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

RAT DIAPHRAGM 

H. M c L E N N A N *  

Department of Physiology, Dalhousie University, Halifax (Canada) 

Earlier studies have reported that the diffusion constant holding for the movement  
of potassium in the extracellular space of rat muscle and brain appears reduced below 
the free solution value 1, 3. B y  contrast, the diffusion of other substances, both ions and 
neutral molecules, is unimpeded in this way. In the present series of experiments a 
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t h i n  m e m b r a n e  of m u s c l e  ( d i a p h r a g m ) h a s  b e e n  se t  u p  t o  a c t  a s  a d i f f u s i o n  b a r r i e r ,  

a n d  t h e  r a t e  of  m o v e m e n t  of  t h e  v a r i o u s  t e s t  s u b s t a n c e s  a c r o s s  i t  m e a s u r e d .  W i t h  t h i s  

m u s c l e  a n d  u s i n g  t h e  t e c h n i q u e  e m p l o y e d  ea r l i e r  i t  h a s  b e e n  c on f i r rne d  t h a t  p o t a s s i u m  

i o n s  a p p e a r  to  h a v e  a r e d u c e d  m o b i l i t y  i n  t h e  e x t r a c e l l u l a r  s p a c e  of t h e  t i s sue .  H o w -  

e v e r ,  i t  is n o w  a l so  s h o w n  t h a t  t h e  effect  is o n l y  o b s e r v e d  u n d e r  c e r t a i n  spe c i a l  c i r c u m -  

s t a n c e s .  U s i n g  o t h e r  e x p e r i m e n t a l  c o n d i t i o n s ,  t h e  d i f f u s i o n  of p o t a s s i u m  ions  in  t h e  

e x t r a c e l l u l a r  s p a c e  a lso  a p p e a r s  w i t h i n  n o r m a l  l i m i t s  for  f ree  d i f fu s ion  in  s o l u t i o n .  

T h i s  f i n d i n g  r e m o v e s  t h e  d i s c r e p a n c y  be fo re  e v i d e n t  b e t w e e n  t h e  ea r l i e r  r e s u l t s  of  

t h e  p r e s e n t  a u t h o r  a n d  t h o s e  of o t h e r  worke r s .  

MATERIAL AND METHODS 

The animals used were Swiss albino rats  of 125 to 175 g in weight. They were killed by decapitation, 
and the  diaphragms dissected out  rapidly. After wiping free of blood, a portion of the muscle was 
placed over one end of a small plastic (Perspex) tube having internal and external  diameters of 
6 and 9 mm.  respectively. The muscle was held in place by a loose-fitting plastic ring, which was 
designed so tha t  when the d iaphragm was in position it effectively sealed the end of the  tube  to 
leakage of water  while at  the same t ime loose enough so as not  to cause stretching or tearing of the  
tissue. With in  the tube was placed 1.5 ml of the solution containing the tes t  substance, while in 
beakers below were placed 2 ml aliquots of the Ringer-type medium without  the tes t  substance.  
The beakers were wi thdrawn at  intervals and replaced with fresh samples, and the amounts  of 
tes t  substance appearing in the solution in the beakers assayed. In about  one-half of the experi- 
men t s  the  diaphragms were incubated for three or four hours in the solution afterwards used to fill 
the tube. This variation made no difference to the equilibrium values of the amoun t  of substance 
diffusing through the muscle sheet. 

Fur ther  details need to be given for the experiments  involving the potass ium ion. I t  was 
pointed out  earlier 1 tha t  measurement  of the diffusion of this  ion using a radioactive tracer is 
complicated by the  exchange which occurs with the  intracellular contents,  and also by the re- 
latively much  greater quan t i ty  of intracellular K compared with tha t  in the extracellular space. 
I t  was for these reasons tha t  the following modification of the procedure given above was used, 
adapted  from earlier work. The medium in which the tissue was incubated before the  s tar t  of the 
exper imental  period was an isotonic solution of potass ium phosphate  (i54 mmoles/1 with respect 
to K) in which a proportion of the  ions were labelled with radioactive tracer. The solution in the 
beakers was the  Ringer- type medium containing labelled K of the same specific act ivi ty as t ha t  of 
phosphate  solution. Incubat ion of a muscle in K phosphate  brings about complete exchange of 
the  cellular and extracellular  K 8, and a replacement of the extracellular sodium by potassium. 
When  a muscle so treated is placed in contact  with the Ringer-type medium containing labelled K, 
the high extracellular K diffuses out  in return for Na, but  the cellular radioactivity does not change 1. 
Other  experiments  involving K were done with the aid of a flame photometer  and no radioactive 
mater ia l  was used. Thus  the  uncer ta inty  introduced by K exchange with the intracellular contents  
was avoided. In these cases the  solution placed in the beakers was the Ringer-type medium, but  
one which had initially no K ion in it. The K which appeared in this fluid by diffusion through the 
muscle was measured with the photometer.  In this series of experiments,  in addition to some 
involving potass ium phosphate  analogous to those described above, it was possible also to measure 
the diffusion of K from the Ringer-type medium, and as well from solutions containing other 
concentrat ions of K and of phosphate.  K phosphate  experiments  done in this  way gave results 
identical with those obtained by the isotope method;  however, differences to be described below 
appeared when other solutions were employed. 

The radioactive isotopes used were ~2Na, 42K and s6C1, and all were obtained from Atomic 
Energy of Canada, Ltd., Chalk River, Ontario. Radioactive media were prepared by subst i tu t ing  
for part  of the inactive ionic species of the Ringer-type medium, which contained, in mmole/1, Na 
144, K 5.5, Ca 2, Mg i, C1 I53. 5, SO 4 I, glucose i2. The solutions were kept stirred by passing in 
bubbles of 0 2 gas and all measurements  were carried out  at  2o°C. Radioactive assay was performed 
on I ml aliquots from the beakers, which were counted beneath an end-window Geiger-Mueller 
:tube connected to a scaler-counter combination. 

The diffusion of sucrose was followed by placing in the tube closed by the diaphragm a solu- 
t ion containing I ~o (W/V) of the substance.  In this  case 2.5 ml of medium was placed in the  beakers, 
and duplicate assays on I ml aliquots were made for sucrose by the method of HUBBARD AND 
LOOMIS 4. 
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RESULTS 

The differential equation governing the movement  of a substance in a plane sheet is: 

dS  D d2S 

dt  ,~2 dx2 ' 

where "S" is the concentration of tracer substance in the sheet, "D" the diffusion 
constant, and "2" a factor by which the geometrical diffusion path  is increased by  
reason of impenetrable obstacles, i.e. the muscle cells. 

The particular solution of this equation applicable in the present case, where the 
quant i ty  measured is the amount of substance appearing in the solution bathing the 
sheet on one side is: 

S t = S O erfc  /D~-t , (5} 

where "$1" is the concentration of tracer in the solution at t ime "t~", "So" the initial 
concentration in the sheet, and 'T', one-half the total thickness of the diaphragm. 
C R E E S E  6, has reported that  for rats weighing 12o g the thickness of the muscle averages 
about  0.06 cm, and this is the value adopted in the present work. 

The derivation and calculation of 2* have been given in detail in the preceding 
paper*. Using CREESE'S figure of 26.5 % for the proportion of the extracellular space in 
rat  diaphragm, 2 '  works out at 2.173. 

Using the integrated equation above, the values for the diffusion constants in 
diaphragm for sodium, sucrose and chloride have been estimated, and are shown in 
Table I. The figures range from almost twice the free-solution value for sucrose, down 
to one-fifth of the free solution level for Na. The variability between individual 
determinations on a single substance is high: however, the values for the extracellular 
diffusion constants obtained are at least of the same order of magnitude as those 
reported for free diffusion of the substances under the same conditions of temperature 
and concentration. These results were expected on the basis of experiments reported 
earlier where a leg muscle was used ~, 2. 

T A B L E  I 

THE DIFFUSION OF 1NT&, e l ,  AND SUCROSE IN RAT DIAPHRAGM AT 20°C 

D in diaphragm D in ]ree solution Ra~io D muscle 
Substance cmt/min X xo 4 4- S.D. cm2/min 4- zo 4 D ~ree solution 

N a  1.36 i 0 .44 (8)* 7.2 o . I 9  
C1 3.o8 i 1-72 (7) 8.5 0 .36 
Suc rose  5-57 -4- 4.o7 (4) 3 .1 1.8o 

" N u m b e r  of d e t e r m i n a t i o n s .  

The results for potassium diffusion are presented in Table II .  The last line of the 
Table shows the result when experiments were performed in the same way as in the 
earlier report; that  is, after incubation of the muscle in a medium containing high 
concentrations of K and phosphate. In this case the same results as then obtained are 
repeated, in that  the diffusion constant measured is less than lO% of the free solution 
value. However, when the conditions of incubation are changed, it becomes clear that  

Re]erences  p .  629 .  
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under  suitable circumstances the extracellular diffusion of K is relat ively unimpeded.  
These circumstances are apparen t ly  tha t  the extracellular concent ra t ion  of K should 
be in the physiological range, and  tha t  there should not  be a large concent ra t ion  of 
phosphate in the extracellular space. 

Tha t  a high concentra t ion  of phosphate has an impeding effect is shown by  the  
fact tha t  incuba t ion  in KC1 solution, where the K concentra t ion is the same as in the  
phosphate medium, gives a higher diffusion constant  t han  occurs with the phosphate  
solution. 

The difference may  in fact be greater than  appears in Table II,  since incuba t ion  ill 
KC1 results in such swelling of the muscle cells tha t  the value of 2~ used ma y  be too 
small. The indicat ion also is tha t  replacing chloride by  phosphate in the o rd inary  
Ringer- type medium reduces the measured diffusion constant  for K, a l though the  
n u m b e r  of de terminat ions  is too small to be certain of this point.  

TABLE II 
THE DIFFUSION OF K IN RAT DIAPHRAGM AT 2 0 ° C  

D in free solution = 9.9" lO -4 cm~/min. 

Conditions K concentration in D Ratio D muscle 
medium mmole/l cmt/min 4- S.D. × io~ D/ree solution 

Ringer-type solution 5.5 12.44 4- 2.66 (3)* 1.26 
Ringer-type, phosphate replacing C1 5.5 9.23 4- 2.90 (2) 0.93 
Ringer-type, 4 × usual [K] 22 4.61 (I) 0.47 
KC1 154 2.62 4- o.14 (2) o.26 
K phosphate, pH 7.o 154 0.67 4- o.48 (9) 0.o7 

* Number of determinations. 

Ionic mobility in an applied electric field 

The effect of a polarizing current  on the movement  of various ionic species was tes ted 
by  placing small  p l a t inum electrodes in the tube  above the muscle, and  in the beaker  
benea th  it. Current  from a 1.5 volt  dry cell was passed between them. Sui table  resistors 
and  a I mA meter  were inserted in the circuit as well. 

Table I U  summarizes the results of indiv idual  experiments  of this kind. I t  can be 
seen tha t  for Na, C1 and  K ions, (in the la t te r  case when diffusion from a Ringer- type  
medium is measured), applicat ion of the current  gives the expected change in the 

TABLE III 

Ion. 

(x) (2) (3) (4) 
Measured current, Theoretical pequiv./sec extra Charge carried by Ratio 

charge carried ionic movement measured extra column 2 
amperes by ion, coulombs due to current ionic movement, 

coulombs column 4 

K 

c,{ 
Na{ 

Phosphate { 

8" 10 -4 4 .0. 1°-4 3.4" IO-8 3.3" IO-4 0.83 
6" IO -4 3.0" 10 -4 I '3" I0--3 I '3" I0--4 0-43 
6. lO -5 3.0" IO -5 3 .8. 1°-4 3.7" lO-6 1.23 
5' IO-4 2.4" IO -4 2 . 2 "  l O  - a  2 . 1 "  IO -4 0.88 
4" lO-4 1.9" lO-4 1.6" lO -8 1. 5 • lO -4 o.78 
8- IO -'t 1'4" l°-5 1'3" l°-4 1.3" lO-5 0.93 
9" lO  - 4  1 . 6 -  lO  . 5  1 .5"  lO  - 4  1 .4"  lO  - 5  0 . 8 8  

4" IO-4 2.0" IO -4 7.5" IO-4 0.7" IO -4 0.35 
6" lO -5 3.0. lO -5 4.2. lO -5 0. 4 • lO-5 o.13 
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a m o u n t  of ion movement .  However, when K phosphate  is used, the expected increase 
in  ionic transfer is not  observed. Presumably  in this case, since the solution in the 
beaker  below the muscle membrane  was always a Ringer- type medium, the current  is 
carried not  by  K and  phosphate ions bu t  by  Na and  C1 ions from this medium. The 
implicat ion once again is tha t  it is the phosphate par t  of the salt which is causing this 
apparen t  reduct ion in the freedom of mobi l i ty  of K ions. 

DISCUSSION 

The results in the present paper go far towards providing a possible explanat ion  of the 
apparen t ly  slow diffusion of K in the extracellular space of muscle which has been 
reported in earlier work. I t  has now been shown that  the effect is only observable 
where diffusion from a solution conta in ing a high concentrat ion of both  K and  phos- 
phate  is measured,  and  tha t  if a low concentra t ion  of K (as in a Ringer- type medium) is 
employed, or if another  ion (as CI) is used with a high K concentrat ion,  the K ap- 
paren t ly  diffuses at about  the free solution rate. 

HARRIS 7 has reported tha t  if phosphate ion is applied to a point  on a frog sartorius 
muscle, tha t  a port ion of it becomes fixed and  no longer mobile under  an applied 
electric field. He has shown further  tha t  the un-ionized complex formed between 
phosphate  and, presumably,  the muscle proteins, does dissociate slowly. Such a finding 
appears to agree well with the present results, for b ind ing  of the phosphate would 
have the effect of d iminishing the diffusion of K, both  with and wi thout  an applied 
electric field, when these are the only ionic species present in appreciable concentrat ion.  

I t  remains  only  to rescind those conclusions drawn as a consequence of the earlier 
results, which dealt  with the effect of the apparent  slow diffusion of K on observed 
fluxes across the muscle cell membrane  8. Since it now appears tha t  K is able to diffuse 
freely except under  special circumstances, those conclusions are no longer valid. 
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SUMMARY 

I. The diffusion constants for sodium, potassium and chloride ions, and for sucrose, moving in 
the extracellular SlS~Ce Of a thin muscle membrane (diaphragm) have been measured. Under condi- 
tions where the ionic species are present in physiological concentrations, the diffusion constants for 
all of them are within the free solution range. The diffusion constant for sucrose is also within the 
limits of the free solution value. 

2. If the composition of the extracellular fluid of the muscle is altered such that it contains 
a high concentration of both K and phosphate ions, the diffusion of K from the extraceliular 
space now appears to be very much slower than normal. This effect does not appear if the high 
concentration of K is associated with another anion such as chloride. 

3. It is concluded that the slow diffusion of K when it is present in combination with phos- 
phate ion, is due possibly to a binding of the latter i~n with the proteins of the muscle. The finding 
that the mobility of the K ion in an applied electric field is reduced when it is associated with 
phosphate, tends to support this view. 
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O V E R S H O O T  A N D  B L O C K  O F  C O N D U C T I O N  B Y  

L I P I D - S O L U B L E  A C E T Y L C H O L I N E  A N A L O G U E S *  

ERNEST SCHOFFENIELS**, IRWIN B. WILSON AND DAVID NACHMANSOHN 

Department o/Neurology, College o[ Physicans and Surgeons, Columbia University, 
New York, N.Y. (U.S.A.) 

I t  was suggested,  in 1941 , in modif icat ion of the  original  hypothes is  of neurohumora l  
t ransmiss ion,  t ha t  the  release and  act ion of acetylchol ine  are in t race l lu lar  processes 
t ak ing  place wi th in  the  conduct ing  membrane  along the ent ire  length  of the  nerve 
fiber 1-~. Aeetylchol ine  was pos tu la t ed  to be responsible for the  change in electr ical  
po l a r i t y  of the  membrane  which occurs dur ing  the passage of the  nerve impulse.  This 
view was subs t an t i a t ed  dur ing the following decade.  In  par t icu la r ,  the  inseparab i l i ty  
of ace ty lchol ines terase  and  conduct ion was demons t ra ted .  Moreover,  when the 
sequence of energy t rans format ions  occurr ing dur ing nerve a c t i v i t y  was es tabl ished 
and  acetylchol ine  was in t eg ra ted  into the  metabol ic  p a t h w a y s  of conduc t ing  cells, i t  
became appa ren t  t ha t  the  ac t i v i t y  of acetylchol ine  precedes the  o the r  events,  suggest-  
ing t ha t  i t  is the  specific opera t ive  subs tance  in nerve conduct ion in the  sense appl ied  
b y  MEYERHOF to A T P  in muscle cont rac t ion  4, 5. 

La t e r  i t  was suggested t ha t  acetylchol ine  combines wi th  a recep tor  substance 
(p robab ly  a pro te in  which resembles acetylcholinesterase)  and  t h a t  this  react ion 
brings about  a change in conformat ion which al ters  the  membrane  permeabi l i ty .  Th i s  
suggest ion in t roduces  the  poss ib i l i ty  of receptor  a c t i v a t o r s - - s u b s t a n c e s  which 
combine revers ib ly  wi th  the  receptor  and  evoke a change in membrane  p o t e n t i a l s - -  
and  receptor  i nh ib i t o r s - - subs t ances  which combine revers ib ly  wi th  the  receptor  bu t  
are unable  to evoke ac t iv i ty .  In  general ,  i t  has been noted  t ha t  while s imple qua t e rna ry  
a m m o n i u m  ions are  recep tor  ac t iva tors ,  the  t e r t i a ry  ammonium ions, which are 
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