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There are in the literature a number of reports on the movement of sodium and 
potassium ions across the boundaries of muscle ceils; these investigations have however 
largely been confined to frog muscle. CREESE 1 and GOURLE'Z AND JONAS ~ have in- 
vestigated the K exchange in mammalian (rat) muscle i~ vitro: these authors have 
reported that all of the muscle K is capable of undergoing exchange with the K of the 
medium in.which the muscle is incubated. HEVESY AND HaHN a and NOOXAN, FENS, 
AN1) HAE(~E ~ have studied the uptake of K by muscle in vivo following injection of ~K. 
The latter group found that the whole of the muscle K was exchanged under these 
conditions, while tile former found that only a portion of the K will so exchange. H:\HN 
.kND HEVESY ~ further showed that the proportion of K undergoing exchange could be 
increased by nmscular excercise; complete exchange was however still not attained. 

As a preliminary to the investigation of the effects of certain drugs and other 
conditions on the normal K movements, it appeared necessary to study more fully the 
transport of K in normal mammalian muscle in vitro. This has been done with muscles 
of two different shapes, incubated in Ringer-type solutions and in solutions of K phos- 
phate; under the latter condition the K content of the nmscle cells tends slowly to 
increase, in contrast to the former where the tendency is to a decrease. The use of 
phosphate solutions eliminates swelling of the tissue during incubation, since the cell 
wall is only slowly permeable to phosphate ion. 

EXPERIMENTAL 

31alerials: T h e  m u s c l e s  u s e d  in this  s t u d y  w e r e  t i l e  e x t e n s o r  d ig i torum longus  a n d  t h e  s a r t o r i u s  
of  y o u n g  ] aooded  r a t s .  T h e  f o r m e r  m u s c l e  is e a s i l y  dissec ted  w i t h o u t  d a m a g e  to the  t issue;  c o l t o n  
l o o p s  w e r e  t i e d  a r o u n d  the  t e n d o n s  a t  e a c h  e n d  of  t h e  m u s c l e  prior to its r e m o v a l  f r o m  t h e  b o d y .  
The sartorius  of rodents  is c l o s e l y  f u s e d  to the  t e n s o r  f a s c i a e  l a t a e  ((?~REENE6). I n  y o u n g  a n i m a l s  i t  was ,  
l l o w e v e r ,  f o u n d  p o s s i b l e  to  dissect  the  sar tor ius  w i t h  m i n i m a l  d a m a g e  to  its m a r g i n s :  a g a i n  l o o p s  
w e r e  a t t a c h e d  to  t h e  e n d s  of the  m u s c l e  b e f o r e  i t  w a s  r e m o v e d .  A f t e r  exc i s ion  the  m u s c l e s  w e r e  
w e i g h e d  o n  a t o r s i o n  b a l a n c e .  A t  t h e  e n d  of  the  e x p e r i m e n t  the  l o o p s  w e r e  cut  oft  a n d  w e i g h e d  
s e p a r a t e l y ,  a n d  t h e  f ina l  w e i g h t  of  t h e  m u s c l e  w a s  a l so  de termined .  

R a d i o a c t i v e  aRK was  obta ined  in the  f o r m  of  c a r b o n a t e  f r o m  t h e  B r o o k h a v e n  N a t i o n a l  l , a b o r a -  
t o r y ,  U p t o n . ,  U . S . A . ;  a n d  f r o m  A t o m i c  E n e r g y  of C a n a d a ,  L i m i t e d ,  C h a l k  R i v e r ,  O n t .  

Methods : In  o r d e r  t o  m e a s u r e  t h e  u p t a k e  of  K f r o m  a s a l i n e  solut ion,  tlte m u s c l e  w i t h  i ts  a t t a c h e d  
loops w a s  p l a c e d  in a l a r g e  v o l u m e ,  ca. 5o ml ,  of  so lut ion  of the  fo l lowing  c o m p o s i t i o n :  fo r  _ , o  C, 
H C O a 3 7 ,  C1 ~o3 .5 ;  fo r  3 7  C, H C O  8 24. 5 ,C1 l tO; p l u s  in  b o t h  c a s e s  N a  I 3 [ .  5 , I K s ,  C a a ,  M g  ~, S()  l 2, 
g l u c o s e  io  (all  in  r e too l / l ) .  The p H  of these  s o l u t i o n s  w h e n  b u b b l e d  w i t h  95 % O2 5 % CO2 w a s  n e a r  
7.4. A n y  changes  in the  ]52 c o n t e n t  of these  media ,  such as  w e r e  n e c e s s a r y  fo r  s o m e  e x p e r i m e n t s ,  w e r e  
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ba lanced  by  changes  in the Na  concen t r a t i on  in order  to preserve  i so tonic i ty .  To prepare  a solut ion 
c o n t a i n i n g  42K, the  4'aKsCO a was  neu t r a l i zed  w i t h  HC1, made  up to give an  i so tonic  so lu t ion  (t54 
mmol/1), and  used in place of the  i nac t ive  KCI solu t ion  in the  p r e p a r a t i o n  of the  above  media.  

K p h o s p h a t e  so lu t ion  was  p r e p a r e d  by  a d d i n g  to  the  4~K2CO a enough  d i lu te  HaPO ~ to give a 
so lu t ion  which  con t a ined  225 retool/1 K and 15o m m o l / l  phospha te .  On the ( lay of rece ip t  of the  
isotope th is  p h o s p h a t e  so lu t ion  was  d i lu ted  2o X wi th  an inac t ive  so lu t ion  of the  same compos i t ion  ; 
the  d i lu t ion  wi th  i nac t ive  m a t e r i a l  was reduced as decay  diminisRed the r a d i o a c t i v i t y .  The phospha t e  
so lu t ion  had  a p H  of a b o u t  7.o. 

The r a d i o a c t i v i t y  of the  musc le  w~ts measu red  a t  var ious  t i m e s  du r ing  incuba t ion  by  removing  
the  t i ssue  from the' so lu t ion  aud  wash ing  it  for e x a c t l y  i miu in i nac t ive  m e d i u m  of the same com- 
pos i t ion  in order  to  r emove  a d h e r i n g  drops of r ad ioac t ive  saline.  The co t ton  loops were p laced  over 
pegs set  in a f lat  p las t i c  base,  and  the  whole slid b e u e a t h  an end-window Geiger  tube  (Tracer lab type  
TGC- t). This  m e t h o d  ensured  a reasonab le  degree of r e p r o d u c i b i l i t y  w i t h  respec t  to  the  geomet r ica l  
pos i t ion  o{ the  musc le  u n d e r  the  counter .  Counts  of the  muscle  r a d i o a c t i v i t y  were de t e rmined  for 
th ree  ~ nlin periods,  a t  the  end of which t ime  the  muscle  was  r e t u r n e d  to the  rad ioac t ive  medium.  

After  a sufficient  per iod  of soak ing  in r ad ioac t ive  m e d i u m  (at leas t  4 h), the  r a t e  a t  which  the 
r ad ioac t i ve  K was lost  f rom the nluscle could be followed by  t r ans fe r r ing  the  t i ssue  to an  inac t ive  
so lu t ion  of the  same  composi t ion ,  and  a s say ing  the  r a d i o a c t i v i t y  a t  i n t e r v a l s  as above.  The only  
change  requ i red  in  the  p rocedure  was t h a t  i t  was uo longer  necessa ry  to wash  the  t issue pr ior  to assay,  
since the  fluid in which  the  nmscle  was now placed  had  a negl ig ib le  ac t iv i ty .  

At  the  end of the  e x p e r i m e n t  the  nluscle was d issolved iu a few drops  of H N O  s f reshly  d is t i l led  in 
s i l ica vessels.  An a l iquo t  of the  so lu t ion  so ob t a ined  was  assayed  for r a d i o a c t i v i t y ,  and  th i s  a c t i v i t y  
compared  wi th  t h a t  of the  r a d ioa c t i ve  sal ine used in the  first  Ralf of the  expe r imen t ,  t hus  p r o v i d i n g  
a d i rec t  r e la t ion  be twe e n  n u m b e r  of counts  and  a m o u n t  of K. 

All  r a d i o a c t i v i t y  m e a s u r e m e n t s  were correc ted  for b lank,  decay,  and  reso lu t ion  t i m e  of the  
scaler-Geigcr  coun te r  combina t ion .  

K ana lyses  were pe r fo rmed  w i t h  the  a id  of a flame p h o t o m e t e r  ( P e r k i n - E l m e r  type  52C). The 
n i t r ic  acid so lu t ion  of the  musc le  was  t a k e n  to dryness ,  the  res idue  t a k e n  up in w a t e r  and  an a l iquo t  
a p p r o p r i a t e l y  d i lu ted  for the  measu remen t .  

RESULTS 

In the investigation of the rate of movement of an ion it is of importance first of 
all to determine whether the time barrier imposed between equilibration of the ions 
inside and outside the tissue is due to the resistance of the cell boundaries or to some 
diffusion barrier. In the case where the rate of transfer of an ion is determined by the 
permeability of the cell boundary, the probability of entry of an ion will be proportional 
to the external concentration of that ion [Xo] ; the probability of transfer from inside to 
outside will be proportional to the internal concentration Exi]. In a cell with surface 
area A, then, the net amount of ion entering will be xlA ~Xo]--z,A [xi] per unit time, 
za and x2 being constants. If tile vohune of the cell is V, the rate of increase of concen- 
tration inside will be (ml[%] -x2L.gi])~z~/g. Putting ~IA/V --  k 1 and x2A/V ko, we 
have 

d Exd 
(It l~1[xo] I%[xi}, 

which is tile normal permeability equation. It will be noted that the transfer rate 
constants k 1 and k2 are independent of the number of cells in the aggregate comprising 
the tissue, and vary only with the surface/volume ratio of the cells. If, therefore, the 
rate constants determined experimentally are found to vary with the size or shape of 
the tissue sample employed, then the limiting factor may be expected to be the rate of 
diffusion of the ions into the interstices of the tissue. 

In the present experiments an attempt has been made to decide between these 
two possibilities by using two muscles of different shape, although of about the same 
overall volume. The extensor digitorum longus is nearly circular in cross-section, tapering 
somewhat towards each end ; the sartorius is a thin flat sheet of muscle of fairly uniform 
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width. Both have an average total volume of about TO0 mm a, and both have fibres of 
30 ~ diameter for the most part. Assuming that the fibres are cylindrical and run the 

whole length of the muscle (3o mm 

~0. 2 

302 
o 

g 

0.~ 

T . . . . . .  

I 

I ! 
1 3 4 5 

T/me (hrs) 

I;ig.  I .  T h e  e x c h a n g e  of  a~K i n  t w o  m u s c l e s  f r o m  t h e  
s a m e  r a t .  T e m p e r a t u r e  2 o  ° C. E x t e r n a l  K c o n c e n -  
t r a t i o n  5 m m o l / 1 .  A f t e r  4 h tb, e m u s c l e s  w e r e  p e r -  
m a n e n t l y  t r a n s f e r r e d  t o  i n a c t i v e  m e d i u m .  
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for the extensor), the volume of an 
"average" fibre will be o.o2T mm ~, and 
its surface area 2.83 mm 2. 

Fig. I. shows the results of typical 
experiments in which the uptake of K 
from a Ringer-type solution containing 
42K was measured, and where after 
some hours the muscles were placed ill 
an inactive solution of the same com- 
position and the time course of the loss 
of radioactivity followed. The figure also 
gives a comparison between the extensor 
digitorum longus and the sartorius. Em- 
pirically the uptake curves can be fitted 
by a simple exponential function of the 
type K* = B(I - -exp( - -b t ) ) ,  where K* 
is the amount of labelled K in the tissue, 
B is a constant representing the fraction 
of the total tissue K which is undergoing 
exchange, and b is the time constant 
governing the process. Strictly the 
equation for K* should involve two 
terms, i.e. one for the extracellular K 
as well as the above, but as will be 

discussed below the amount of K contained in the extracellular space in these muscles 
is too small to be detected within the overall errors of measurement. If a steady state 
with respect to the total K content of the tissue pertains, then according to the 
superposition theorem the equation for the loss of K* when the tissue is placed in an 
inactive medium at time t 1 should be 

K *  ~ B ( I  - -  e x p ( - b t ) )  - -  B ( I  - -  e x p ( - b ( t  - -  t l ) ) ) .  

With the medium used in these experiments the K content of the tissue remains reason- 
ably constant. The average K content of fresh muscles was IOI ± 13 /~equiv/g (S.D., 
6 determinations); that  of muscles incubated for periods up to 8 hr 96 ~- io ~equiv/g 
(S.D., 9 determinations) : it has further been found that the average rate of net loss of 
K was less than 2% of the total per h at 20 ° C for periods of incubation up to 16 h. 
I t  is therefore permissible to use the steady state equations. In the experiments shown 
in Table I the constants B and b were derived from equations of the above type, which 
fitted the experimental curves closely. 

From Table I it is clear that the time constant b governing the movemeW of about 
one half of the total tissue K is of the same order of magnitude for both of tile muscles 
investigated. I t  may be inferred, therefore, that the constant describes a permeability 
rather than a diffusion process. If diffusion were the limiting factor determining the 
penetration of K, then the rate of penetration into the sartorius would be expected to 
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be g rea t e r  than  into  the extensor  digi torum longus, inasmuch as the thickness of the 

sartorius is of the order of o. 5 ram, while tha t  of the extensor  is 3.5 Into. 

P A R A M I £ T I ~ R S  O F  T H E  E Q U A T I O N S  F O R  U P T A K E  O F  L A B E L L E D  K F R O M  A R A D I O A C T I V t ' 2  S A L I N E  S O L U T I O N  

B'*' R A T  M U S C L E S ,  A N D  F O R  T I l E  L O S S  O F  L A B E L L E D  I (  F R O M  M U S C L E S  T O  A N  I N A C T I V E  S O L U T I O N .  

1¢or equations, see text. Temperature 2o:' C. External K concentration 5 mn]ol/] 
l~ as fraction of totaI tissue K; b in h -1 

E ttensor di~itorum lon~us Sarlc~rius 

t'~ b B b 

0.49 0.22 0.37 o.4i 
o.5q 0.20 0.47 0.33 
o.4~ 0.40 0.37 o.~9 
0.42 o.41 
0.46 o.17 

The effect of changing the K concentra t ion of the ba th ing  solution upon the t ime 

constant  b and upon the amount  B of tissue K subject  to this t ime constant  is shown in 

Table I I .  A t t e m p t s  were made to  perform exper iments  of this type  also at 37 ° C. At 

this t empera ture ,  however,  the to ta l  K content  of the tissue tended  slowly to fall to 

about  one half  of the init ial  value (45 / , equ iv /g  ins tead of 96 #equiv/g) af ter  8 h incuba- 

tion. I t  is therefore not  permissible to apply the s teady s ta te  equat ions given above. 

I t  was found tha t  qua l i t a t ive ly  the picture is the same at 2o ° as at 37 ° , but  the value of 

b falls from an average of o.52 h -1 at 37 ° to o.32 h -1 at 20 ° (both with 5 mmol/1 

external  K). 

The results in Table  I I  show tha t  the effect of increasing the externa l  K concentra-  

t ion is to  raise the amount  of K which undergoes exchange,  wi thout  at the same t ime 

increasing the rate  at which the process is carried on. As the K concentra t ion in the 

med ium is raised, the exchangeable  fract ion of the K is raised unt i l  in a concentrat ion 

of 2o mmol / l  the exchange is almost  complete.  

TABLE II 

F E F E C T  O F  E X T E R N A L  K C O N C E N T R A T I O N  O N  T H E  T U R N O V E R  O F  R A T  M U S C L E  Z A T  2 0  ° C .  P A R A -  

M E T E R S  B A N D  b D E T E R M I N E D  B O T H  F R O M  M E A S U R E M E N T S  O F  I N F L U X  A N D  E F F L U X  

B as fraction of total tissue K; b in 11 -I 

Extensor digi torum Iongus Sartorlus  

K CO~W. K cone. 
mmol  'l B h mmol  ,1 B b 

5 0-45 o.~7 
1 o  O . 6 1  o . 2 2  

eo 0.89 0.27 

5 0.40 o.28 
so 0.59 o.~0 
20 0.88 (7.24 

to 0.60 o.i 7 
2o o.77 o.24 

5 0.37 o.19 
io 0.72 0.20 
20 I .oo o.36 
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The figure which it is of the most interest to know is the amount of ion being trans- 
ferred per unit of cell surface. An estimate of this may be obtained by considering the 
dimensions of an "average" fibre of the extensor muscle given above, i.e. a volume 
of o.o21 mm z and a surface area of 2.83 mm ~. With the muscle in a steady state the 
influx of K per unit time must equal the efflux, that is 

k t~Ko]  = k 2 [ K i ] .  

Now the first order equation describing the disappearance of a reactant from a system is 

dc  
<it k,~c, 

where c is the concentration of the reacting substance. This can be integrated in the 
form ct = co exp ( - - k # ) ,  Co and c, referring to the concentrations of c initially and at 
time t. This equation can be applied to the present problem in the form K* t = B exp 
(--k2t) ,  whence it appears that the values of b determined above are identical with k 2. 
[K~I, the internal K concentration, may be found from B, and [Ko] is also known. For 
5 mmol/1 external K concentration, then, 

k2 [Nil  0 . 3 2 "  38 
k l  [Ko]  5 2 .43  h 1 ( a v e r a g e  of  4 m e a s u r e m e n t s ) .  

The amount of K being transferred per unit of cell surface is equal to the flux of K × 
the ratio VIA.  That is, 

I n f l u x / r a m  2 = k 1 [Ko]  VIA = 2 " 4 3 ' 5 " 1 ° - 3 " ° ' ° 2 1  2 .83 • 3 6 0 0  = 2 .5 -  IO - s  # e q u i v / m r n 2 / s e c  

With an external K concentration of Io mmol/1 (5 determinations), the corresponding 
values are k 1 = 1.18 h -1, flux = 2.4" IO -s/~equiv/mm2/sec; and with 20 mmol/1 external 
K (3 determinations), k I = 0.94 h -1, flux = 3-9" IO -s /~equiv/mm~/sec. Thus although 
the external K concentration is greatly increased, the amount of ion being transported 
across the cell boundary is not much raised. It  may be that the system responsible for K 
transport is normally working at near capacity, and large changes in the external K 
concentration produce only small alterations in the total K flux. 

The extracellular space of the rat gastrocnemius is given as 12% by vohlme 
(MANERY AND HASTINGS7) ; assuming that the concentration of ion in this space is the 
same as that in the external solution at equilibrium, the amount of K which would be 
expected in the extracellular phase of these muscle is o.6 ~equiv/g of tissue, i.e. less 
than 1% of the total K. In experiments involving the exchange of K with a Ringer-type 
solution, this small amount of K exchanging in the extracellular space is unlikely to be 
capable of measurement. Nevertheless the equation covering the overall K movement 
must consist of two terms; one a diffusion term for the equilibration of the extracellular 
fraction, and the second a permeability term for the movement of the ion across the 
cell wall. Only if the time constants governing these two processes are substantially 
different can movement in the two phases be dissociated. 

Experiments with K phosphate made it possible to measure the volume of the 
extracellular space of the muscle as well as the rate of turnover of the extracellular K. 
These experiments were performed as follows. The muscle was placed in a solution of K* 
phosphate for I -2  h, at which time all the tissue K determined by analysis had undergone 
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exchange.  In  addi t ion ,  the  normal  high Na content  of the ext racelhf lar  space had  been 
replaced b y  the K* ions of the solution. The muscle was then t ransfer red  to a solut ion 
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Fig. 2. Effect of incubation for [.3 h in K* phosphate 
solution (external K concentration 225 retool/l) At time o 
the muscle was transferred to K* Ringer (external K 
concentration 5 nimol/1) of the same specific activity: at 
the arrow the muscle was permanently transferred to 

inactive Ringer. 

of K* Ringer of tile sanle specific 
ac t iv i ty ,  and  the tissue rad ioac t iv i -  
ty  was de t e rmined  at  short  inter-  
xT"als. Tile result  was a sudden out-  
pouring of the  K* of the ext ra-  
cel lular  space in exchange for Na;  
the in t race l lu la r  K on the o ther  
hand  remained  ahnost  cons tan t  or 
fell ve ry  slowly, since the in t racel -  
lular  K level in K phospha te  was 
found to be s l ight ly  above t ha t  
found after  incubat ion  in saline 
medium.  In  three exper iments  of 
this  t ype  the  ex t race l lu la r  space of 
the  extensor  muscle was found to 
be O.lO-O.15 of the  to ta l  vohune,  
and  the K conta ined  in this  space'. 
t u rned  over  with a half  t ime of 
5-7 rains. This ra te  of exchange is 

where the  half  t ime is of the order ve ry  much  fas ter  t han  t ha t  of the  in t race l lu la r  K, 
of 1 ½  h. A typ ica l  expe r imen t  is shown in Fig.  2. 

H a v i n g  made  the above  measurements ,  the  muscles  could then be t ransfer red  from 
K* Ringer  to inac t ive  Ringer  of the  same composi t ion,  and  the t ime cons tants  for the  
efflux of in t race l lu la r  K de t e rmined  in the  usual  way. P r e t r e a t m e n t  wi th  K phospha te  
d id  no t  cause any  change in the  ra te  of K efttux in saline solut ion;  however  the  K, 
which in saline was inexchangeable  (see Table  I), and  which had  been rendered  
"access ib le"  by  the  app l i ca t ion  of K phosphate ,  d id  not  appea r  to  become re-fixed when 
the muscle  was r e tu rned  to saline solution.  In  o ther  words,  B, the  amount  of exchangeable  
K in the  in t race lh i la r  phase,  now approached  uni ty .  The resul ts  are given in Table I I I .  

TABLE 1II 

VALUES OF TI lE PARAMETERS B AND b DETERMINED FOR THE EFFLUX OF K FROM MUSCLE TO AN 
INACTIVE RINGER SOLUTION AFTER TREATMENT OF THE TISSUE WITH 1K* PHOSPHATE 

T e m p e r a t u r e  2 o  ° C. B a s  f r a c t i o n  o f  t h e  t o t a l  t i s s u e  K ;  b in  h -1 .  
All measurements on extensor digitorum longus. 

B b 

0 .93  o . 2 0  
0 .92  o .24  
o.91 o .3~  
o.tj 3 o .32  
(-)-<4,5 o .23  

Tha t  th is  effect was no t  due to  the  presence of a h igh  concent ra t ion  of phospha te  was 
shown b y  the  fact  t ha t  p re - incuba t ion  of the  muscle in a solut ion of Na phospha te  of the  

Re/erences  p.  9.5. 
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same concentration produced no alteration in the subsequent uptake of K* (B = o.44, 
b = o.34 h-l). Pre-incubation for I h in inactive K phosphate caused an increase in the 
value of B to 0.71 when the influx of 
K* was measured subsequently, o,25 

The effect of stretch on frog muscle 
metabolism was investigated by  FENG s, 
who found that  the resting metabolism 
was increased by the application of ~o2c 

tension. Fig. 3 shows the effect of ap- 
plying stretch on the K transport  of the 
extensor digitorum longns. The stretch 
was given to I I 5  % of the resting length ,~ 0.~ 
by  slipping the loops at the ends of the 
muscle over a U-shaped wire frame, 
such that  the separation at the mouth 
of the U could be varied, and with it o.lc 

the length of the muscle. Otherwise the 
experiment was performed as before. 
Three such experiments were done at 
2o ° C and one at 37 °, all with the same 

0.25 

.// 
0.2C 

,~2 ¢/' ° "/-~ 

0.~25 

\ e  

_ _ t  
2 3 4 0 , k 3 

Time (hrs) 

Fig. 3- The  effect of s t r e t ch  on K exchange  in 
muscle .  S t r e t ch  to 115 % of the  res t ing  l eng th  

appl ied  b e t w e e n  the  t imes  indicated.  

lack of effect on either K influx or efflux. This is in accord with the results of HARRIS 9, 
who found a similar lack of effect of stretch on K movement  in frog muscle, 

DISCUSSION 

These experiments, which were designed to provide information on the movement  
of K in resting mammalian muscle fibres i n  vitro, have shown that  qualitatively there is 
little difference between rat  muscles and those of the frog (HARRISg). Thus in both 
species the exchange of the total tissue K is incomplete if the tissue is incubated in 
saline medium containing a physiological concentration of K, complete exchange only 
being attained if the external K concentration is much increased. 

That  the measured K exchange in these muscles is not being limited by  a diffusion 
barrier is indicated both by the fact that  the rate and extent of the exchange is the same 
in muscles of differing shape (extensor digitorum longus and sartorius), and as well 
from the determination of the movement  of the extracellular K after incubation in K 
phosphate. At 2o ° C this equilibration of fast moving K is 5o% complete in about 
6 rains. Assuming that  the extensor is a cylinder of radius ro = o.18 cm, then half 
saturation is reached at time t when kt/ro 2 ~ o.o62 (HILL1°), where k is the diffusion 
constant governing the process. From this equation it can be calculated that  k 
5.6-lO _6 cm2/sec. The diffusion constant for K ions in free solution is given as 1.6" Io -5 
cm2/sec at 17.5 ° C for o.I M KC1; the diffusion of K into the extracellular space of 
these muscles is thus only reduced to one third of that  holding in free solution. The 
fact that  the bulk of the tissue K exchanges match more slowly than this is indicative 
of the permeabili ty barrier imposed between the cellular contents and the extracellular 
space. 

Values reported in the literature for the cell permeabili ty constant ~ of rat  muscle 
in  vivo vary  between 1.6 and 5"1o-2 cm/h (calculated from HAHN ~ND HEVESY 5, and 

lh'/ere~ces p. 95. 
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NOONAN, FENN AND HAEGE4). The value of xx in the present exper iments  can I}{,, cal- 

cula ted from the values obta ined for lel, since le 1 ~ 1 A / V .  The figure for x l  so obtainc, d 

is L8"xo  -a cm/h  at 20 ° C, the difference between this and the older wdues being par- 

t ia l ly  due to the lower tempera ture .  Since the up take  of K by the cell against the 

gradient  of e lectrochemical  potent ial  is an act ive process, the t empera tu re  coefficient 
may  be presumed to be high. 

The finding tha t  wi th  an external  K concentra t ion  of 5 mmol.'l some 5 o% of the 

tissue K fails to undergo exchange with the ions of the solution requires some considera- 

tion. The fact tha t  the t ime constants  b de te rmined  both for up take  of K from a radio- 

act ive solution and for the loss of K flTom a lahelled muscle to an inact ive  solution agree 

well wi th  eachother  means ei ther  tha t  the constant  cannot  govern the m o v e m e n t  of all 

of the in t racel lular  K, or else tha t  there  is a large imbalance between influx and effiux. 

The second a l te rna t ive  could only mean tha t  a ,aet loss of K was taking place of such a 

magni tude  tha t  half  of the total  K would 1)e lost during three hours of incubation.  This 

has not  been observed to occur. A fur ther  proof was given by an exper iment  in which a 

pair  of muscles were incubated  overnight ,  one in radioact ive  saline and the other  in 

inact ive.  In the morning  the second muscle was placed in act ive  medium,  and the t ime 

course of the uptake  of K measured in the usual way;  at the same t ime the first muscle 

was cont inued in act ive  med ium to ensure tha t  no fur ther  K exchange was taking place. 

The results were:  muscle incubated  overnight  in radioact ive  m e d i u m , / 3  = o.46; muscle 

pre- incubated  in inac t ive  medium,  /~ o.4I, b =: o.4o h -~. The ex ten t  to which the K 
of the muscle was able to undergo exchange was thus not  affected by a i o  h pre- incuba-  

t ion;  the value of b is also within the l imits  found for " f resh"  muscles. I t  seems certain,  

therefore,  tha t  there  is a fair proport ion of the cellular K of muscle which is not  free to 

exchange i~a vitro. Whethe r  raising the t empera tu re  would have the effect of increasing 

the propor t ion of exchangeable  K, as is the case wi th  frog muscle 9, cannot  be de termined  

from these exper iments ,  where incubat ion at  37 ° brought  about  the gradual  loss of 

tissue K. I t  is in teres t ing in this connect ion tha t  STONE AND SHAPIRO 11 have  reported 

tha t  one th i rd  of the to ta l  K of rat  muscle is not  ultrafl l terable.  

~ [ "M~,I ,\ RXt" 

The rates of uptake and loss of tracer-labellcd potassium by isolated muscles of the rat have 
been studied. The rates were found to be of the same order in two muscles (extensor digitorum longus 
and sartorius) of different shape but of similar total volume. 

In Ringer's solution at 2o ° C one half of the total tissue K exchanged with first-order kinetics, 
the remainder being apparently inexehangeable. The proportion of exchangeable K could be increased 
by increasing the K concentration of the bathing medium, complete exchange being attained with a 
concentration of 2o mmoI/1. 

The rate of exchange of the 1( contained in the extracellular space of tbe tissue, and the volume 
of the space, were measured following incubation of the tissue in isotonic K phosphate solution. The 
extracellular t¢ exchanged with an average half time of 6 min, in contrast to the i 1/2-2 h period 
required for half exchange of the exchangeable intracellular K. 

The application of mechanical stretch was without effect on the influx or efflux of K in tile muscle. 

R IT:S UMI;2 

Les vitesses d'c'ntr6c et de sortie du potassiuln clans ies muscles isolds de rats out dt6 6tudi6s au 
moyen de potassium marqu6. Les vitesses 6talent semblables pour deux muscles de forme diff6rente 
mais de m~me volume (extensor digitorum longus et sartorius). 

Dans une solution de Ringer, la moiti6 de la quantit6 totale de K pr6sente dans le tissu rut 
6changde suivant la eilldtique d'une reaction du premier ordre, le reste 6taut apparemment non 

Re/ercJ~es #. 95. 
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t~changeable. La propor t ion  du K tSchangeable pu t  6tre augment6 par  616vation de la concentrat ion 
du milieu ext6rieur en K. Lorsque cette concentra t ion dtait de 2o mmol/1 la totalit6 du K fut  6chang6. 

Le volume de l 'espace extracellulaire et la vitesse d '6change de son K ont  6t6 mesur6s apr~s 
incubat ion du t issu dans une solution isotonique de phospha te  de K. Le K extracellnlaire s '6changeait  
avec une demi-periode moyenne  de 6 minutes  alors qu'elle est de I IQ-2 heures pour  le K intra-  
cellulaire 6changeable. 

Une tension m6eanique  exerc6 sur le muscle fur sans effet sur  l 'entr6e ou la sortie du K. 

Z U S A M M E N F A S S U N G  

Die Geschwindigkeit  der Aufnahme und der Abgabe yon mark ie r tem K wurde an isolierten 
Muskeln der Rat te  studiert .  In zwei Mnskeln yon verschiedener Gestalt  aber  gleichem Volumen 
(Extensor  d igi torum longus und  Sartorius) ist die Geschwindigkeit  des K-Austausch  yon der gleichen 
Gr6ssenordnung.  In  Ringer L6sung bei 20 ~ C wird die H~lfte des Gesamten K des Gewebes aus- 
getauscllt  in einer kinetischen Reakt ion  erster  Ordnung,  der Rest  scheint nicht aus tauschbar .  Das 
Verh~ltnis des aus tauschbaren  K konnte  erh6ht  werden, durch Erh6hun~  der K-Konzen t ra t ion  im 
Bad, vollst~ndiger Austausch wurde erhal ten bei einer Konzent ra t ion  yon 20 mmol/1. 

Die Austauschgeschwindigkei t  des K, in extrazellul~ren Gewebsspal ten und ihr Volumen wurden  
nach Einlegen des Gewebes in isotonische K-Phospha t -L6sung  gemessen. Der extrazellulXre K- 
Aus tausch  mit  einer Halbwer tsze i t  yon 6 Min. s teht  im Gegensatz zu der Zeit yon t 1/2 bis 2 S tunden  
ffir den Aus tausch  des intrazelluliiren K. 

Die Anwendung  mechanischen Zugs blieb ohne Wirkung  auf die Aufnahme und die Abgabe yon 
K im Muskel. 
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