant; "t"  the time; and Joe J02 . . . .  are the 
zeroes of the Bessel function Jo (x). 

~t is given by:  ~ = i + 4/z~ [vdvt] [~ - -  ~/4], (2) 

where Vc and Vt are the volumes of the cells and of the whole tissue respectively. 
The slices of brain and liver tissue used in this work are most appropriately 

considered as plane sheets exposed on both sides to the bathing solution, having a 
total thickness of 2b. The differential equation describing the diffusion of a substance 
into a sheet is: 

dS/dt = D/~ 2" d2S/dx ~, (3) 

where "S"  is the concentration of tracer substance in the sheet; " D "  the diffusion 
constant; and ~ a factm, analogous to that described above, by which the distance 
that  the substance has to travel between the outside and the inside of the tissue is 
increased by reason of impermeable obstacles, i.e. the tissue cells. 

Placing the tissue sheet at zero time into a solution containing a concentration 
of substance S o , the following boundary conditions prevail: 

A t x  = b, S = S O for all  t imes ;  

A t t  -- o, S" -- o for a l l x ' s .  
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Then ~: 
So 4b*~* s in  ~ + 3 4b* A* sill - - ~  -{- . . . .  (4) 

Integrat ing (4) for all values of "x", the fraction of the equilibrium amount  of 
substance which has entered the tissue, that  is, the average saturation "1" is given by:  

4 b i A '  "-~ - e-- 4b'~* + (5) S0 - / =  I - -  7[: e" 9 ' ' "  

This equation has been used for the evaluation of D/bL~ ~ when "1", is measured 
against time. 

The derivation of )l for a plane sheet is analagous to that  described in the pre- 
ceding paper for the cylindrical muscles. Consider a plane slice of tissue, circular in 
cross-section, of radius "R" and thickness "h". Within this slice there are "N" 
spherical cells of radius " r" .  Consider now a cylindrical section cut through the slice, 
of height "h" and infinitely small radius. The number of spherical cells which will 
be cut by  this section is equal to the number of centres of the spheres which lie 
within a cylinder of radius "r" surrounding the section; that  is, in the volume ~r*/,. 

The total  density of spheres in the whole sheet is N/(:~ R%) ; therefore the number 
contained in the volume :~r*h is Nr*/R ~. In  a precisely similar manner to the case 
of the muscle fibres discussed in the earlier work, it can be shown that  the extra 
diffusion pa th  caused by  the presence of a cell of radius "r" is given by:  

2r .  [z - -  :#4]"  

Therefore in the present case the total  extra distance for all the cut spheres is: 

2r .  [I - -  ~r/4 ] [Nr2/R~]. (6) 

Now the ratio of the volume of the spheres, Vc, to the total  volume of the sheet, Vt, is: 

Vc]Vt = (4/3 ~ r3 N)/(rc Rz h) = (4 r3 N)/(3 R2 h);  (7) 

and substituting in (6) above, the increase in the mean diffusion pa th  is: 

3h/2 [ I - - ~ 1 4 ]  Vc/Vt. (8) 

But "h" is twice the geometrical diffusion path, and therefore 

Z = I + 3Vc/Vt [ I - - ~ / 4 ] .  (9) 

RESULTS 

Inulin 

Fig. I shows the time course of the uptake of inulin by  brain and nerve at 2o ° C. 
The plotted values are the averages of a number of individual determinations, which 
are given in parentheses above each point. For the purposes of calculation the curves 
have been replotted as log (I - - / )  against time, that  for nerve being shown in Fig. 2. 
Extrapolation of the straight portion of curve A of Fig. 2 back to zero time permits 
estimation of the contribution of the first term of the diffusion equation (I) to the 
total. The contribution of the second term in the expansion to the earlier part  of 
the experimental curve is shown by  curve B in Fig. 2, where the first term values 
in the extrapolated portion have been subtracted from the experimental curve, and 
the differences plotted. From the linear portions of these two curves, the times to 
Re/erences p. 8. 
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Fig. 2. The  up t ake  of inul in by  nerve  rep lo t ted  
f rom the  d a t a  of Fig. I. Curve  A represen ts  t he  
exper imen ta l ly  de t e rmined  po in t s  rep lo t ted  as  
log ( i -  ]) aga ins t  t ime.  Curve  B shows  t he  
difference be tween  t he  l inear  and  non- l inea r  

por t ions  of A. For  fu r the r  detai ls  see text .  
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Fig. I. The  t ime  course of t he  up t ake  of inul in  
by  b ra in  a n d  nerve.  The  p lo t ted  po in t s  are t he  
averages  of t he  n u m b e r s  of d e t e r m i n a t i o n s  

shown  in paren theses .  

half saturation for the first two terms of the expansion may be read off, and the 
results, together with the appropriate value of I s calculated from (2), inserted in (I) 
as follows : 

,5.78 ~,, 2I. 5 X O 30.5 Y 1.8 v D 1  

~.3.~3 × ..... 5 e -  7S~32 Too~ 
1 = ° ' 5 = 1 - - 4  .e-- _ _  / 

5.78 + 30.5 J 

whence D = 1.5" lO -5 cm*/min. 
As reported by other authors, the extent of penetration of inulin into brain 

tissue is small, such that the apparent extracellular space measured with this sub- 
stance as tracer was found to be only o.Io of the total tissue volume. In contrast, 
the sucrose space in both brain and nerve was 0.45, and in nerve the inulin space 
was also 0.45. The figures for both tissues are larger than normally quoted in the 
literature for the extracellular space, and presumably reflect the extent of cellular 
damage caused by the excision and preparation of the tissues. 

Treating the experimental curve of Fig. 1 for the uptake of inulin by brain in 
the same manner as described above, and substituting the times to half saturation 
in equation (5), with 23 calculated from (9), the following is obtained: 

zt~X 50× h 9-~2X o.7~< D] 
8 2 ~ O ~  O , ~  -~- - -  e - -  2 ~oo x o.i(, , / = 0 . 5  = I -- e - -  I 

9 

whence D = 1. 9- io -~ cm2/min. 
These results, together with that for muscle, are given in Table I. The values 

obtained for the diffusion constant for inulin in the extracellular spaces of brain and 
muscle are close to that reported for diffusion in free solution at the same temperature; 
however, in nerve the diffusion is considerably slower. This last point will be further 
mentioned below. 

S~c~'os¢ 
Table I also gives the results obtained when sucrose was used in place of inulin as 
a tracer substance. The experimental curves obtained were analysed in the same way 
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as t h o s e  for  inu l in ,  a n d  t h e  f ina l  r e su l t s  were  s u b s t a n t i a l l y  s imi lar .  Di f fus ion  in  m u s c l e  

a n d  b r a i n  w a s  a p p r o x i m a t e l y  t h e  s a m e  as  in  f ree  so lu t ion ,  whi le  in  n e r v e  i t  w a s  m u c h  

r educed .  

TABLE I 

T H E  D I F F U S I O N  O F  I N U L I N  A N D  S U C R O S E  I N  E X T R A C E L L U L A R  S P A C E  

Apparent Vc Radius (a) or ~2 Observed Free solution 
e.c. space V'-~ thickness (b) cm cm*D/min cmiD/min 

Muscle o.15 0 . 8 5  o.I75 1.543 1.2. lO .4* 
Inulin Brain O . I O  0.90 O , 1 0  2 , 5 0 0  1.  9 "  1 0  - 4  I . O '  1 0  - 4 * *  

Nerve o.45 0.55 o.o 5 1.323 1.5. IO-S 

Muscle o.i 5 0 . 8 5  o.175 1.543 3.4" lO-4 
Sucrose Brain 0.45 0.55 o.Io 1.838 2.I. lO -4 3.1. lO -4*** 

Nerve o.45 o.55 0.o5 1.323 4.3" IO-~ 

* This result from previous paper 1. 
. Reference 8. 

** * ReferenceL 

Sodium 

The  d i f fus ion  c o n s t a n t s  c a l c u l a t e d  for  t h e  m o v e m e n t  of N a  ions  in  t h e  ex t r ace l l u l a r  

spaces  of t h e  t i s sues  e x a m i n e d  a re  g i v e n  in  Tab le  I I .  R o u g h l y  n o r m a l  v a l u e s  were  

o b t a i n e d  in  musc le ,  b r a i n  a n d  l iver ,  whi le  a g a i n  d i f fus ion  in  p e r i p h e r a l  n e r v e  is low. 

TABLE II 

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

Apparent Vc Radius (a) or 2* Observed Free solution 
e.c. space V--'[ thickness (b) cm cra*D / min cmJD /min 

Muscle o.15 o.85 o.175 1.543 2-7" IO -4 7.2" IO -4.  
2 .  4 • l O  - 4  

I . I  " I O  - 4  

3.2. lO-4 
3 . 1 "  lO -4 

B r a i n  0 . 4 5  o . 5 5  o ,  i o  i . 8 3 8  14.o. 1o-4 
6.8. lO -4 
5.6" lO -a 
5.6" Io -4 

Nerve 0.45 0.55 0.05 1.323 1.2. l O  - 6  

0. 7 • io-5 

Liver o.14 0.86 o.15 2.420 8. 3 • lO .4 
I 2 .  7 • 1 0  - 4  

* Reference 1o. 

Potassium 

I t  w a s  p r e v i o u s l y  r e p o r t e d  t h a t  t h e  m o v e m e n t  of m u s c l e  e x t r a c e l l u l a r  K is r e l a t i v e l y  

s low c o m p a r e d  w i t h  d i f fus ion  in  f ree  so lu t ion  1. Th i s  r e su l t  h a s  b e e n  c o n f i r m e d  in  t h e  

course  of t h e  p r e s e n t  work ,  a n d  t h e  s a m e  p h e n o m e n o n  is o b s e r v e d  w h e n  d i f fus ion  
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in brain and nerve is followed (Table III). It is true that in nerve the diffusion of 
all the test substances is low; but in muscle and brain K movement alone has been 
found to be impeded. By contrast, however, the measured extracellular diffusion 
constant for K in liver slices was of the same order as the free solution value, behaving 
in the same way as Na in this tissue. 

T A B L E  I I I  

THE DIFFUSION OF POTASSIUM IN EXTRACELLULAR SPACE 

The  va lues  for the  fract ional  v o l u m e  of the  ex trace l lu lar  space,  for VdVt,  for the  radius  (a) or 
th i cknes s  (b), and for ~ ,  are the  s a m e  as those  g iven  in Table  I I .  

Observed Free solution 
cm*D/min cm*D/min 

Muscle  3 . 8 "  lO  - 5 *  9 . 9 "  1 0 - 4 " *  

4 - 3 '  I° -5" 
4 . 9 '  1 ° - 5 "  
8.  4 • lO  -5  

10.  9 • 1 0 - 5  

4 .1  • 1 0 - 5  

Brain  

N e r v e  

7 . 2 -  i o - 5  

3 . 2 .  l O - 5  

.5.2" lO -5  

0 . 8 .  lO  - 5  

I .O" 10  -5  

5 , 0 .  l O - 5  

4 . 0 .  l O  - 5  

4 . 1 . 1 o  5***  
2 . o .  i o  5 

Liver  3 . 4 "  l O - 4  
4 . 0 .  i o  4 

3 . 4 "  1 ° - 4  

4 . 0 .  i o  - ¢  

* These  results  from prev ious  paper  1. 
** Calculated in 1. 

*** P e r i n e u r e u m  removed .  

D I S C U S S I O N  

The findings earlier reported t on the diffusion of various substances in the extra- 
cellular fluid of mammalian muscle have now been extended to include other tissues 
and other tracer substances. In muscle the previous demonstration that the diffusion 
of K ions was much slowed, while the movement of thiocyanate ions and of inulin 
was essentially the same as in free solution has been extended. The diffusion constants 
for Na ions and for sucrose have now been measured, and are found to  be of the 
same order as the diffusion constants of these materials in free solution. 

There are in the literature a number of estimates of effective diffusion constants 
in extracellular fluids, especially for Na in frog muscle. These have been summarized 
in Table IV, and appropriate values for )3 calculated from the data given by the 
various authors. The agreement between the various estimates is good, and support 
the conclusion presented in this paper that Na is able to move freely in the extra- 
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TABLE IV 

EXTRACELLULAR DIFFUSION CONSTANTS FROM THE LITERATURE 

tD/2* " ~ cm*D/min Relerence Tissue Substance Temperature cm i mm (calculated) 

R a t  d i a p h r a g m  N a  37 2.5" lO -4 2.22 5.6" lO-4 I I  
F r o g  M. e x t e n s o r  l o n g u s  dig.  I V  N a  20 1.9" lO -4 1.44 2. 7. lO -4 12 
F r o g  M. s a r t o r i u s  N a  2o 2.1.  lO -4 2.40 4.9" lO-4 13 
F r o g  M. s a r t o r i u s  N a  18 1.5. lO-4 2.40 3 .6. lO-4 4, 14 
F r o g  M. s a r t o r i u s  N a  2o 3.4" lO-4 2.4o 8.2.  lO -4 12 
F r o g  M. s a r t o r i u s  N a  22 1.8. lO -4 2.40 4.3" lO-4 5 

R a t  d i a p h r a g m  K 37 3.1.  lO -4 2.22 6.9" lO -4 i i  
F r o g  M. s a r t o r i u s  K 18 3.3" 10-4 2.40 7.9" lO-4 15 

R a t  d i a p h r a g m  I n u l i n  37 3.4" lO-6 2.22 0.8- lO -4 i I 
F r o g  M. s a r t o r i u s  I n u l i n  2o 6.0.  lO -6 2.4o 1. 4.  lO -4 16 

F r o g  M. s a r t o r i u s  S uc ros e  22 7 . 2 ' I o - s  2.4o 1.7 "1o-4 5 

C a t  n e r v e  ( i n t ac t )  N a  37 9.0" lO -5 1.32 1.2. lO -4 17 
B u l l f r o g  n e r v e  ( in t ac t )  N a  25 8.o.  lO -7 1.32 I . I .  lO -8 18 
T o a d  n e r v e  ( d e s h e a t h e d )  N a  25 4 .0 .  lO -5 1.32 5.3" lO-6 19 

cellular space of muscle tissue. The same is true of the older estimates of inulin and 
sucrose diffusion in muscle (Table IV). Previous calculations of the rate of movement 
of K in muscle do not, however, agree with those found here. Earlier authors have 
concluded that  the diffusion of K is impeded in the extracellular space of frog muscle 
and rat diaphragm to no greater an extent than is the diffusion of Na; whereas the 
present results would indicate a reduction to about one-fifteenth of the free solution 
value. There do appear to be differences between diaphragm and the extensor digi- 
torum muscle used in this work other than that  brought out here: thus all the K 
of diaphragm appears to be free to undergo exchange with the K of a bathing 
solution 11, while this does not seem to be the case with the extensor s. A similar dis- 
crepancy as regards K exchangeability has been reported by different authors using 
frog sartorius muscle12, *°. A possible explanation of the differences between the 
older K diffusion measurements and those reported here may be that previous 
workers did not attempt to prevent exchange between the external fluid and the 
intracellular K. Under this circumstance the slow diffusion of K could be misinter- 
preted as K exchange. 

The diffusion of substances within slices of brain tissue is similar to that in 
muscle. K diffusion is much slowed compared with free solution; while Na, sucrose 
and inulin apparently move at about the normal rate. In the case of peripheral nerve, 
the measured diffusion of all the test substances was low. In one experiment where 
K diffusionwas followed,removal of the perineureum had no obvious effect (Table III).  
However ,  SHANES TM and  SHANES AND BERMAN 21 have reported that the epineureum 
of bullfrog sciatic nerve constitutes an effective barrier to the free passage of solutes 
from the external medium into the nerve, and it seems possible that a similar effect 
has been observed here. 

In contrast to the tissues mentioned above, the diffusion of K as well as of all 
the other test substances, is essentially normal in the extracellular space of liver. 

R e / e r e n c e s  p .  8 .  
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I n  a n o n - e x c i t a b l e  t i s sue ,  t h e r e f o r e ,  t h e  d i f fus ion  of K in  t h e  e x t r a c e l l u l a r  f lu id  s e e m s  

t o  b e  u n i m p e d e d ,  wh i l e  in  e x c i t a b l e  t i s sues  s u c h  as  m u s c l e  a n d  b r a i n  i t  is s lowed.  

T h i s  ef fec t  is n o t  a t t r i b u t a b l e  to  t h e  h i g h  i n t r a c e l l u l a r  c o n c e n t r a t i o n  of K in  n e r v e  

a n d  m u s c l e  cells, s ince  t h e  c o n c e n t r a t i o n  is as  h i g h  in  t h e  cells of t h e  l i v e r  ~.  I t  s e e m s  

specif ic  for  K ions ,  s ince  t h e  p r e s e n t  w o r k  s h o w s  t h a t  N a  ions  a t  l e a s t  m o v e  f r ee ly  

in  t h e  e x t r a c e l l u l a r  f luids  of l iver ,  m us c l e ,  a n d  b r a i n .  I t  was  s u g g e s t e d  in  t h e  p r e v i o u s  

p a p e r  1 t h a t  a d s o r p t i o n  of K ions  o n t o  t h e  su r f ace s  of t h e  cells m i g h t  b e  r e s p o n s i b l e  

for  t h e  s low d i f fu s ion ;  a n d  i t  w o u l d  seem,  in  t h e  l i g h t  of t h e  p r e s e n t  e x t e n s i o n  of  

t h e  w o r k ,  t h a t  t h e  e l e c t r i c a l  c o n d i t i o n s  a p p l y i n g  in  e x c i t a b l e  t i s sue s  a re  c o n c e r n e d  

in  t h e  effect .  
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SUMMARY 

The diffusion of K, previously reported to be low in the extracellular fluid of mammalian muscle, 
has been shown to be slowed also in the extraceliular space of brain tissue; whereas in liver K 
diffuses a t  about  the  free solution rate. Diffusion constants have been estimated for Na ions, 
inulin and sucrose in these three tissues, and are all approximately at  the free solution level. 

In  peripheral nerve the diffusion of all test  substances is low, possibly due to the epineureum. 
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