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INTRODUCTION 

The ionic concentration gradients which exist between the inside and the outside 
of nerve fibres and their possible role in nerve function have been discussed in the preced- 
ing paper. In spite of the importance of this question very little information is available 
as to the ionic movements across axonal surface membranes in rest and during activity. 
The investigations on the giant axon of Squid have demonstrated that this material is 
most suitable for permeability studies. With the increased availability of radioactive 
ions from the Oak Ridge pile a more direct approach to the problem became feasible. 
It was thought that precise and more quantitative data might be obtained by subjecting 
the giant axon of Squid, Loligo peallii, to artificial environments in which all or part of 
a given ionic constituent was replaced in isomolar concentration with its radioactive 
isotope. 

METHODS 

Chemical. N a  24 a n d  K 4~, ava i lab le  f rom t h e  Oak  Ridge  pile in t he  fo rm of t he  ca rbona tes ,  were 
dissolved in t h e  smal les t  possible  v o l u m e  of dist i l led wa te r  and  t h e n  conver t ed  to t he  chlor ides  b y  
t he  add i t ion  of equ iva l en t  quan t i t i e s  of d i lu te  HCh Al iquo ts  of  t he  neu t r a l  solut ion were t h e n  t r ans -  
ferred to  t a r ed  via ls  a n d  evapo ra t ed  to d ryness  u n d e r  inf ra- red  h e a t i n g  l amps .  The  q u a n t i t y  of sa l t  
per  v ia l  was  d e t e r m i n e d  b y  weighing  a n d  artificial sea  wa t e r  was  p repa red  f rom these  as  descr ibed 
below. All necessa ry  p recau t ions  were m a i n t a i n e d  (i.e., r emote  con t ro l , p ipe t t i ng  beh ind  th i ck  lead 
shields,  etc.) in ca r ry ing  o u t  t h e  convers ions  of ca rbona t e s  to  chlorides *. 

The  Ca 45 employed  in our  earl iest  e x p e r i m e n t s  was  t h a t  ob ta ined  f rom the  Oak  Ridge  pile in 
t he  fo rm of CaCO 3 (AEC Cata log I t e m  =~: 13 A). Since th i s  ma te r i a l  con ta ined  A s~ in add i t ion  to  
Ca 45, i t  was  deemed  necessa ry  to p u m p  o u t  t he  A 37 u n d e r  h igh  v a c u u m  before ca r ry ing  ou t  t he  con- 
vers ion  of t h e  c a r b o n a t e  to  chloride. I n  general ,  t h e  l a t t e r  convers ion  was  carr ied o u t  in a m a n n e r  
s imi lar  to  t h a t  for Na  s4 a n d  K 42 above.  I n  la te r  exper imen t s ,  h igh  specific ac i t iv i ty  Ca 45 was  employed  

* These  inves t iga t ions  were suppo r t ed  by  a resea rch  g r a n t  f rom the  Atomic Energy Commission. 
* *  F r o m  a d i sse r ta t ion  s u b m i t t e d  in par t i a l  fu l f i lment  of t he  r e q u i r e m e n t s  for t h e  degree of 

Doc to r  of  Ph i l i sophy  in t h e  F a c u l t y  of  P u re  Science of Co lumbia  Un ive r s i ty .  
*** W e  are  i ndeb ted  to  TRACERLAB, INC., BOSTON, MASS., for ca r ry ing  ou t  t h e  ca rbona t e  to  

chloride convers ions .  
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(AEC Cata log I t e m  ~ S-5)*. Al iquo ts  of  t he  Ca 4s solut ion were p ipe t t ed  in to  the  appropr ia t e  v o l u m e s  
of Ca-free artificiai sea  wa te r  to give t h e  correct  Ca concen t ra t ion  (o.o12 M). 

Preparation o/biological material. T h e  las t  s tel lar  ne rves  (conta ining a g i an t  axon)  were excised 
f rom spec imens  of Loligo peaUii, af te r  first t y i ng  b o t h  ends  of t he  por t ion  desired. Nerve  sect ions were 
t h e n  kep t  in f resh  n a t u r a l  sea  wa te r  for I ~ to 2 hour s  before use. The  resu l t s  of STEINBACH AND 
SPmGEL~AN 1 h a d  ind ica ted  t h a t  du r ing  t he  first 2 hou r s  af ter  excision of s tel lar  nerves ,  t he  chemica l ly  
de t e rmined  va lues  for Na  v a r y  cons iderab ly  and  i t  is only a f te r  th i s  t ime  h a s  e lapsed t h a t  t he  a x o p l a s m  
comes  in to  equi l ib r ium wi th  i ts  ou te r  env i ronmen t .  The  va lue  for Na  reaches  i t s  m a x i m u m  va lue  of 
io  meq.  per  cen t  wi th in  th i s  period. 

The  ne rves  were t h e n  exposed  to artificial sea  wate r  prepared  according to PANTIN s in wh ich  all 
or  p a r t  of a g iven  ion species h a d  been replaced i n  isomolar  concen t ra t ion  wi th  rad ioac t ive  mater ia l .  
The  sea  wa te r  con ta ined  o.52 M NaC1, O.Ol 3 M KC1, o.o12 M CaC1 z, and  o.o24 M MgC1 z. The  PH was 
a d j u s t e d  to 7.7-8.o by  t he  add i t ion  of a smal l  vo l ume  of b ica rbona te  or  N a O H ,  t he  la t t e r  in those  
cases  where  t he  a d j u s t m e n t  requi red  considerable  a m o u n t s  of alkali.  Af te r  t he  desired period of 
exposure ,  t he  ne rves  were r emoved  a n d  r insed  severa l  t imes  in a few changes  of f resh  n a t u r a i  sea  
water .  Af te r  b lo t t ing  of filter paper ,  t he  p rox ima l  end  was  cu t  off. The  a x o p l a s m  (nerve cy top lasm)  
was  e x t r u d e d  by  t he  appl ica t ion  of gent le  b u t  g radua l ly  increas ing  pressure  wi th  a pa i r  of forceps 
in t he  direct ion of the  cu t  end.  T he  ex t ruded  a x o p l a s m  was  collected on a t a r ed  a l u m i n u m  p l anche t  
(13o-15o m g  each a n d  a b o u t  one inch in diameter)  and  weighed qu ick ly  wi th  a tors ion balance.  One  
ml  of dist i l led wate r  was t h e n  added  to each p l anche t  to insure  even  d i s t r ibu t ion  of t he  rad ioac t ive  
subs t ance  over  t he  ent ire  area  of t he  p lanche t .  

Determination o/ radioactivity. Samples  were t h e n  evapo ra t ed  to  d ryness  u n d e r  infra-red l a m p s  
a n d  t he  rad ioac t iv i ty  m e a s u r e d  wi th  a Tracer lab  64 Scaler**. Measured  radioact iv t t ies  were recai- 
cu la ted  to zero t ime  f rom the  decay  curve  of the  ind iv idua l  ion u n d e r  inves t iga t ion  in order  to correc t  
for t he  decompos i t ion  wh ich  occurred dur ing  the  m e a s u r e m e n t  of sample  act ivi t ies .  Th i s  correct ion 
becomes  apprec iab ly  large, when  us ing  Na  14 and  K 4z which  have  haif- l ives of 14.8 and  12. 4 hou r s  
respect ively.  Compar i son  of t he  ac t iv i t ies  of the  samples  wi th  s t a n d a r d s  p repared  f rom a l iquots  of 
t he  rad ioac t ive  artificial sea  wa te r  (and ana lysed  a t  the  same  level in t he  coun t i ng  chamber )  enabled  
t he  ca lcula t ion  of t he  ion con t en t  of  t he  a x o p l a s m  samples .  

The  m e t h o d  of p repa ra t ion  of t h e  s t a n d a r d s  for Tables  I, II ,  and  I I I  are  g iven  a t  t he  top  of 
each  of these  tables.  The  Na  s t a n d a r d s  for t he  d a t a  g iven  in Tables  IV, VI,  IX,  and  X were p repared  
b y  d i lu t ing  the  sea  wate r  (conta ining o.39 M Na23C1 + o.13 M Na24C1) 25o t imes  wi th  disti l led water .  
0. 5 ml  a l iquots  were t h e n  evapora t ed  to d ryness  in dupl ica te  on a l u m i n u m  p l anche t s  (1.o 4 micromoles  
Na/o.  5 ml).  For  Tables  VI I  and  VI I I ,  Na  s t a n d a r d s  were p repared  by  th i s  s ame  me thod .  However ,  
s ince a reduc t ion  in t he  to ta l  NaC1 concen t ra t ion  h a d  been m a d e  in order  to m a i n t a i n  t he  isotonic i ty  
in the  presence of added  inhib i tors  of cholinesterase,  t he  o.5 ml  a i iquots  con ta ined  on ly  I.OO micro-  
mole Na/o.  5 ml. The  K s t a n d a r d s  for the  d a t a  g iven  in Tables  V a n d  VI I  were prepared  by  d i lu t ing  
t he  sea  wate r  (conta in ing O.Ol 3 M K42C1) IOO t imes  and  t h e n  evapora t i ng  I.O ml  a i iquots  in dupl ica te  
as above  (o.13 micromole  K/I .O ml).  Radioac t iv i t ies  recorded in Tables  IV t h r o u g h  X h a v e  ail been 
corrected to zero t ime.  

Electrical. Nerves  were tes ted  for n o r m a l i t y  of conduc t ion  bo th  before and  af te r  exposure  to 
radioisotope con ta in ing  sea  water .  T he  nerves  were s t i m u l a t e d  t h r o u g h  a pair  of si lver wire electrodes 
by  condenser  d ischarge  shocks  Of a t ime  c o n s t a n t  less t h a n  o.2 mil l iseconds.  Act ion  po ten t ia l s  were 
led off by  m e a n s  of a second pair  of si lver wire electrodes to a condenser  coupled amplif ier  of a modif ied 
Toeney  differential  t ype  circui t  and  t h e n  recorded on a D u M o n t  No. 279 Dual  B e a m  Oscilloscope. 
On ly  those  ne rves  were used  which  still exh ib i ted  n o r m a l  conduc t ion  a t  t he  end  of t he  exper iment .  

S tudies  of the  ra tes  of ion exchange  dur ing  electrical ac t iv i ty  of  t he  nerves  were carr ied ou t  in 
t he  following m a n n e r :  Nerve  c h a m b e r s  were used  of na r row bore po lys ty rene  t u b i n g  (2 m m  i.d.) in to  
which  were sealed, a t  r igh t  angles  to t he  l eng th  a n d  a t  5 m m  intervals ,  o . o i56"  d i ame te r  P t  wire as  
descr ibed  p rev ious ly  (II). Nerves  were m o u n t e d  in t he  c h a m b e r  by  t h r ead ing  a long t h in  wire t h r o u g h  
t he  po lys ty rene  t ube  (one end  of t he  wire h a v i n g  prev ious ly  been t ied to t he  t h r ead  a t t a c h e d  to  t he  
nerve) .  The  nerve  was  t h e n  careful ly  d r awn  into t he  tube.  By  sl ipping a piece of na r row bore rubbe r  
t u b i n g  over  t h a t  end  of t he  po lys ty rene  t ube  f rom whiclx t he  t h r ead  issued, t he  thread-~-and t he r eby  
the  n e r v e - - w a s  fixed in posit ion.  The  rubbe r  t u b i n g  was  t h e n  connec ted  to a per fus ion  bot t le  filled 
wi th  sea  wate r  con ta in ing  t he  radioact ive  ions. Per fus ion  of t he  nerve  p repara t ion  was  carr ied o u t  b y  
m e a n s  of g rav i ty .  The  d iamete r  of t he  plast ic  t ub i ng  chosen was  such  t h a t  only  a ve ry  th in  layer  of 
sea  wate r  r e m a i n e d  be tween  t he  nerve  and  t he  wail of t he  po lys ty rene  tube.  Thus ,  t he  difficulty of 
excessive s h u n t i n g  by  t he  sea  wate r  was  largely e l imina ted  and  s t imu la t i on  of, and  recording f rom,  
t h e  nerve  was  possible t h r o u g h o u t  t he  period of exposure  to t he  i so tope  con ta in ing  sea  water .  

* W e  are  indeb ted  to Dr  G. FAILLA AND Dr. P. AEBERSOLD for m a k i n g  t he  h igh  specific ac t iv i ty  
Ca ~ (carrier free) avai lable  to us. 

** W e  are  indeb ted  to Dr  G. FAILLA and  the  MARINE BIOLOGICAL LABORATORY, WOODS HOLE, 
MASS., for m a k i n g  t he  Scaler avai lable  to us. 
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RESULTS 
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A. ION EXCHANGES AT REST 

I. Potassium. In one series of experiments the stellar nerves were exposed to arti- 
fical sea water  in which the K 3° had been replaced by K 4. in the usual sea water concen- 
trat ion (o.o13 M). Analysis of axoplasm samples indicated that  there was a rapid ex- 
change of potassium under these conditions. Table I gives a few examples illustrating 
the size of the axoplasm samples, the magnitude of the radiation measured and the 
manner  in which the standards were prepared. All of the data  obtained in this way are 
presented in Fig. I .  Each point on the graph represents a single experiment. The number  
of millimoles (raM) of K 4. which penetrated per IOO gm axoplasm (wet weight) is plotted 
against t ime of exposure of the nerve fibre to the radioisotopic sea water. I t  will be 
noted from Fig. I tha t  the rate of penetration of K 42 through the nerve membrane is 
initially quite high but  it then slows markedly and within 60 min, analyses indicate an 

approach to a maximal  value or 2.5 mil- 

1.0 

0.5 

. f ,  

, i  

Z t i  • 

/ 
f5 30 60 90 

Min. of exposure 
Fig. I. K penetration across the membrane of 
the giant axon of Squid when exposed to O.Ol 3 
K42C1 in artificial sea water. The horizontal 
broken line on the ordinate indicates the K 42 
concentration outside. The penetration of K 4~ 
in millimoles (mM)/IOO g axoplasm (wet weight) 

is plotted against time in minutes. 

limoles/Ioo g asymptotically.  If  one ac- 
cepts the values for the potassium content 
of the axoplasm found in the literature 
(STEINBACH AND SPIEGELMAN, 32.1 meq. 
per cent:; BAER AND SCHMITT, 27 meq. per 
centS; WEBB AND YOUNG 25.3 meq. per 
cent 4) it can be seen that  the max imum 
exchange obtainable under these con- 
ditions is approximately one tenth of the 
total  K concentration of the.axoplasm. 

In all probability, the curve in Fig. I 
is a composite of at least two, or possibly 
more, distinct reactions. The first par t  
of the curve, with the steepest slope, is, 
in all probability, a true measure of the 

ra te  of exchange of K across the nerve membrane.  The second phase in which the 
rate of exchange has slowed down may possibly be ascribed to a movement  of the 
radioactive ions from the inside to the outside after having reached a certain level. 
Finally, when the inside concentration is about twice that  of the outside, there ap- 
pears to be an equilibrium of the movements  in the two directions. 

The experiments show that  even at rest, there is a dynamic equilibrium between the 
K inside the fibre and that  in its outer environment ~. Within 5 ° rain an equilibrium is 
established. Under such conditions only about one tenth of the total  K inside the fibre 
has exchanged for K 42 in the bathing medium. The K 42 concentration inside the fibre 
is 2.5 millimoles/Ioo g axoplasm against 1.3 millimoles/Ioo ml for the sea water. When 
a s teady state of exchange has been attained, it is possible to calculate the permeabil i ty 
constant for this exchange of K at  rest by  means of COLLANDER'S equation as modified 
by  KROGH 5. According to KROGH where d is the diameter  of the cell (cm), t is 

d cs 
P = o.576 loglo 

Cs - -  Co a_~ 
ao 
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time (hours), Cs and Co concentrations of the ion inside and outside respectively, and as 
and a o are the corresponding activities, d may be assumed to be = 0.o 5 cm, C s = 0.32 M 
(STEINBACH AND SPIEGELMAN) a n d  C O = o.o13 M. Substituting 40400 cts/min/ml fo r  

a o (from Table I ) a n d  7770o cts/min/g for as (from Fig. I) when t = 0.83 h, one obtains 
a value of 1.25" IO -z cm/h for P, the permeability constant, from the equation above. 

TABLE I 
K 42 PENETRATION 

Nerves exposed to sea water containing o.oI 3 M K4=C1 for varying periods of time. Standards (S 1 
and Sj) : sea water diluted i : io and then 0. 5 ml evaporated to dryness in duplicate (0.65 micromole 
K42]o.5 ml).  Counts Per rain indicate the actual count, uncorrected for time decay of radioactivity. 

Time of exposure Axoplasm Counts Millimoles Micromoles 
(rain) (rag) per min per ioo g per ioo g per rain 

4 
9 

14 
19 
24 
30 
45 
55 
65 
80 
$1 
Sa 

9.2 
7.6 

11. 7 
I I . 6  

8.3 
9.2 

12.9 
16.o 
13.6 
18.8 

9 ° 
135 
466 
57 ° 
43 ° 
57 ° 
930 

1247 
ioo7 
149o 
2oi7 
2022 

a v e r a g e  
2020  

o.3o 
o.52 
I . I 9  
1.5I 
1.6o 
1.91 
2 . 2 2  

2.49 
2.38 
2.54 

75 
58 
85 
80 
67 
64 
49 
45 
37 
25 

Fig. 2 shows the rates of exchange of K against time. I t  will be noted that  the rate 
is initially high but  then drops to a value which is only about one fourth of that  of ' the 
initial rate. The rate of penetration ap-.~ 
proaches a limitingvalue of 20 millimoles/~ ec " ~  
IO0 g/min (or 2.5" 10 -~ mole/cm2/min ~6o ~ .~  

. .  im: 7c7s oTtexr;e   °e°:s as su  a ~ . ~ |  

the nerves were exposed to 0.026 M K 42 ~ 2~ - " "  
C1 in the bathing sea water (twice the 
normal K concentration). In carrying 
out these experiments, a decrease in NaC1 
concentration was made equivale, ut to the 
increase in KC1 in order to maintain the 
isotonicity of the sea water. The data ob- 
tained are plotted in Fig. 3- 

I t  is evident from a comparison of Figs I and 3 that  the shapes of the curves ob- 
tained for o.oI 3 M and o.o26 M KC1 are very much alike. However, since the ordinate 
in Fig. 3 is greater by  a factor of two, it can be seen that  in the latter case the penetra- 
tion of  K 42 i n t o  t h e  f ibre  r e a c h e s  a m a x i m a l  v a l u e  of  5.3 m i l l i m o l e s / i o o  g a x p o l a s m .  

As in the case of the experiments with o.oI 3 M KC1, exchange of K s inside for K 42 
outside reaches an equilibrium when the inside concentration of K 42 is twice that  of 
the outside. 

As in the case of Fig. I, Fig. 3 should probably have been resolved into three 
distinct phases. The considerations applied to the segments of Fig. I are also applicable 

Re/erences p. I I  4. 
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Fig. 2. Rate of K penetration across the mem- 
brane of the giant axon of Squid when exposed 
to o.o13 M Ktq;l  in artificial sea water. The rate 
of penetration of K u in micromoles (/~M)/lOO 
g/rain is plotted against time of exposure in min. 
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Fig. 3. K penetrat ion across the membrane  of the 
giant  axon of Squid when exposed to o.o26 M K42C1 
in artificial sea water (twice the normal K concen- 
tration). The horizontal broken line on the ordinate 
indicates the K 42 concentration outside. The pene- 
tration of K 4~ in millimoles (mM/ioo g axoplasm 
(wet weight) is plotted against  t ime in minutes.  
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Fig. 4. Rate  of K penetration across the membrane  
of the giant  axon of Squid when exposed to o.o26 M 
K4zc1 in the artificial sea water (twice the normal 
K concentration). The rate of penetrat ion of K 4z 
in micromoles (/~M)/zoo g/min is plotted against  

t ime of exposure in minutes.  
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Fig. 5. Na penetrat ion across the membrane  of the 
giant  axon of Squid when exposed to artificial sea 
water containing either o.13 M or o.o65 M NaZ4C1. 
Total NaC1 concentration is 0.52 M. The penetra- 
tion of Na in millimoles (mM)/ioo g axoplasm 
(wet weight) is plotted against  t ime of.exposure in 

minutes.  
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to those of Fig. 3. The rates of K 42 
penetration against t ime with o.o26 
M KC1 outside are given Fig. 4. From 
a comparison of Figs 2 and 4, it is 
evident tha t  the initial rate of K ~2 
penetration, using 0.026 M KC1 out- 
side, is greater than that  of the initial 
penetration rate  obtained with o.013 
M KC1 outside. Also, in the case of 
0.026 M KC1 outside, the rate of 
penetration falls more rapidly than 
in Fig. I. However, the limiting rate 
of penetration finally at tained is 
twice tha t  of Fig. 2. 

2. Sod ium.  The problem of Na 
penetration into the giant axons of 
Squid was investigated in a manner 
similar to that  employed for K 4a. In this 
case, however, either one fourth or one 
eighth of the Na 2s in the sea water 
(normally 0.52 M) was replaced by  
Na 24. The remainder of the Na, neces- 
sary for maintainence of isotonicity 
of the sea water, was made up with 
ordinary Na 23. All other ions were 
maintained in their normal concentra- 
tions. Calculation of the Na pene- 
trat ing the fiber was made on the 
assumption that  there was no inherent 
difference in the case of Na 23 and Na z4 
penetrations. Some typical data ob- 
tained are illustrated in Table I I .  

Fig. 5 represents all of the Na 
penetration data accumulated. I t  will 
be noted that  Na enters the fibres at a 
rather  high initial rate which falls 
markedly quite quickly. The Na pene- 
tration reaches a maximum of ap- 
proximately 17.o millimoles/ioo g. 
This value is in good agreement with 
the value of 16.2 meq. per cent (16.2 
millimoles/Ioo g) calculated by  STEIN- 
BACH AND SPIEGELMAN 11 f r o m  t h e  

d a t a  of WEBB AND YOUNG. O u r  v a l u e  

for the Na penetrating would, there- 
fore, s e e m t o  indicate that  exchange 
of Na across the nerve membrane is 
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complete within about 30 min. Attainment of the steady state is accomplished when 
all of the Na inside the nerve has been exchanged for Na =4. Under such conditions, 
substituting in the permeability equation, the values of o.I62 M for C s (WEBB AND 
YOUNG), 0.52 M for Co, 934.3 cts/min/F1 for a o (Table II) and 293.6 cts/min//~g for 
as (Fig. 3) with t = 0.5 h and d = o.o5 cm, gives a value for the permeability constant 
of 5.76" lO -= cm/h. 

T A B L E  I I  
N a  24 PENETRATION 

Nerves  exposed  to  sea  wate r  con ta in ing  0.39 M Na=SC1 + o.13 Na~tC1 for v a r y i n g  per iods  of t ime.  
S t a n d a r d s  (S 1 a n d  Si): sea  wa te r  d i lu ted  i : i o o  a n d  t h e n  0. 4 ml  evapo ra t ed  in dupl ica te  (2.I micro-  
moles/o.  4 ml) .  Coun t s  per  m i n  indica te  t he  ac tua l  coun t ,  uncor rec ted  for t ime  decay  of rad ioac t iv i ty .  

T i m e  of exposure  A x o p l a s m  Coun t s  Mill imoles Micromoles  
(min) (mg) per  rain per  ioo  g per  ioo  g per  m i n  

3 
9 

I I  
2O 

35 
42 
5o 
55 
6o 
80 
$1 
S= 

11. 4 
12.o 
I 5 . 2  
13.8 
I 5 . 2  
14.6 
12.I 
lO.2 
lO. 4 
I I . I  

xoI 4 
2o9o 
3550 
3234 
3924 
342o 
2770 
4834 
216o 
3464 
3 7 2 0 / a v e r a g e  
3754) 3737 

4.7 
9.7 

I2. 4 
12.8 
14.3 
I3.O 
12. 7 
26.8 
II. 7 
17.9 

1.57 
I .o8 
1.13 
0.64 
o.41 
O.31 
0.25 
0.49 
0.20 

0.23 

The degree of scattering appears to be slightly larger in the case of Na than of K. 
This could, to some extent, be due to a slight contamination of the samples with radio- 
active sea water since the sea water contained such a high concentration of radioactive 
Na. Another factor may be the individual variations in Na content of these nerves. The 
data of STEINBACH AND SPIEGELMAN indicate that  the values vary  considerably from 
one nerve to the next:  3 to 4 hour exposure of axons to sea water gave Na values varying 
from 7.8 to 17. 4 meq. per cent. No apparent effort was made in their work to determine 
whether or not all of these nerves main- ~ 6.0 

tained conduction. I t  is, therefore, not 
certain that  such large deviations are ~ s.o ~, 
actually within the normal range of ..~ 4.0 
variation. Nevertheless, it is quite con- 

J.C 
eeivable that  marked individual devia- 
tions occur. 

The rates of penetration of Na into 
Squid nerves are plotted against time 
in Fig. 6. It  will be noted that  the initial 
rate of penetration of Na into fibres is 
extremely high but  falls to a very low 
level within I5 to 20 min. The rate of 
penetration after 4 ° min of exposure 
has fallen to a value about one twen- 

Re/erences p. zz  4. 
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8 '  ' 

JO 60 90 
MIn. of exposure 

Fig. 6. Rate of Na penetrat ion across the mem- 
brane of the giant  of Squid when exposed to  ar t i -  
ficial sea  wa te r  con ta in ing  e i ther  o.13 M or 0.065 M 
Na~C1. To ta l  NaC1 concen t r a t ion  is o.52 M. T h e  
r a t e  of pene t r a t i on  of Na  84 in mil i imoles  (mM)/IOO 
g / mi n  is p lo t t ed  aga ins t  t i m e  of exposure  in rain. 
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tieth of that  of the initial rate. This rapid fall in the rate of penetration is further 
support for the assumption that complete exchange of Na across the membrane occurs 
within a short period of time. 

Extrapolation of the curve in Fig. 6 to zero time gives a value of 5.8 millimoles/ioo 
g/min for the initial rate of Na exchange in these nerves. If one carries out a similar 
operation for the curve of Fig. 2, a value of 0.082 millimole/ioo g/min for K is obtained. 
These results seem to indicate that the initial rate of exchange of Na is many times 
greater than of K. These findings do not support the concept.s of CONWAY 6 that nerve 
membranes are impervious to Na although it has to be kept in mind that  the obser- 
vations are limited to the giant axons of Squid. The observations presented are consistent 
with those of STEINBACH AND SPIEGELMAN who have been able to demonstrate that  Na 

f.O 

0.6 

~,0.4 

0.2 

/ 

/ 
fO 

__.-- -J 
f 

~ J  

20 50 fO0 Hi~ of exposure 
Fig. 7. Ca penetration across the membrane of 
the giant axon of Squid when exposed to artifical 
sea water containing o.oi2 M Ca45C1,. The pene- 
tration of Ca 45 in millimoles (mM)/i oo g axoplasm 
(wet weight) is plotted against time in minutes. 

enters these nerves. 
3. Calcium. Table I I I  gives some of 

the date obtained when nerves were 
exposed to high specific activity of Ca ~5 
(o.o12 M) in artificial sea water for varying 
periods of time. All of the date obtained 
are plotted in the curve of Fig. 7. As in 
the cases of Na and K, each point on 
the curve represents a single nerve. The 
curve has been drawn through the mean 
of the several values at a given time of 
exposure. The data obtained were the 
same when low specific activity Ca ts was 
used. 

TABLE III  
C&45 P E N E T R A T I O N  

Nerves exposed to sea water containing o.o12 M Ca45C12 (high specific activity) for varying periods 
of time. Standards (S x and $2): sea water diluted 1:2oo and then o.5 ml evaporated in duplicate 
(0.03 micromole C#~/o.5 ml). 

Time of exposure Axoplasm Counts Millimoles Micromoles 
(min) (mg) per rain per lOO g per 1oo g per rain 

5 ° 
5 ° 
5 ° 
5 ° 

1oo 
Ioo 
St 
S~ 

19.2 
8.2 
6.0 
6.6 
9.4 
4.6 

lO167 
4762 
2829 
3271 
16o 7 
1139 
1997} average 
2010 2004 

0.79 
0.87 
o.71 
0.74 
0.26 
0.37 

15.6 
17.2 
14.2 
14.6 

2. 7 
3.8 

I t  will be noted from Fig. 7 that the Ca 45 inside the nerve seems to reach a maximum 
value of o.82 millimole/.IOO g within 45 rain and then decreases to a value of o.45 milli- 
mole/Ioo g at ioo rain of exposure. I t  is evident, therefore, that  the Ca penetrates into 
these nerve fibres. The values obtained seem to indicate that  the concentration of Ca 45 
at IOO min is lower than at 5 ° min. Further investigations are desirable for an inter- 
pretation of this observation. 

Re/evenc.es p. H 4. 



VOL. 4 (1950) PERMEABILITY AND NERVE FUNCTION, II I03  

Fig. 8 is a curve obtained by  plotting the rates of penetration of Ca ~ into the nerves 
against time of exposure. I t  will be 'noted that  the initial rate of exchange, extrapolated 
to zero time, is quite high and com- 
parable to the initial extrapolated d se 
value for K (5 ° micromoles/Ioo gm/ ~, 
min and 82 micromoles/Ioo gm/min ~¢0 
respectively). 30 

,po Fig. 8. Rate of Ca penetration across the 
membrane of the giant axon of Squid when 
exposed to artificial sea water containing 
o.o12 M CauC1. The rate of penetration of 
Ca 46 in micromoles (/~M)/lOO g/min is 
l~lotted against time of exposure in 

minutes. 

fO 

\ 

~o ~o t00 
MI.. of exl~oscre 

B. FACTORS INFLUENCING. EXCHANGE OF Na AND K 

In view of the considerable individual variations of the ion content of these nerves, 
it appeared advisable to modify the method of accumulation of data in studying the 
effects of a number of factors on the ion exchanges across the nerve membrane. Instead 
of collecting single values at varying periods of exposure, a large number of nerves 
were exposed simultaneously under identical conditions and for the same period of 
time. At least five values were obtained for a given condition and only the average values 
utilized in carrying out comparisons. All exposures were l imited to 3 ° min. They were 
carried out at room temperature (22 ° C), except for the cases in which the Qlo of Na 
and K exchange were studied. 

I. QlO o/!Na and K exchange. Table IV contains the data obtained when nerves were 
exposed to 0.39 M Na 28 C1 + o.13 M Na 24 C1 in artificial sea water for 30 min at 22 ° and 
13 ° C respectively. At 22 ° C, the average of eight nerves gave a value of 9.5 miUimoles/ 
ioo g while at 13 ° C the average of eight nerves was 8.6 miUimoles/IOO g. This would 
correspond to a Qlo of 1.22. 

TABLE IV 
E F F E C T  OF TEMPERATURE ON THE RATE OF PENETRATION OF Na 

Nerves exposed for 3 ° min to sea water at 22 ° and I3 ° C containing 0.39 M Na~CI + o.i 3 M NaHCL 
S 1 and S I = standards. 

2 2  ° C 
Axoplasm 

(rag) 

S 1 

Ss 
IO.2 

9.4 
5.2 
8.8 
5.8 

12.O 

14.2 
I 2 . 2  

Average 

Counts 
per rain 

1324 / average 
I285 J I3O5 
1273 
1321 
59 ° 
996 
599 

1341 
1681 
I568 

Millimoles 
per IOO g 

9.9 
II.2 

9.1 

9.0 
8.2 
8.9 
9.4 

lO. 4 

9.5 

I3 ° C 
Axoplasm 

(mg) 

II .  4 
I6.6 
14.6 
20. 4 
I2.6 
8.8 

16.6 
x8.8 

Average 

Counts 
per rain 

14o5 
I964 
1624 
2 1 0 0  

1199 
looi  
1694 
1864 

Millimoles 
per lOO g 

9.8 
9.4 
8.9 
8.2 
7.6 
9.0 
8.I 
7.9 

8.6 
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The exchange of K was studied under identical conditions (3 ° min exposure at 
22 ° and 13 ° C) using O.Ol 3 M K42C1 instead of K39C1 in the sea water. At 22 ° C the 
average of seven nerves was 1.31 millimoles/ioo g and at 13 ° C the average of the same 
number of nerves was 1.o 9 millimoles/Ioo g (Table V). This would correspond to a 
Qlo of 1.33. 

T A B L E  V 

EFFECT OF TEMPERATURE ON THE RATE OF PENETRATION OF K 

Nerves exposed for 3 ° min to sea water  at  22°C and I 3 ° C  containing O.Ol 3 M K42C1. S 1 and S 2 
= s tandards.  

22 ° C 
Axoplasm 

(mg) 

81 
$2 

IO.8 
lO. 4 

7.2 

S 1 
$2 
7.2 

15.8 
12. 4 
22.0 

Average 

Counts  
per  min 

I O I 4 / a v e r a g e  
IOSI j  lO33 
123o 
1152 

758 

4 8 2 / a v e r a g e  
488~ 485 
372 
659 
586 

IOOO 

Millimoles 13 ° C 
Axoplasm 

per  ioo g (mg) 

1.43 
1.39 
1.33 

1.39 
1.12 
1.27 
1.22 

1.3I 

6. 4 
8. 4 
4.2 

lO. 4 

6. 4 
13.2 
9.0 

Average 

Counts  
per  min 

525 
732 
395 

io3o 

272 
456 
328 

Millimoles 
per  ioo g . 

i .o 3 
I.iO 
1.18 
1.25 

1.14 
0.92 
0.98 

1 .o9 

The values for the Q10 obtained above for both Na and K are in good agreement 
with the theoretical value of 1.25 calculated from ionic conductivity measu;ements,  
The ionic velocities increase by  about 2 to 2.5 % for every degree rise of temperature v. 
I t  is, therefore, possible that  no important  energy yielding chemical reactions are 
involved in the exchange of ions across the nerve membrane under these experimental  
conditions. 

2. Electrical activity and Na exchange. Stimulation of nerves by  supramaximal  
shocks while being perfused with sea water  containing 0.39 M Na28C1 + o.13 M Na2*C1 
produced a marked alteration in the rate of exchange of Na when compared to resting 
nerves. As described under Methods, nerves were mounted in plastic chambers in which 
stimulating and recording electrodes were imbedded. The nerves were st imulated at a 
rate of IOO times per second for 30 min. Only those nerves which exhibited normal 
responses throughout this period of stimulation were analysed. Analysis of the axoplasm 
of six of these nerves indicated that  15.9 millimoles Na/ ioo g (mean value) had exchanged 
within 30 min as compared with 9.5 millimoles/Ioo g at rest. This would correspond to 
an increase in the rate of exchange of approximately 67 % above that  at rest. The results 
of the individual analyses are recorded in Table VI. 

I f  the cation molari ty (Na plus K) of the Squid axoplasm is a constant, as is sug- 
gested by  the work of STEINBACH AND SPIEGELMAN, then it is evident that  during nerve 
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TABLE Vl 

EFFECT OF ELECTRICAL ACTIVITY OF THE NERVE ON THE RATE OF PENRTRATION OF Na 

Nerves were stimulated at a rate of lOO times per second for a period of 3 ° rain in sea water containing 
o.39 M Na~CI + o.x 3 M Na~Cl at 22 ° C. S I and S s = Standards. 

Axoplasm Counts Millimoles 
(mg) per min per lOO g 

Sx 2045 / average 
S 2 2042 } 2044 

I1.2 3420 
20. 4 6490 
16.o 534 ° 
12.2 4380 
6.2 18o 3 

I I .  4 3002 

Average  

Control (see Table IV) 

15.5 
16.2 
17.o 
18.3 
14.8 
13.6 

15.9 

9-5 

activity,  a 'quan t i ty  of K has been lost by  the nerve to the sea water  equivalent to the 
Na which penetrated during the same period. In the case under consideration, this would 
be equivalent to a loss of 6. 4 millimoles K/ Ioo  g of axoplasm. This loss appears to be 
very high since, asdiscussed earlier, at  rest a max imum of 2.5 millimoles K/ Ioo  g are 
easily exchangeable. 

A few calculations concerning the exchange of ions during activi ty of the nerve 
m a y  be of interest. The average diameter of the stellar nerve may  be assumed to be of 
the order of 500/~. An axoplasm cylinder of r -- o.025 cm and weighing I g would 
have a surface area of 8o cm 2. Since an increased exchange of 6. 4 millimoles Na/ loo  g 
(or 6.4" IO -5 mole/g) has been demonstrated for a nerve which had been stimulated 
1.8. io  5 times (IOO per second for 3 ° min), it follows that  6. 4-1o -6 mole/g divided 
by  1.8. IO 5 or 3.6" IO -I°  mole/g/impulse of Na penetrated into the axoplasm of the nerve 
from the sea water. This value corresponds to 4.5" IO-XS mole of Na penetrating/cm2/im - 
pulse. I t  has been reported by  PUMPHREY AND YOUNG s tha t  the diameters of these 
giant nerve fibres of Squid usually vary  from 280 to 720 # in diameter and may  in some 
cases by  as large as IOOO/~ (I ram). I f  one calculates the values of Na which would 
penetrate per cm 2 per impulse for the usual extremes in the size of the fibres under the 
above conditions, one obtains the values 2.6. lO -12 and 6.5" Io  - Is  mole/cm2/impulse for 
the smaller and larger diameters respectively. I f  one assumes tha t  the increased Na 
penetration during act ivi ty is equivalent to the K loss during the same period, as the 
work of several investigators indicates, then it follows that  the transfer of 4.5" IO-12 
mole/cm2/impulse of K has occurred during the period of nerve activity.  This value 
is in excellent agreement with that  indirectly calculated by  HODGKIN AND HUXLEY 9 
on the basis of the changes in membrane conductivity which occur in single fibre 
preparations of C a r c i n u s  m a e n u s  nerves during normal conduction. They obtained a 
value of 1.7" IO -x~ mole/cm2/impulse. The value is also in good agreement with that  
obtained by  KEYNES I°. This investigator soaked multifibre preparations of Ca; 'c inus  

nerves in K 42. Upon stimulation he found the leakage of 2 . I - IO -I~ mole/cm2/impulse. 
The data  with Na ~, like those of KEYNES, are direct. The method o f  HODGKIN AND 
HUXLEY, although most ingenious, necessitates numerous assumptions and is therefore 

Retevences p. _rx 4. 
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i nhe ren t ly  indirect .  I n  spi te  of the  fact  t h a t  the  me thods  a n d  ma te r i a l s  emp loyed  are  
different ,  the  ag reemen t  is surpr i s ing ly  close in the  th ree  cases. 

3. Effect o[ inhibitors o/acetylcholine-esterase on the ion exchange. The effects of two 
inh ib i tors  of ace ty lchol ine-es te rase  were s tud i ed  on t h e  r a t e  of exchange  of Na  a n d  K 
in these  fibres. In  Table  V I I  are  g i v e n  the  resul ts  ob t a ined  when g i an t  axons  were 
exposed  for 30 min  to  0.022 M d i i sopropy l  f luorophospha te  (DFP)  in sea w a t e r  con ta in ing  
o.o13 M K42CI. D F P  a t  th is  concen t ra t ion  is capable  oi abol i sh ing  nerve  conduc t ion  
wi th in  a p p r o x i m a t e l y  2 min  n a n d  the  ac t ion  of th is  c o m p o u n d  can p r o b a b l y  be a t t r i -  
b u t e d  exc lus ive ly  to  the  i nac t i va t i on  of the  enzyme 1~. The  average  of five nerves  exposed  
to sea w a t e r  con ta in ing  D F P  and  K 42 gave  a va lue  of 1.o8 mil l imoles K / i o o  g while 
exposure  to sea wa te r  for the  same per iod  of t ime  in the  absence of D F P  gave  a va lue  
of 1.31 mi l l imoles / Ioo  g. Assuming,  as above,  t h a t  the  average  d i ame te r  of these fibres 
is 500/z (area of I g cy l inder  of a x o p l a s m  being  equa l  to  80 cm~), then  one ob ta ins  a va lue  
of 5.5" l O 4  mole /cm*/m in as the  r a t e  of exchange  of K in sea  wa te r  a t  r~st. In  the  pre-  
sence of D F P  th is  r a t e  falls to  4.5"1o-9 mole/cm2/min.  This  would  cor respond  to a 
decrease  of I.O. IO -~ mole/cm2/min in the  presence of D F P .  A l t h o u g h  the  concen t ra t ion  
of K 4. in the  a x o p l a s m  is smal le r  in the  presence of D F P  t h a n  in i ts  absence,  th is  resu l t  
does no t  ind ica te  a decreased pe rmeab i l i t y .  In  view of the  concen t ra t ion  g rad i en t  be-  
tween  the  inside of the  axon  a n d  i ts  ou te r  env i ronmen t  an  increase  in p e r m e a b i l i t y  
m a y  lead  to  an  increase  of the  K outf low from the  inter ior .  The  K 42 p e n e t r a t i n g  f rom 
the  ou t s ide  m a y  share  the  same fa te  a n d  the  final inside concen t ra t ion  will  e ve n tua l l y  
be sma l l e r  t han  t h a t  unde r  n o r m a l  condi t ions .  

TABLE VII 
EFFECT OF DFP ON THE RATE OF PENETRATION OF K AND Na 

Nerves exposed to o.o22 M DFP in sea water containing either O.Ol 3 lV[ K**C1 or o.37 M NauCl + 
o.13 M Nas4C1. S 1 and S, = standards. 

Na K Counts Millimoles Axoplasm Counts Millimoles 
Axoplasm per min per ioo g per rain per ioo g 

(mg) 

S 1 
SI 
5.8 
8.0 
4.6 
6.o 
5-4 

Average 

Control (see Table V) 

1.02 

1.2I 

1.09 
o.93 
I.I 5 

I.O8 

10141 average 
zo5I) lO33 
472 
776 
398 
447 
493 

1.31 

(rag) 

$1 
$2 

lO.6 
8.6 

12o 
lO.2 
16.o 
7.0 

13.8 
9.6 

14.8 

Average 

Control (see Table IV) 

1324 t average 
I285 J I3O5 
2319 
1589 
2535 
2480 
2990 
1649 
297 ° 
2055 
2975 

16.8 
14.2 
16.2 
18.6 
14.3 
18.o 
16. 5 
16.6 
15.4 

16.4 

9.5 

This  v iew is conf i rmed b y  the  effect of t he  D F P  on the  N a  movemen t .  Table  V I I  
gives t he  resu l t s  o b t a i n e d  when nerves  were exposed  to D F P  in the  same concen t ra t ion  
as above  (0.022 M) in the  presence of 0.13 M Na*4C1 + o.37 M Na28C1 in the  sea wa te r .  
The  mean  of nine  nerves  exposed  to  D F P  in sea  w a t e r  gave  a va lues  of 16.4 mi l l imoles  
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Na/Ioo g as compared to 9.5 miUimoles/Ioo g when exposed to sea water in the absence 
of DFP. This would correspond to a rate of penetration of Na of 4.0. IO-8/cm2/min in 
the absence of DFP and a penetration of 6. 9. lO 4 mole/cm2/min in the presence of 
DFP, assuming the average fibre diameter to be 5o0/~. The rate of Na penetration has 
increased markedly. This could be expected on the basis of the concentration gradient 
in the event of increased permeability. It may be noted that the Na penetration has 
increased to a greater extent than the K penetration has decreased. Considering the 
difference in the rates of entrance of Na and K, it has to be kept in mind that in the 
experiments described, only the penetration of ions into the interior has been determined. 
No measurements have been carried out in respect to the leakage of K. If the amount 
of K actually passing from the inside to the outside were considerably increased, this 
would not be indicated by the method used. 

The effect of eserine, another inhibitor of acetylcholine-esterase, on the rate of Na 
penetration into the nerve was also studied. The  sults are given in Table VIII, It  will 
be noted that 13.2 millimoles Na/Ioo g enter these nerves in the presence of o.oI 9 M 
eserine in the sea water containing o.13 M NaUC1 + 0.37 M Na~sC1. This would corre- 
spond to a rate of exchange of Na of 5-5" lO4 mole/cm~/min in the presence of eserine 
as compared to 4.0. IO -~ mole/cm~/min in its absence, again assuming the average 
fibre diameter to be 500/z. The above value is the average of ten nerves and, as in the 
other experiments, nerves were exposed for 30 min to the eserine-containing sea water. 
Eserine, in the concentration used, abolishes nerve conduction reversibly within 5-15 
min. The time required to abolish the action potential of these nerves shows considerable 
variation in the case of eserine and is closely dependent upon the PH and other factors is. 
Air oxidation of the eserine proceeds rapidly at the PH employed (7.7-8.0) and therefore 

TABLE VI I I  
EFFECT OF ESERINE ON THE RATE OF PENETRATION ON NR 

Nerves exposed to o.oi 9 M eserine in sea water (PH 7.7 -8-°) containing 0.37 1~I Na*~Cl + o.13 M 
NaUC1. S 1 and S a ---- Standards.  

Axoplasm 
(rag) 

S 1 
St 

22.0  
I5.O 
I9.4 

3.8 

S 1 
Ss 

Coun~ 
per min 

2002 I average 
IgIO J I956 
5307 
3705 
555 ° 
lO19 

182o / average 
1851J I84I 

MiUimoles 
per IOO g 

I2; 3 
I2.6 
14.7 
13.7 

9.2 2458 
22.4 495 ° 

8.4 I946 
I4.8 366o 
20.8 4720 
26.0 6 4 9 0  

Average 

Control (see Table IV) 

I S . I  
12.O 

I2.5 
I3.4 
x2.3 
13-5 

13.2 

9.5 
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a given solution cannot be used for a prolonged period of time. The results presented 
were obtained with fresh eserine solutions. Although there is a marked increase in Na 
exchange, the effect of eserine is not as large as that  obtained with DFP. 

4. Cocaine and Na exchange. The effects Of cocaine in 0.005 M in sea water have been 
studied using o.13 M Na24C1 + 0.39 M Na23C1 in the bathing fluid. Nerves were exposed 
to this solution for 30 min. The results are reported in Table IX.  No decrease in mem- 
brane permeabil i ty is evident from the data. The Na exchange amounted to 11.2 milli- 
moles/Ioo g (average of six nerves). Again assuming a fibre diameter of 500 ~, this would 
correspond to a rate of Na exchange of 4.6" IO -s mole/cm2/min, a slight increase com- 
pared with the control. 

T A B L E  I X  
EFFECT OF COCAINE ON THE RATE OF PENETRATION OF Na 

Nerves exposed to o.oo 5 IV[ cocaine in sea water containing o.39 IV[ NaSSCl + o.13 M Na~4CI. S I and 
S 2 = s tandards .  

Axop la sm Counts  Millimoles 
(mg) per  min  per  IOO g 

S 1 

$2 
2045 } average 
2042 2044 

6. 4 13Ol 
5.8 1io2 
4.8 995 

12.8 2983 
4.8 1142 
7.2 1616 

Average 

Control  (see Table IV) 

lO. 5 
9.9 

lO.8 
1 2 . 1  

12. 3 
11.6 

I I . 2  

9.5 

5. Effect o/X-ray irradiation. The effects of high intensity X- ray  irradiation on the 
membrane  permeabil i ty to Na was studied. Nerves were irradiated with 500o0 R and 
125 ooo R while immersed in a shallow dish containing natural  sea water  (water layer 
about  5 m m  thick). Immedia te ly  after irradiation, the nerves were transferred to 
artificial sea water  containing 0.39 M Na~sC1 + o.13 M Na24C1. After 3 ° min exposure to 
sea water  the nerves were analysed. Only those nerves which still exhibited normal  
conduction upon stimulation were used. The results are given in Table X. 

In  the axoplasm of nerves irradiated with 125000 R, an average value of 14.1 
millimoles/Ioo g was found (average of seven values). This corresponds to a penetrat ion 
of 5-9" l ° S  m°le/cm~/min- Consequently, the rate  of penetration had markedly increased. 
The findings suggest tha t  irradiation had strongly increased the permeabili ty.  

Irradiat ion with 50 ooo R gave an average value of lO. 9 millimoles Na/ Ioo  g (average 
of eight nerves). This corresponds to a rate  of penetration of Na of 4.7" l o s  mole/cm2/ 
min. The increase in the rate of penetration is relatively small but  appears significant, 
especially in connection with the high increase observed with the larger dose of irra- 
diation. I t  m a y  be noted that  the effect was obtained immediately after irradiation. 
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TABLE X 
EFFECT OF X-RAY IRRADIATION ON THE RATE OF PENETRATION OF Na 

Nerves irradiated with 5oooo R and 125o0o R respectively in natural sea water and then exposed 
for 3 ° min to artificial sea water containing, o.39 M Na~C1 + o.i 3 M NaS4Cl. S x and S s = standards. 

50000 R 
Axoplasm 

(mg) 

S1 

$2 
lO. 4 
13.4 
13.8 

S 1 

$2 

Counts 
per min 

2002} average 
191o 1956 
2425 
262o 
2375 

I820~ average 
I86I j  1841 

Milfimoles 
per ioo g 

12. 4 
lO. 4 
9.I 

6.6 II98 
7.6 I565 
8.4 1576 
9.8 1696 

11.8 2725 

Average 

Control (see Table IV) 

lO. 3 
11.6 
10.6 
9.7 

13.O 

lO.9 

125000 R 
Axoplasm 

(mg) 

7.0 
5.O 
3.8 
6.2 

81 
S~ 
5.6 
4.0 
5.4 

Average 

Counts 
per rain 

161o 
1248 
lO33 
17oo 

2045 I average 
2042 / 2044 
138o 
I225 
1711 

Millimoles 
per lOO g 

I2 .2  

13.3 
14.5 
14.6 

12.5 
15,6 
I 6 . I  

14.X 

9.5 

DISCUSSION 

From the results obta ined upon exposure of nerves to sea water,  at  rest, containing 
radioact ive K 42, it can be seen tha t  par t  of the K of the nerve interior is in dynamic  
equil ibrium with tha t  in the outer  bathing medium. The lack of exchange of approxi-  
mate ly  9 o% of the K ~ under  these conditions is unexplained. I t  appears t ha t  most  of 
the K inside the nerve is not  easily lost b y  the cell. Once the free, easily diffusible K 
has  been exchanged for K 42, the rate  of K exchange falls to a very  low level. This is in 
good agreement  with the observations of HEVEsY AND HAHN on rabbi t  muscle and  red 
blood cells 14, of STEINBACH on Thyone briareus musclO ~, and of HEPPEL on rat  musclO e. 
I n  all of these investigations no more than  lO-3O % of the total  K content  of the tissues 
under  investigation was exchangeable at  rest. 

I n  an effort to  explain the difficulty of incomplete K exchange essentially two 
theories have  been discussed. The one considers the possibility tha t  the K is present 
in bound  form. The idea has been proposed tha t  a K salt of an unknown organic acid 
with a very  low dissociation constant  exists. As emphasized by  KROGH 5, there is no 
evidence for the existence of bound  K and from a theoretical  basis, it appears  doubtful  
t ha t  it can exist. HILL AND KUPALOV 1~ have shown tha t  all the K inside the muscle cell 
is required to be in ionic form in order to account  for the osmotic pressure. Moreover, 
its presence in ionic form is necessary to insure the neutra l  reaction. Another  possibility 
discussed is the presence of K impermeable barriers inside the cell. No such structures 
are known. The reasons for exchange of only a small fraction of the tota l  K cannot  
be resolved at present.  

Re/evenees p. H 4. 
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The values for the Q10 for K and Na exchange obtained, 1.22 and 1.33 respectively, 
are in good agreement with the value of 1.25 calculated theoretically from ionic conduc- 
t ively measurements.  These figures do not support  the assumption that  important  energy 
yielding reactions are involved in the t ransport  of ions across these nerve membranes 
in resting condition. KROGH discusses the possibility that  the extrusion of Na from the 
cell interior is an active process requiring energy. In  support of this hypothesis, he cites 
experiments of HARRIS ls and DANOWSK119 with rabbit  and human erythrocytes in which 
it had been shown that ,  at  low temperature  and at body temperature  in the absence of 
glucose, K is lost to the bathing medium and replaced by Na. When glycolysis is restored, 
the normal K balance is restablished, even in vitro, with a resumption of rapid Na 
extrusion. If  the extrusion of Na is an active process in the nerve preparation tested, 
under resting condition, one would have expected to obtain a larger value for the Qlo. 
Lowering the temperature  of these nerves by  ten degrees should have produced a marked 
effect on the glycolytic processes and should have been expected to yield larger Na values 
than those obtained. 

The fact tha t  in resting condition no expenditure of energy seems to be required 
for the ionic movements  does by  no means preclude :he possibility that  under other 
conditions these movements  may  require energy. I t  appears likely that  during the 
early growth stage of these nerves chemical reactions are in operation which are respon- 
sible for the establishment of the large concentration gradient between the potassium 
inside the fibre and tha t  in the outer bathing fluid. The same is true for the disequilibrium 
observed after activity. The extra oxygen uptake observed after activity indicates that  
energy yielding reactions are involved in the restoration of the resting condition. 

The present studies of the ion exchange occurring in nerve during activi ty have 
indicated that  the Na content increases markedly.  Similar results have been obtained 
with muscle tissue by  FENN et al. on frog, and rat  2°, 21, 22, WOOD, COLLINS AND MOE on 
dog gastrocnemius 23, TIPTON on cat muscle 24, HEPPEL on K-deprived rats ~5 and HAHN 
AND HEVESY on rats 14. All of these investigations show that  in contracting muscles 
the permeabil i ty to ions is increased. K is lost from the fibres and is replaced by  Na. 
STEINBACH AND SPIEGELMAN 1 have demonstrated that  the cation molarity of the Squid 
axoplasm is, under a variety of conditions, constant at rest. I t  appears, therefore, 
justifiable to assume that  during nerve activi ty K loss is compensated for by  the pene- 
trat ion of an equivalent quant i ty  of Na into these fibres. 

This idea is supported by  the demonstration of the penetration of 4-5" lO-13 mole 
Na/cm*/impulse, a value which is in close agreement with the value of 1. 7- lO -12 mole 
K/cm2/impulse found by  HODGKIN AND HUXLEY 9 and 2.1.1o -12 mole K/cm2/impulse 
reported by  KEYNES 1°. The value reported here indicates that  during act ivi ty a con- 
siderable increase of Na inside takes place. 6.4 millimoles per IOO g were found after 
3 ° min stimulation at IOO per second as compared with 1.3 millimoles per IOO g at rest. 
I f  an equivalent amount  of K has leaked out, 21% of the total  K content has been 
exchanged during this stimulation period. I t  should be noted here that  the period of 
stimulation employed is by  no means the max imum possible with these nerves. Much 
more prolonged periods of stimulation at ioo per second are possible and one would 
expect an even greater ion exchange. I t  should be borne in mind that  the above changes 
are completely reversible and cessation of stimulation should result in restoration of 
the normal balance. From the above considerations, it may  be concluded that ,  even 
though 90% of the K content of the nerve is not exchangeable at  rest, during act ivi ty 
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some reactions have occurred which facilitate the more rapid loss of K by  these fibres. 
A short discussion of the methods employed in the papers of HODGKIN and HUXLEY 

AND KEYNES as compared with the present investigations might be of interest. The 
method used by  HODGKIN AND HUXLEY involves measurement of the small changes 
in the ionic conductivities over small areas of the nerve membranes before and after 
activity. Both the electrical recording equipment and the electrode assemblies are 
complex and the method employed necessitates numerous assumptions. The method 
employed by  KEYNES is more direct. However, he has used multifibre preparations. 
Under such circumstances, one could expect a retarded diffusion of K 4s away from the 
nerve preparation because of the possible trapping of K in the intracellular fluids. Since 
only the radioactivity of the K 4~ remaining in the nerve preparation was measured 
in these investigations, one would expect that  values obtained in this manner would 
be higher than the actual intracellular K 4~ content of the fibres. The calculated value 
for the K leakage per cm 2 per impulse would therefore be expected to be smaller than 
the true value. 

The method employed in the present investigation is direct. Since it is possible 
to analyse directly the axoplasm of the single nerve fibre, the values obtained must be 
considered to be more precise than those obtained by  e i ther  of the above methods. 
The only assumption involved is the exact  size of the individual fibres employed. How- 
ever, since all of the Squid used were of approximately the same size, it is safe to assume 
that  the fibres were all of approximately the same diameters. For medium size Squid 
this is approximately 5o0 # (o.o5 cm). I t  is justifiable to assume that  the average value 
is close to this figure. 

The investigation of the effect of inhibitors of acetylcholine-esterase on the rates 
of the ion exchange across the nerve membrane requires some comment. I t  has been 
shown that  exposure of nerves to sea water for 30 minutes containing K 4z plus DFP 
causes a decrease in the rate of K exchange from x.3z to i.o8 millimoIes per Ioo g. The 
exposure of nerves to DFP has apparently altered the permeability of the nerve mem- 
brane. The DFP could conceivably have affected the membrane by  decreasing its 
permeability. However, the effect of DFP on the rate of Na penetration excludes this 
interpretation. The value for the Na penetration markedly increased from 9.6 miUimoles 
Na per IOO g to I6. 4 millimoles upon the addition of o.o22 M DFP. If the DFP had had 
the effect of decreasing the membrane permeability one would have expected a de- 
creased Na exchange. I t  might have been expected that  with increased ion permeability 
the K could penetrate into the fibre more readily, However, since the concentration 
of K inside of these nerves is approximately 20 times that of sea water, it  is likely that  
the easily exchangeable K will rapidly diffuse out into the sea water in an at tempt to 
equalize the adverse concentration gradient across the nerve membrane. The K, in 
this case, will be replaced by  the entrance of Na in order to maintain the electrical 
neutrali ty of the axoplasm. In such an event, the exchange of K 42 would proceed at a 
decreased rate and this obviously accounts for the decreased K exchange in the presence 
of DFP. Thus, the Na and K exchange measurements are consistent with the concept 
that  the membrane permeability had been increased by the DFP. 

The probability of the exchange of K s9 for radioactive Na 24 was discussed befole. 
Another factor to be considered is the constancy of the total cation content of these 
nerves. I t  has been demonstrated by  STEINBACH AND SPIEGELMAN 1 that  under normal 
resting conditions the cation content (Na + K) of these nerves is a constant. However, 
Releve~es p. x_r 4. 
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it is not known whether nerves in which the permeabili ty has been increased still main- 
tain their normal total  cation concentration. I t  is possible that  under these conditions 
Na as well as C1 may  diffuse into the cell. This would result in increased total base 
content. Since the total  base content of the axoplasm samples has not been measured, 
the contribution by  the NaC1 diffusion into the nerve cannot be evaluated. This problem 
has to be investigated further. 

The effect of eserine, another inhibitor of acetylcholine-esterase had a similar but 
less marked effect than DFP  in increasing the membrane permeabil i ty to Na. I t  may  
be noted, that  in the case of D F P  conduction was, on the basis of previous experience, 
abolished irreversibly. In  the case of eserine the effect was almost certainly still rever- 
sible. 

The result obtained with acetylcholine-esterase inhibitors, suggest tha t  these sub- 
stances m a y  be capable of altering the membrane permeability. Since the only known 
action of these compounds is the inhibition of the enzyme acetylcholine-esterasd s 
which is known to be closely connected with nerve conduction, it is possible that  the 
effect observed is a manifestation of the inactivation of the enzyme. These experiments 
do not permit  any  definite conclusion, especially in view of the irreversible action o f  
DFP  during the long exposure period used. However, they may  open a new approach to 
the importance of the acetylcholine-esterase system in the permeabili ty of the surface 
membrane to ions. 

The s tudy of effects of cocaine on the membrane permeabil i ty to Na has indicated 
a small increase in the rate of exchange. The data axe inadequate to judge whether or 
not this increase is significant. Employing the same concentration of cocaine (5" lO-3 M), 
SHANES 27, from membrane potential  measurements,  came to the conclusion tha t  a 
decrease in permeabili ty had been accomplished. The results obtained here fail to con- 
firm his reports. 

The s tudy of effects of irradiation of nerves with large doses of X-rays (5oooo R 
and I25OOO R) indicates that  immediately following exposure, marked alterations in 
membrane permeabili ty are evident. Exposure to I25OOO R caused a large increase 
in membrane permeabili ty while 5oooo R caused only a small but  significant increase. 
I t  should be noted that  these studies were carried out immediately after irradiation. 
I t  is possible that  a more marked effect would be evident with smaller doses of irradiation 
if longer periods of t ime were permit ted to elapse between irradiation and exposure to 
radioactive ions. From our present knowledge, it is clear that  the most notable effects 
of exposure to radiation occur after prolonged periods of t ime so that  a longer t ime 
lapse than that  used in these experiments might be preferable. I t  appears significant that  
it has been possible to demonstrate increased membrane permeabili ty as result of X-ray  
irradiation. 

I wish to express my  gratitude to Dr DAVID NACHMANSOHN for suggesting these 
investigations and for the guidance and encouragement he has given throughout the 
course of this research. I am indebted to Mrs EMILY FELD-HEDAL and Mrs HEIDI 
RICHARDS for their assistance in the experiments. 

SUMMARY 

I. Studies on the permeability of the surface membranes of the giant axon of Squid to K indicate 
that a dynamic rather than a static equilibrium exists at rest. Approximately lO% of the total K 
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in t h e  fibre is replaced b y  K 4s f rom t he  b a t h i n g  m e d i u m  wi th in  one hour .  W h e n  t h e  n e r v e  is b a t h e d  
in twice t he  n o r m a l  K concen t ra t ion  (o.o26 M) the  K c o n t e n t  of t h e  a x o p l a s m  reaches  a m a x i m u m  
twice t h a t  ob ta ined  wi th  t he  n o r m a l  K concen t ra t ion  outside.  

2. E x p o s u r e  of ne rves  to sea  wa te r  con ta in ing  Na  sa resu l t s  in a to ta l  exchange  of all of the  Na  
in t he  a x o p l a s m  for i t s  rad ioac t ive  isotope wi th in  2o to 3o minu tes .  

3- S tud ies  wi th  C #  5 in t he  ou te r  ba t h i ng  fluid indicate  an  u p t a k e  of Ca a5 to t he  e x t e n t  of  0.85 
mil l imoles per  ioo  g wi th in  45 m i n u t e s  and  t h e n  a decrease to o.45 mil l imoles  per  ioo  g a t  ioo  m i n u t e s  
of  exposure .  

4- The  t e m p e r a t u r e  coefficient (Q10) ob ta ined  f rom t he  ra tes  of exchange  of Na  and  K does n o t  
ind ica te  t h a t  the re  are  i m p o r t a n t  energy  yielding chemical  reac t ions  involved in t he  exchange  of  
ions  across  the  m e m b r a n e  a t  rest .  The  va lues  ob ta ined  (i.22 for K and  1.33 for Na) are  in good 
a g r e e m e n t  wi th  the  theore t ica l  va lue  (i.25) ca lcula ted  f rom ionic c o n d u c t i v i t y  m e a s u r e m e n t s .  

5. Electr ical  ac t iv i ty  causes  an  increased ra te  of Na  pene t r a t i on  into t he  fibre. 4.5" Io-lZ mole 
of Na  en te r  per  cm  s per  impulse .  

6. Inh ib i to r s  of chol inesterase,  e.g., eserine and  D F P ,  seem to p roduce  an  increase  in m e m b r a n e  
permeabi l i ty .  The  r a t e  of  K az pene t r a t i on  is decreased,  t h a t  of Na  sa increased.  

7. E x p o s u r e  to cocaine (o.oo 5 M) does no t  affect  m a r k e d l y  t he  ra te  of Na  sa pene t ra t ion .  
8. X - r a y  i r rad ia t ion  wi th  I25OOO R produces  a large and  i m m e d i a t e  increase in m e m b r a n e  

pe rmeab i l i t y  to Na  sa whereas  5oooo R produces  a smal le r  effect b u t  in t he  s ame  direction.  

R~-SUM~ 

I. L ' d t u d e  de la permdabil i td  au  p o t a s s i u m  de la m e m b r a n e  du  cordon  n e r v e u x  pr inc ipal  de 
Seiche ind ique  l ' ex is tence  au  repos  d ' u n  dquflibre d y n a m i q u e  p lu tS t  que  s ta t ique .  E n v i r o n  le IOn/o 
du  K to ta l  de la fibre es t  remplacd  pa r  K ~ du milieu e n v i r o n n a n t  en  une  heure .  Si le nerf  es t  immergd  
dans  une  solut ion de concen t ra t ion  de K deux  fois p lus  grande  que  la concen t ra t ion  no rma le  (o.o26 M) 
la t e n e u r  en  K de r a x o p l a s m e  a t t e i n t  u n  m a x i m u m  qu i  es t  dgal au  double  de la va leur  ob tenue  avec  
une  concen t ra t ion  ex te rne  no rma le  de K. 

2. Si r o n  expose u n  neff  ~. r e a u  de m e t  c o n t e n a n t  Na  sa u n  dchange to ta l  a lieu en t re  le Na  de 
l ' axop lasme  et  son  isotope radioact i f  en  2o ~ 3 o minu tes .  

3. Si le ba in  extdr ieur  con t i en t  C #  s, celui-ci es t  absorbd j u s q u ' ~  0.85 mil l imoles  pa r  ioo  g en 
45 minu te s ,  pu is  la concen t ra t ion  de C #  5 ddcroit  j u s q u ' ~  une  va leur  de o.45 mil l imoles pa r  Ioo g 
au  b o u t  de IOO minu tes .  

4. Le coefficient de t e m p d r a t u r e  (Q10) ob tenu  tt par t i r  des  v i tesses  d 'dchange  de Na  et  K ne  
semble  pa s  ind iquer  que  des  rdact ions  ch imiques  ddgagean t  d ' i m p o r t a n t e s  quan t i t d s  d 'dnergie  soient  
lides ~t r d c h a n g e  des ions ~ t r ave r s  la m e m b r a n e .  Ses va leurs  ob tenues  (I.22 pour  le K e t  1.33 pour  
le Na) s o n t  en  accord  avec  la va leur  thdor ique  (I.25) calculde tt pa r t i r  de mesu res  de conduct iv i td  
ionique.  

5. L 'ac t iv i td  dlectr ique a u g m e n t e  la vi tesse  de pdndt ra t ion  du  Na  dans  la fibre. 4.5" Io- lS mols  
de N a  pdnd t ren t  pa r  cm s e t  pa r  influx. 

6. Les  inh ib i t eurs  de l ' acd ty lcho l ine  est6rase,  p. ex. rdsdr ine  et  le D F P  semblen t ,  a u g m e n t e r  
la  permdabi l i td  de la m e m b r a n e .  L a  vi tesse  de pdndt ra t ion  de K as d iminue  t and i s  que  celle de Na  sa 
a u g m e n t e .  

7. U n e  expos i t ion  ~ la cocaine (o.oo 5 M) n 'a f fec te  pa s  cons iddrab lement  la v i tesse  de pdndt ra t ion  
de Na  sa . 

8. L ' i r r ad i a t ion  a u x  r a y o n s - X  de 125 ooo R p rodu i t  une  a u g m e n t a t i o n  i m p o r t a n t e  e t  immdd ia t e  
de la permdabi l i td  de la m e m b r a n e  au  Na  sa. 5oooo R p rodu i sen t  un  effet moindre  dans  le m ~ m e  sens.  

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

I. Die Permeab i l i t~ t  der M e m b r a n e n  des H a u p t n e r v e n s t r a n g e s  v o m  Tin tenf i sch  (Loligo peaUii) 
fiir K wurde  u n t e r s u c h t  u n d  gefunden ,  dass  in der  R u h e  eher  ein d y n a m i s c h e s  als ein s t a t i sches  
Gle ichgewicht  zu bes t ehen  scheint .  Ungef~hr  iO~o des g e s a m t e n  K-Geha l t e s  der Fase r  werden  inner-  
ha lb  einer S tunde  du rch  K 42 aus  der u m g e b e n d e n  LSsung  ersetzt .  I s t  der  K-Geha l t  des  Bades  zweimal  
so gross  wie die no rma le  K o n z e n t r a t i o n  (o.026 M), dann  ist  auch  der  m a x i m a l e  K - G e h a l t  des  Nerven-  
s t r anggewebes  zweimal  so gross  wie bei no rma le r  Russerer Konzen t ra t ion .  

2. I n  NaS4-halt igem Meerwasser  f indet  ein vo l l kommene r  A u s t a u s c h  des  im  Gewebe e n t h a l t e n e n  
Na  gegen sein rad ioak t ives  I so top  inne rha lb  20 bis 3 ° M i nu t e s  s ta t t .  

3. En thRl t  da~ ~ussere B a d  Ca m, so wird dieses bis zu 0.84 Millimol per  ioo  g in 45 Minu t en  
a u f g e n o m m e n ;  d a n n  n i m m t  der  C#5-Geha l t  wieder ab  u n d  be t r~g t  noch  IOO Minu t en  0.45 MiUimol per  
zoo g. 

4. Der aus den Austauschgeschwindigkeiten fiir Na und K errechnete Temperaturkoeffizient 
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(Qx0) weist nicht  darauf  hin, dass in der Ruhe  s tark  exothermische chemische Reakt ionen an dem 
Ionenaus t ausch  durch die Membrane beteiligt sind. Die erhaltenen Werte  (1.22 fiir K und 1.33 fflr 
Na) s t immen gu t  mit  dem aus Messungen der IonenleitfAhigkeit errechneten theoretischen Werte  
(1.25) fiberein. 

5. Durch  elektrische Arbeit  wird das Eindringen von Na beschleunigt.  4.5' lO-12 Mol Na per cm 2 
dringen bei jeder Anregung ein. 

6. Hemmstoffe  der Acetylcholinesterase, wie Eserin und D F P  scheinen die Permeabil i t~t  der 
Membrane zu erh6hen. K 42 wird langsamer, Na 24 rascher  aufgenommen.  

7. Cocain (o.oo 5 M) beeinflusst die Aufnahmegeschwindigkei t  von Na -~4 nicht merklich. 
8. Bestrahlung mit  R6ntgen-Strahlen (125ooo) erh6ht  R die PermeabilitAt fiir Na 2~ augen- 

blicklich stark, mi t  50ooo R ist dieser Effekt gleichgerichtet aber geringer. 
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