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Maintenance of sodium transport in perfused axons 

Condit ions under  which a K+- and ouabain-sens i t ive  Na  + efflux, charac te r -  
istic of the  Na  + pumpL can be ob ta ined  in perfused g iant  axons of Loligo were 
descr ibed in a previous note ~. In  cont ras t  to observat ions  on the in t racel lu lar  dialysis  
of such axons a, 4, it  was observed t ha t  a long and extensive flow of perfusate  th rough  
the fibers caused the Na + t r anspo r t  sys tem to fail. Thus after  25-30 axon volumes 
of perfusate  had  been passed th rough  axons  for about  25 min,  the  fibers often failed 
to show much K ~- or ouabain-sens i t ive  Na  + efflux. I t  was po in ted  out  t ha t  toxic  
mater ia l s  in the  perfusate  might  progressively inhib i t  the  Na + pump  or tha t  some 
component  of high molecular  weight  might  be e lu ted  dur ing the long perfusion. The 
present  s tudy  was a imed at  c lar i fying which of these factors was responsible for 
the failures and at  giving a p repa ra t ion  which would ma in t a in  the  Na  + t r anspor t  
despi te  prolonged perfusion wi th  large volumes of solution. 

Axons  were examined  for Na  + t r anspor t  af ter  perfusion with  one of two per-  
fusion med ia  which, apa r t  from the energy source (3 mM ATP, 27 mM creat ine phos- 
pha te  and  o. 3 mg/ml  creat ine phosphokinase)  and  cofactor  Mg ~+, conta ined  different 
const i tuents .  One med ium (the g lu t ama te  medium) conta ined  600 mM potass ium 
g lu tamate ,  IO mM phospha te  buffer, 6.8 mM MgCI~ and  2 mM E D T A  as its magnes ium 
salt .  The second perfusion med ium (the sucrose medium) conta ined  81o mM sucrose, 
5 mM bora te  buffer, 6.8 mM magnes ium sulphate  and 2 mM ethyleneglycol-bis-  
(aminoethyl  e the r )< \ : ,N ' - t e t raace t i c  acid (magnesium salt). The concent ra t ion  of Na  + 
in the g lu t ama te  med ium was 96 mM and  in the  sucrose med ium 4 ° mM. Axons 
were perfused with  these media ,  and  the ra te  cons tan ts  for Na  ÷ efflux into art if icial  
sea wate r  were measured  in the  manne r  previously  described~; xvhen the sucrose 
med ium was used, 3oo nM te t rodo tox in  was added  to the sea wate r  ba th ing  the nerve 
in order  to abolish any  spontaneous  act ion poten t ia l s  such as occur in fibers conta in ing 
low ionic s t rength  solutions.  

F ibers  which had  been perfused wi th  3 -4  axon volumes of ei ther  perfusion 
med ium over a per iod of about  5 min showed a K +- and ouabain-sensi t ive  Na  + efflux. 
However ,  af ter  the  passage of some 5 ° fiber volumes over  a per iod of about  50 rain 
(prolonged perfusion),  the ra te  cons tan t  for the  Na  + efffux ~vas bo th  high and v i r tua l ly  
insensi t ive to ex te rna l  K + or ouaba in  (Fig. Ia ) ;  none of the 9 fibers examined  showed 
signs of Na  + t ranspor t .  Fa i lure  occurred on these very  long perfusions whether  sucrose 
or g l u t a m a t e  perfusion med ia  ~vere used. Clearly if toxic  mater ia l s  are progressively 
inhib i t ing  the  Na  + pump,  then  the toxic  mater ia l s  are ei ther  ubiqui tous ,  which seems 
improbable ,  or are associa ted with  the  energy supply  which was common to bo th  
media.  However ,  failure also occurred ~vhen 3 ° mM ATP was appl ied  as the  energy 
source. (Short perfusion of fibers wi th  30 mM A D P  as an energy supply  gave a Na  + 
efflux which was insensi t ive to ex te rna l  K +, reduced by  replacing the ex te rna l  Na  + 
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with Li+ and was sensitive to ouabain. This can be interpreted in the light of observa- 
tions on intact axons and on red cells which indicate that ADP promotes N a + - N a  
exchange rather than coupled pumping 1,~.) The observations did not support the 
idea that  toxic materials in the perfusate progressively poisoned the pump during 
long perfusions. 

The possibility that  a specific high molecular weight material might be eluted 
during the long perfusions then was tested by adding natural axoplasm to the per- 
fusate. Previous observations ~ had shown that  there was some reestablishment ot 
Na + transport  when intact natural axoplasm was replaced in long perfused fibers. 
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Fig.  I. (a) The  ra te  c o n s t a n t  (k) for Na  + efflux p lo t t ed  aga i n s t  t ime.  The curve  is for a tiber long 
perfused w i t h  51 t i m e s  i ts  vo lume  of g l u t a m a t e  m e d i u m  c o n t a i n i n g  3 mM ATP, 27 mM crea t ine  
phospha t e  and  o. 3 m g / m l  c rea t ine  phosphokinase .  (b) A s i m i l a r  plot  of d a t a  for a fiber long 
perfused w i t h  5 ° t imes  i ts  vo lume  of a s im i l a r  m e d i u m  c o n t a i n i n g  35 mg /ml  dext ran .  E x t e r n a l  
so lu t ions :  O,  ar t i f ic ia l  sea wa te r  c o n t a i n i n g  IO mM K+; ~ ,  ar t i f ic ia l  sea wa te r  l ack ing  K+; 
r],  ar t i f ic ia l  sea wa te r  w i th  io  mM 1,2+ and io  ffM ouabain .  

In the present studies natural axoplasm was dispersed by sonication or by freezing 
and thawing. The axoplasm, dispersed in 4 6 times its volume of perfusion medium, 
was introduced into axons which had already been long perfused with either the 
sucrose medium or the medium described in the previous note". In contrast to the 
findings on replacement of intact natural  axoplasm, the K+- and ouabain-sensitive 
Na + efflux was not restored after the dispersed axoplasrn had been put into the fibers. 
The Na + efflux from such fibers became large and they appeared to become leaky. Even 
a briefly perfused fiber containing dispersed axoplasm failed to show appreciable K+- 
and ouabain-sensitivity. Slight pressure was required to introduce the dispersed axo- 
plasm into the perfused fibers, but nevertheless the observations suggested that  dis- 
persed axoplasm far from restoring Na + transport  caused a deterioration in the con- 
dition of the fibers and that  damaged axoplasm could be harmful to a fiber. Now 
dispersion of axoplasm by sonication or by freezing and thawing would seem unlikely 
to affect directly its chemical composition although structural components, such as 
vesicles, are likely to be damaged. Objects resembling distended vesicles have already 
been noted in the residual axoplasm 6, and the present results are consistent with the 
view that  the integrity of such a structural component is essential for the maintenance 
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of the Na + transport. This integrity could be lost during prolonged perfusions with 
the elution of high molecular weight solutes which provide colloid osmotic pressure. 

To examine this possibility, dextran (35 mg/ml; mol. wt., 6oooo-9oooo ) was 
added to the glutamate media, and fibers were perfused with about 5o times their 
own volume over a period of about 5o min. Provided the total osmotic pressure of 
the medium was adjusted to be 2 % less than that of the sea water surrounding the 
fiber, it was found that fibers long perfused with this medium and distended with 
about i cm of water hydrostatic pressure showed both electrical excitability and 
sodium transport (Fig. Ib). When the osmotic pressure of the medium exceeded that 
of sea water, so that water would be drawn inwards through the fiber membrane 
during perfusion, thereby opposing the diffusion of dextran into the residual axo- 
plasm, the fibers failed to show Na + transport. A fiber for which the total osmotic 
pressure of the perfusion medium was adjusted but to which no dextran added, 
failed to show a normal Na + transport. 

Thus it has been found that the active transport of Na + occurs in squid giant 
axons briefly perfused with two different media. There are no indications from such 
experiments of specific intracellular requirements apart from ATP and Mff -+. Indeed 
with the sucrose medium the resting potential is greatly reduced so that a substantial 
resting potential is not a prerequisite for pump activity. With either medium the 
transport mechanism was lost on prolonged perfusion. The addition of dextran com- 
bined with the adjustment of the total osmotic pressure of the perfusate, however, 
can preserve Na + transport in long perfused fibers. I t  seems possible that by providing 
colloid osmotic pressure, the dextran maintains the structural integrity of some com- 
ponent of the nerve sheath, possibly the vesicles detectable in residual axoplasm. 
If this is so, it is not yet clear whether the structural components are essential parts 
of the Na + transport mechanism or whether on injury they liberate enzymes which 
damage the Na + pump and perhaps the fiber membrane. 
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