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A B S T R A C T The squid giant axon was internally dialyzed while the unidirec- 
tional fluxes of either C1 or Na were measured. The effects of varying the internal 
or external concentration of either Na or CI were studied. Chloride influx was 
directly proportional to the external Na concentration whereas C1 efflux was 
unaffected by changes of the external Na concentration between 0 and 425 mM. 
Neither C1 influx nor efflux were affected by changes of internal Na concentration 
over the range of 8-158 raM. After ouabain and TTX treatment a portion of the 
remaining Na influx was directly dependent on the extracellular CI concentration. 
Furthermore, when the internal Cl concentration was increased from 0 to 150 mM, 
the influxes of C1 and Na were decreased by 14 and 11 pmol/cm2"s, respectively. 
The influx of both ions could be substantially reduced when the axon was depleted 
of ATP. The influxes of both ions were inhibited by furosemide but unaffected by 
ouabain. It is concluded that the squid axolemma has an ATP-dependent coupled 
Na-CI co-transport uptake mechanism. 

I N T R O D U C T I O N  

A majo r  por t ion  o f  chor ide  influx across the a x o l e m m a  o f  the squid giant axon  
d epends  u p o n  cellular metabol i sm (Keynes,  1963) or ,  m o r e  d i recdy,  adenos ine  
5 ' - t r i phospha te  (ATP; Russell, 1976). I na smuch  as the intracel lular  chlor ide  
concent ra t ion  o f  the axon  is much  h igher  than  expec ted  f r o m  passive t he rmo-  
dynamic  considera t ions  (Bear  and  Schmitt ,  1939); Webb and  Young,  1940; 
Mauro ,  1954; Koechlin,  1955; Def ine r ,  1961; Keynes,  1963; Brinley and  Mullins, 
1965 a and  b; Russell, 1976), it seems likely that  the A T P - d e p e n d e n t  chloride 
influx represen t s  an active t r anspor t  process.  Active chlor ide t r anspor t  has been  
p ropos ed  for  several  excitable tissues (Keynes,  1963; Lux ,  1971; Russell and  
Brown,  1972; Llinas et al., 1974; Russell, 1976), but in contras t  to the case for  
epithelial  tissues (Zadunaisky,  1972; Burg  et al., 1973; Nellans et al., 1973; 
Karnaky  et al., 1977), little a t tent ion has been  paid to the possible involvement  
o f  sod ium in such t r anspor t  processes.  In  this r ega rd  it is in teres t ing to note that  
a por t ion  o f  sod ium inf lux into the squid giant  axon  requi res  A T P  but  does  not  
seem to be the result  o f  sod ium-sod ium exchange  (Brinley and  Mullins, 1968; 
Caldwell et al., 1960). Some  o f  the ATP-s t imula ted  sod ium inf lux may be via 
e i ther  the Na-Ca exchange r  (DiPolo, 1974; Blaustein and  Santiago,  1977) or  Na- 
Mg e x c h a n g e r  (Mullins et al., 1977), but  these mechan i sms  cannot  account  for  
all the A T P - d e p e n d e n t  sod ium influx. It  seemed possible that  some o f  the A T P -  

J. GEN. PHYSIOL. ~) The Rockefeller University Press �9 0022-1295/79/06/0801/18 $1.00 801 

Volume 73 June 1979 801-818 



8 0 2  THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 73 " 1979  

d e p e n d e n t  sod ium influx migh t  be  related to the A T P - d e p e n d e n t  chloride 
influx. 

Keynes  (1963) exam i ned  the consequence  o f  partially replacing external  
sod ium on  36C1 up take  in two intact axons and  found  little or  no effect.  T h e  
technique o f  in ternal  dialysis (Brinley and  Mullins, 1967) provides  significant 
advantages  for  the s tudy of  influxes,  and  in view of  the evidence  cited in the 
p reced ing  p a r a g r a p h ,  it s eemed  worthwhile  to udlize this technique  in o rde r  to 
recons ider  the quest ion o f  s o d i u m - d e p e n d e n t  chlor ide influx.  In  this s tudy I 
have exam i ned  the effects o f  sodium on  chlor ide influx as well as the effects o f  
chloride on  sodium influx.  A significant por t ion  o f  the inf lux of  e i ther  ion 
requires  the extracel lular  presence  of  the o the r  ion. In  addi t ion,  bo th  of  these 
co - ion-dependen t  inf luxes can be depressed  by increasing the intracel lular  
concentra t ion  o f  chlor ide.  Finally, bo th  fluxes are,  to a large degree ,  d e p e n d e n t  
upon  ATP .  T h e y  are  partially inhibi ted by the diuret ic  agent ,  fu rosemide ,  but  
are unaf fec ted  by ouabain .  T h e  similarities in the behaviors  o f  the two fluxes 
s trongly imply that  a coup led  Na-CI up take  system, which requires  A T P  for  its 
full express ion ,  exists in the a x o l e m m a  o f  the squid giant  axon.  

M E T H O D S  

Axons 

These experiments were performed at the Marine Biological Laboratory, Woods Hole, 
Mass. during May and early June, 1976 through 1978. Live specimens of the squid,L0lig0 
pealii, were decapitated, and the first stellar nerve was removed and placed in cold, 
Woods Hole seawater. After careful cleaning, the giant axons were mounted horizontally 
in a dialysis chamber. 

The temperature of the bath was maintained at 15~ by means of a coolant fluid 
circulating from a Lauda K2/RD cooler (Brinkmann Instruments, Inc., Westbury, N.Y.) 
through the underside of the dialysis chamber; a thermistor (Fenwal Electronics, 
Framingham, Mass.) located just below the axon constantly monitored the bath temper- 
ature. 

Dialysis 
The technique of internal dialysis (Brinley and Mullins, 1967) was used in these 
experiments. The dialysis tube was a 12-cm length of hollow cellulose acetate tubing (140 
gm o.d.; FRL, Inc, Dedham, Mass.) glued to a plastic T-tube. For influx experiments, 
the tube had a central region ~ 27 mm long which had been rendered porous by a 16-20- 
h soak in 0.1 N NaOH. The porous central region was 20 mm long for efflux 
experiments. 

A 40-45 mm length of axon was cannulated at both ends, then the dialysis tube was 
guided through the axon until the porous region was positioned in the central portion of 
the axon. The axon was then lolered onto grease dams at either end of the central slot 
in the bath. The grease was a mixture of Vaseline and mineral oil and it was also applied 
on top of the axon at the dam sites. Then greased plastic inserts were placed over the 
axon at these two points, isolating the central, dialyzed region of the axon from the 
cannulated ends. 

Influx Procedures 
The width of the central compartment between the grease dams was - ] 9  mm, whereas 
the axon was dialyzed over a length of -27  mm. Thus, a region - 4  mm beyond the 
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central region was dialyzed on each end of  the axon.  This  a r rangement  was designed to 
pick up  isotope that diffuses laterally within the axon.  I f  this is not  done ,  the influx will 
be initially underes t imated but  will progressively increase as the undialyzed lateral 
regions begin to accumulate counts. The  reservoir  of  counts in the undialyzed ends 
would serve to damp  out  the effects o f  a t reatment  which reduced  the real influx. 

The  fluid bathing the axon could be withdrawn through ports  located at the bottom of  
the central  slot and  connected to a peristaltic pump.  In o rde r  to apply the appropr ia te  
radioactive external  fluid, the following procedure  was used. The  axon was first washed 
with at least 5 ml (slot volume = 0.2 ml) of  the appropr ia te  nonradioactive solution. This 
was accomplished by applying the fluid at the top of  the slot and withdrawing it through 
the bot tom ports  at a flow rate of  ~1.7 ml/min. Then  the fluid level in the slot was 
lowered until the meniscus was jus t  over the axon and 0.2 ml of  the radioactive solution 
was added .  The  level of  fluid was again lowered and another  0.2 ml of  radioactive fluid 
added .  This process was repea ted  once more.  The  external  fluids all contained phenol  
red so that any leaks th rough  the grease seals into the end regions could be quickly 
detected and repai red .  Specific activity samples were taken from the slot fluid bathing 
the axon.  

Inf lux samples were taken by allowing the dialysis fluid (flowing at the rate of  1 ml/ 
min) to fall directly into the scintillation vial after first passing th rough  the axon. At the 
end of  a t imed interval (usually 6-8 min) the tip of  the dialysis tube was washed with 1.0 
ml of  deionized water and the washings also collected in the vial. 10 ml o f  a 2:1 toluene: 
Tr i ton X-100 counting cocktail (Nadarajah et al., 1969) containing 4 g/liter Omnif luor  
(New England Nuclear,  Boston, Mass.) was added .  

Efflux Procedures 

For efflux exper iments  the isotope was presented via the dialysis fluid. External fluid 
entered  the central compar tmen t  at a rate of  2.4 ml/min through the two bottom ports  
and was collected at the top after  flowing a round  the axon. Two guard  syringes, each 
withdrawing fluid at the rate of  50/A/rain,  were connected to ports  at e i ther  end of  the 
central slot region.  Thus ,  isotope efflux from the boundary  area of  the dialyzed region 
was collected and discarded.  The  remaining fluid (2.3 ml/min) was collected direcdy into 
scintillation vials mounted  in a fraction collector which changed samples every 4 min. 10 
ml of  the toluene: Tr i ton  X-100 cocktail were added  and a stiff gel quite suitable for 
count ing resulted.  

Both the ~C1 and tuNa samples were counted in a Packard Tr icarb  model  3255 liquid 
scintillation spectrometer  (Packard Ins t rument  Co., Inc.,  Downers Grove,  Ill.). Each 
sample was counted until at least 1,000 counts were collected which allowed 95% 
confidence that the counts were accurate to within 6%. In most instances at least 2,000 
counts were obtained.  

Solutions 

The  composit ions o f  the external  solutions are listed in Table I. In te rmedia te  chloride or  
sodium concentrations were obtained by mixing aliquots of  the appropr ia t e  artificial 
seawater solutions (SSW). Chloride-36 as supplied by New England Nuclear  or  Amer-  
sham/Searle  (Arlington Heights,  Ill.) contains a considerable amount  of  carr ier  chloride,  
which was taken into account when making ~Cl-containing solutions. The  influx 
solutions were made to contain ~30 #Ci of  ~CI per  millimole of  total chloride.  The  ~CI 
salt solutions provided by the suppliers  were dr ied  and then ashed at 450~ before being 
added  to the exper imenta l  fluids. Sodium-22 was suppl ied as a carr ier-f ree  solution. 

The  composit ions of  the internal  dialysis fluid stock solutions are given in Table I I .  
In termedia te  chloride concentrat ions were obtained by propor t ionate ly  mixing the high 
and low chloride solutions. For  exper iments  involving changes of  internal sodium 
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c o n c e n t r a t i o n ,  s o d i u m  g l u t a m a t e  was  a d d e d  o r  s u b t r a c t e d  a t  t h e  o s m o t i c  e x p e n s e  o f  

t a u r i n e ;  t h u s ,  i n t e r n a l  p o t a s s i u m  a n d  c h l o r i d e  c o n c e n t r a t i o n s  w e r e  m a i n t a i n e d  c o n s t a n t .  

F o r  e f f l u x  e x p e r i m e n t s ,  ~ C l  w a s  a d d e d  as  K ~ C 1  t a k i n g  i n t o  a c c o u n t  its c o n t r i b u t i o n  to  

t h e  to t a l  KC I  c o n t e n t  o f  t h e  d i a lys i s  f l u i d .  A f i na l  spec i f i c  ac t iv i ty  o f  ~ 5 0  t~Ci p e r  

m i l l i m o l e  was  u s e d  in  t h e  d i a lys i s  f l u i d .  

T A B L E  I 

C O M P O S I T I O N  O F  T H E  A R T I F I C I A L  S E A W A T E R S  

Mg Methane- 
Na Lt Choline Mannitol Gluconate sulfonate SO4 

Ion SSW SSW SSW SSW SSW SSW ssW 

ntM 

Na 425 - 118 - 425 425 840 
K 10 10 10 10 10 10 10 
Li -- 425 . . . . .  
Chol ine  - - 307 . . . .  
Mg 50 50 50 262.5 60 50 60 
Ca 10 10 10 10 - 10 - 
CI 555 555 555 555 - - - 
Glucona te  . . . .  435 - - 
Me thanesu l fona te  . . . . .  555 - 
S04 . . . .  60 - 485 
Manni to l  - - - 205 - - - 

In  addi t ion  to the  major  c o m p o n e n t s  listed above,  all the  artificial seawaters  
con ta ined  0.5 m M  pheno l  red ,  0.1 m M  E D T A ,  and  10 m M  Hepes  bu f f e r  t i t rated 
to p H  7.7 with N a O H .  T h e  osmolali ty o f  all the  solut ions was about  970 mosmol /  
kg. 

T A B L E  I I  

D I A L Y S I S  F L U I D  S T O C K  S O L U T I O N S *  

ATP* ATP-free 

0 CI 350 CI 0 CI 350 CI 

mM mM 

K 350 350 350 350 
Na  42 42 50 50 
Mg 7 7 4 4 
Glu tamate  392 42 400 50 
C1 - 350 - 350 
SO4 7 7 4 4 
T a u r i n e  200 200 205 205 
H e p e s  10 10 10 10 
E G T A  0.5 0.5 0.5 0.5 
Pheno l  red 0.5 0.5 0.5 0.5 
Cyanide  - - 2.0 2.0 

* p H  -- 7.35; osmolali ty 935 mosmol /kg .  
:~ 4 m M  Na~-ATP a d d e d  immedia te ly  before  use.  p H  was read jus ted  to 7.35 
with K O H .  

F u r o s e m i d e  was  a g i f t  o f  H o e c h s t - R o u s s e l  P h a r m a c e u t i c a l s ,  I n c . ,  S o m e r v i l l e ,  N . J .  

A d e n o s i n e  5 ' - t r i p h o s p h a t e  ( A T P )  w a s  o b t a i n e d  f r o m  S i g m a  C h e m i c a l  C o . ,  St .  L o u i s ,  M o .  

I n  l a t e r  e x p e r i m e n t s  (1978) t h i s  w a s  s u p p l i e d  e s s e n t i a l l y  f r e e  o f  c o n t a m i n a t i o n  by  
v a n a d i u m  w i t h o u t  a n y  a p p a r e n t  d i f f e r e n c e  in  i ts  e f f e c t s  o n  t h e  p r e s e n t  s t u d y .  
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Membrane Potential 

The membrane potential was measured by momentarily placing a saturated KCI bridge 
connected to a calomel half-cell in contact with the dialysis fluid at the tip of the dialysis 
tube. The reference electrode was another calomel half-cell connected to the bath by a 
SSW salt-bridge. No attempt was made to correct for junction potentials, although it is 
believed these are small after the axoplasm has come into equilibrium with the dialysis 
fluid (Russell, 1976). 

R E S U L T S  

Chloride influx is inversely related to the intracellular chlor ide  concentra t ion 
(Russell, 1976). T h e r e f o r e ,  in o rde r  to obtain a large influx,  the present  influx 
exper iments  were p e r f o r m e d  with a nominally zero internal  chlor ide  concentra-  
tion unless otherwise specified. 

Effect of Varying [Na]o on Chloride Influx 

T h e  first tests for  sodium dep en d en ce  were made  using choline as the sodium 
substitute just  as Keynes (1963) had done  earlier.  Replacement  o f  72% o f  the 
sodium in the SSW resul ted in a reversible fall o f  chlor ide influx o f  - 3 0 % .  
Li thium was also used as a sodium rep lacement  in some early exper iments .  
Comple te  rep lacement  o f  external  sodium by li thium resul ted in about  a 50% 
inhibition o f  chloride influx.  

Because both choline and  li thium are univalent  cations, it seemed necessary 
to test for  sodium d e p e n d e n c y  using a solution which conta ined only 10 mM 
potassium as the sole univalent  cation. A solution designed by DeWeer  (1970) 
for  s tudying sodium fluxes was modif ied for  use in the present  exper iments  by 
keeping the external  chlor ide concentra t ion the same as the control  Na-SSW. 
When  all the external  sodium was replaced by magnes ium,  the chloride influx 
in nine axons averaged 1.4 • 0.1 pmol/cm~.s (mean • SEM), whereas when 
normal  amounts  o f  sodium were present  (425 mM), it averaged 17.9 -+ 1.5 pmol/  
cm 2. s. Qualitatively similar results were obtained f rom three  axons dialyzed 
with 50 mM chloride.  Comple te  rep lacement  o f  external  sodium using magne-  
sium resul ted in a fall o f  chloride influx f rom 11.0 • 0.7 to 1.3 - 0.1 pmol/  
cm~.s. Fig. 1 A shows that  a stepwise increase in external  sodium concentra t ion 
resul ted in a p ropor t iona l  stepwise increase o f  chloride influx in fibers dialyzed 
with 0 mM chloride.  In all, 12 axons were studied at several external  sodium 
concentra t ions  and their  pooled results are seen in Fig. 1 B. A l inear correlat ion 
between chloride influx and  external  sodium concentra t ion in the range  of  0- 
425 mM is evident .  It may also be seen that substitution with li thium or  choline 
resul ted in substantially less reduct ion o f  chloride influx. This  implies that 
l i thium and choline can partially substitute for  sodium in the activation o f  
chlor ide influx.  It may also help to explain why Keynes (1963) saw no effect  
when partially replacing sodium with choline. 

A TP Requirement for External Sodium-Dependent Chloride Influx 

An earl ier  s tudy which demons t ra t ed  an A T P - d e p e n d e n t  chlor ide influx was 
done  in the presence o f  a normal  external  sodium concent ra t ion  (Russell, 1976). 
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In that study, the average influx in the absence of ATP was reported to be 5.1 
pmol/cm2.s. Recently, it has become obvious that a complete washdown of 
endogenous ATP using the cellulose acetate dialysis capillary tubes takes 
somewhat longer than was appreciated in the earlier study. It was found in the 
present experiments that -70  rain of dialysis with ATP-free, cyanide-containing 
fluids were required to reduce the chloride influx to a minimum steady value. 
In eight axons poisoned with cyanide and dialyzed with ATP-free fluid for no 
less than 80 rain, chloride influx averaged 2.0 ~ 0.4 pmol/cm 2. s. Notice that this 
value is only slightly larger than the influx remaining after all the external 
sodium was replaced by magnesium. This similarity suggests that most of the 
sodium-dependent chloride influx also requires ATP. 

OUTSIOE ~ SSW 1142 NO SSWl 283 NO SSW 
INSIO 4 ATP-O CI 0 F 

20 �9 
A B �9 

I0 �9 

ooeePe �9 

_ meemee. 
o o ~ oo o ,oo 300 400 

TIME (Min) [Na]o (raM) 

FIGURE 1. The effect of replacing external Na on ATP-dependent Cl influx. (A) 
The effect on chloride influx of progressively increasing the external sodium 
concentration at the expense of the external magnesium concentration. The 
experiment was begun in Mg-mannitol SSW (Table I), then a mixture consisting of 
one-third Na~CI-SSW, two-thirds Mg~Cl~-mannitol SSW was used, followed by 
two thirds Na~CI-SSW, one-third Mg~Cl2-mannitol SSW. Axon diameter = 625 
gM. (B) Effect on chloride influx of replacing extracellular sodium with three 
different cation substitutes in 15 axons. (e) Mg-mannitol; (A) choline; (El) lithium. 

Effect of Ouabain on Chloride Influx 

Ouabain was applied to three axons bathed in Na-SSW and dialyzed with ATP. 
The concentration used (10-SM) is 10-100 times that required to achieve 100% 
inhibition of active sodium efflux (Baker et al., 1969). Fig. 2 shows results typical 
of the three experiments. No inhibition of C1 influx could ever be detected after 
treatment with ouabain. This confirms a similar observation by Keynes (1963) 
who compared ~C1 uptake in paired axons. 

Effect of Furosemide on Chloride Influx 

The diuretic agent furosemide inhibits chloride fluxes in a variety of epithelial 
tissues (Burg et al., 1973; Candia, 1973; Karnaky et al., 1977; Silva et al., 1977). 
In addition, this agent inhibits chloride fluxes in red blood cells (Brazy and 
Gunn, 1976), synaptosomes (Marchbanks and Campbell, 1976), and of more 
direct interest to the present study, in barnacle muscle (Boron et al., 1978). 



RUSSELL Coupled Na-Cl Transport in Squid Axon 807 

Two external  concentrat ions o f  furosemide were tested, 2 mM and 0.2 mM. 
In  three axons,  exposure  to 2.0 mM furosemide resulted in a fall o f  CI influx 
f rom 11.9 - 1.2 to 3.3 - 1.0 pmol/cm~'s .  However ,  at this concentrat ion the 
membrane  potential began to depolarize after  30-40 min o f  exposure  and then 
the Cl influx would rapidly increase. In contrast,  the effects o f  0.2 mM 
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15 

E IO 
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~ s 
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No SSw No SSW 4, I0 "1 M Ouabaln i 
4ATP-O  CI DF 

�9 �9 �9 O O 0 

I 
0 0 6aO 

TIME (Min) 

0 0 0 0 

FIGURE 2. Lack of effect of ouabain applied externally on chloride influx into 
ATP-fueled axon. Axon diameter = 660 #M. 
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FIGURE 3. Effect of 0.2 mM furosemide on chloride influx into an ATP-fueled 
axon. Axon diameter = 550/zM. 

furosemide  were readily reversible as shown in Fig. 3. Af ter  the inhibition the 
axon was washed for  3 rain with furosemide-free  Na-SSW and then fresh aeCl 
Na-SSW was reapplied.  Such t reatment  almost completely reversed the inhibi- 
tion within 20 min in this and  one other  axon similarly tested. In  a total o f  six 
axons treated with 0.2 mM furosemide,  chloride influx fell f rom 13.6 --- 0.9 to 
2.9 -+ 0.4 pmol/cm=.s.  

T h e  average chloride influx in the presence o f  0.2 mM furosemide was 
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slightly, t hough  not  significantly, h igher  than the average influx obtained f rom 
axons deple ted  o f  their  A T P  or  ba thed in Na f ree  SSW (see above). This  result  
suggests that  furosemide  blocks all the A T P - d e p e n d e n t ,  Na -dependen t  chloride 
influx,  an hypothesis  which was tested in the expe r imen t  il lustrated in Fig. 4. 
First the axon was dialyzed with an ATP-conta in ing dialysis fluid until a steady 
influx was obtained.  T h e  axon was then t reated with 0.2 mM furosemide  which 
caused the influx to fall f rom - 1 8  to ~3 pmol/cm~'s .  T h e  dialysis fluid was 
changed to one containing cyanide and no ATP.  A 70-rain dialysis with this 
fluid caused no fu r the r  reduct ion of  the influx. Thus ,  fu rosemide  appears  to 
block all the A T P - d e p e n d e n t  chloride influx.  

Effect of Na~ on Chloride Influx 

T h e  sodium concentra t ion o f  the dialysis fluid was varied between 8 and 158 
mM, a range  which could be tested without changing the internal  potassium 

OUTSIDE No SSW : Na SSW § 0 . 2 m M  Furnstmldm 
INSIDE 4 A T P - O  C DF 1 A T P - f r e e - O  CI DF 

eee 

15 

"E 

~j IIII 00000000 

I I I I I 

0 60  120 
TIME (Min) 

FIGURE 4. Effect on chloride influx of removing ATP from axon already treated 
with furosemide. Axon diameter --- 550/~M. 

concentra t ion.  Fig. 5 shows the results in one axon which are typical of  those 
observed in two others .  No discernible effect was no ted  when the internal  
sodium concentra t ion was raised. It can be seen that a l though changing the 
internal  sodium concentra t ion was without effect ,  0.2 mM furosemide  caused a 
p r o m p t  fall o f  influx, thus showing that the axon was not  simply a leaky one 
unable to respond  to any t rea tment .  

Effect of Clo on Chloride Influx 

In view of  the evidence that  a large componen t  of  chlor ide influx is by a 
media ted  t ranspor t  mechanism,  it was of  interest  to examine  the relationship 
between chloride influx and the external  chloride concentra t ion.  T h r e e  differ-  
ent  substitute anions were used; gluconate,  sulfate, and methanesul fonate .  Fig. 
6 is a composi te  o f  data obtained f rom nine axons,  three  axons with each anion 
stubstitute. T h e  relat ionship between the chloride influx and  external  chloride 
concent ra t ion  does not  fit a simple, single-site carr ier  model ,  a l though it appears  
to saturate at external  chloride concentrat ions greater  than ~350-400 raM. In 
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view o f  the similarity o f  the data obtained using three  rather d i f ferent  anions ,  it 
s eems  unl ikely  that the departure  from ideal Michael is -Menten kinetics can be 
attributed directly to the presence  o f  the substitute anions .  T h e  possibility that 
these  an ions  might  bind s o d i u m  and reduce  its chemical  activity and thereby 
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Inasmuch as this axon had a resting membrane potential of  - 6 0  mV, the change of 
[Na], from 8 to 158 mM reduced the net inward driving force of the sodium 
gradient from about-160 to about-85 mV, a 50% decline in the electrochemical 
gradient without any effect on chloride influx. However, treatment with 0.2 mM 
furosemide resulted in a prompt fall of  chloride influx. Axon diameter = 625/~M. 
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FIGURE 6. Effects on ATP-dependent chloride influx of  reducing external chlo- 
ride concentration with three different anion substitutes. These data represent 
nine axons, dialyzed with ATP-OCl-dialysis fluid. 

indirectly affect  chlor ide  inf lux was tested by measur ing  the s o d i u m  ion activity 
o f  the chlor ide- free  so lut ions  us ing  a sodium-sens i t ive  glass e lectrode.  N o  
systematic d i f ference  a m o n g  the solut ions conta in ing  the an ion  substitutes and 
the Na-SSW was f o u n d .  It is interest ing to note  that the apparent  saturation o f  
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chloride influx occurs when the external chloride concentration is about equal 
to the external sodium concentration. This suggests that the external sodium 
concentration may be the limiting factor resulting in saturation of chloride 
influx. 

Lack of Effect of Sodium on Chloride Efflux 

The effects of changing either internal or external sodium concentrations upon 
Cl efflux were studied. In order to have an easily measurable efflux it was 
necessary to make the intracellnlar chloride concentration rather high, 150 mM. 

T A B L E  I I I  

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

F U E L E D  A X O N S  (15~  

A, External sodium 
([Na]~ = 58 raM; [CI]t ~ 150 mM; [CI]o = 555 raM) 

INa]~ mM 0 425 

pmol/cm z -5 

A x o n  

5038 4.6 4.5 

5048A 5.7 5.8 

5048B 3.9 3.7 

5088A 5.6 5.9 

5088B 5.9 5.1 

M e a n  5.1 5.0 

+-- SEM 0.4 0.5 

B. Internals odium 
([Na]offi425mM; [CI]o ffi 555mM; [CI]~ ffi 150mM) 

[Na]j.mM 8 58 158 

A x o n  

5058A - 4.8 5.0 

5058B - -  6,3 6.3 

5078A 5.5 - 6.1 

5098A 4.2 - 4.4 

5098B 5.3 - 6.1 

5098C - 5.6 5.1 

M e a n  5.0 5.6 5.5 

-+ SEM 0.5 0.5 0.4 

Therefore,  direct quantitative comparisons between the influx and efflux values 
in this report are not possible. Some preliminary experiments have suggested 
that chloride efflux is linearly related to the internal chloride concentration in 
the range of 14-150 mM. The results collected in Table III show that chloride 
efflux is unaffected by changes of either the intra- or extraceUular sodium 
concentrations. The external sodium was replaced by magnesium just as in the 
chloride influx experiments. The internal sodium was changed by varying the 
sodium glutamate and taurine concentrations, thus maintaining the intracellular 
potassium and chloride concentrations, as well as the osmolality, constant. 
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Effect of C4 on Sodium Influx 

The observations that chloride influx is dependent on external sodium and that 
it saturates when the external chloride concentration becomes essentially equal 
to the external sodium concentration leads one to suspect the presence of a 
coupled Na-CI influx mechanism. If  such coupling exists and if it is an 
obligatory coupling, then any treatment which affects the flux of  one ion should 
similarly affect the other. It is known that chloride influx is reduced when the 
intracellular chloride concentration is increased (Russell, 1976). Sodium influx 
was measured from Na-SSW which also contained ouabain (10-SM) and tetro- 
dotoxin (TTX; 10-eM). These agents were added to reduce sodium fluxes 
through the sodium pump and the conductance channels (Baker et al., 1969). 
Neither agent affects CI influx (see Fig. 2). 1 The dialysis fluid was nominally 
calcium-free and contained 0.5 mM EGTA to reduce possible Na-Ca counter- 
transport to a minimum. Fig. 7 shows the results of lowering the intracellular 
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FIGURE 7. Effect on sodium influx of  reducing the intracellular chloride concen- 
tration in an ATP-fueled axon. In this axon and all subsequent sodium influx 
experiments, the external fluid contained 10-~M ouabain and 10-6M TTX. Axon 
diameter = 575/zM. 

chloride concentration from 150 to 0 raM. Sodium influx increased when the 
internal chloride concentration was lowered to 0 raM, but declined toward 
control values when the intracellular chloride concentration was raised to 150 
raM. Four other axons were similarly treated and it can be seen in Table IV that 
lowering the internal chloride concentration from 150 to 0 mM resulted in an 
average increase of  sodium influx of  ~11 pmol/cm~-s. Chloride influx, under 
similar conditions, increased by ~14 pmol/cmZ.s (Russell, 1976). 

Effect Of ATP on Sodium Influx 

Although it has previously been shown that there is an ATP-dependent sodium 
influx in the squid axon (Caldwell et al., 1960; Brinley and Mullins, 1968), it 
seemed important to demonstrate this dependence in the present experiments 

' Russell, J. M. Unpublished observations. 
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a n d  to  c o m p a r e  t h e  m a g n i t u d e  o f  t h i s  f l u x  to  t h a t  o f  t h e  A T P - d e p e n d e n t  

c h l o r i d e  i n f l u x .  F i g .  8 s h o w s  t h e  e f f e c t s  o n  s o d i u m  i n f l u x  o f  d i a l y z i n g  w i t h  a n  

A T P - f r e e  d i a l y s i s  f l u i d  a f t e r  f i r s t  d i a l y z i n g  w i t h  4 m M  A T P ,  T h i s  a x o n  w a s  

p o i s o n e d  w i t h  c y a n i d e  (2 m M )  t h r o u g h o u t  t h e  e x p e r i m e n t .  M o r e  t h a n  h a l f  t h e  

N a  i n f l u x  d e p e n d e d  u p o n  A T P .  I n  f o u r  a x o n s ,  t h e  A T P - d e p e n d e n t  s o d i u m  

i n f l u x  a v e r a g e d  12 p m o l / c m 2 . s  ( T a b l e  I V ) .  T h i s  m a y  b e  c o m p a r e d  w i t h  t h e  

A T P - d e p e n d e n t  c h l o r i d e  i n f l u x  o f  1 5 - 1 6  p m o l / c m  2. s. 

T A B L E  I V  

2~Na I N F L U X  I N T O  S Q U I D  A X O N S  U N D E R  V A R I O U S  
C O N D I T I O N S *  

[Cl]t, mM 0 150 0 0 0 
ATP, ~nM 4 4 0 4 4 
[CI]~ mM 555 555 555 0 555 

pmol/on s's + Furosemide 

Axon 
5138A 26.2 8.9 -- - -- 
5138B 17.4 - - - 9.8 
5168A 14,1 - - - 5.7 
5168B 16,2 - 3.4 - - 
5178B 14.2 5.3 - 5.3 6.3 
5188A 18.1 7.5 - - -- 
5188B 16.7 8,8 -- -- - 
5188C 15.7 4.7 - -- - 
5198A 15,7 - - 8.1 - 
5198B 18.2 -- 6,3 10.5 -- 
5308A 22,2 - -- 11.5 - 

5 3 1 8 B  20,9 - 1 0 . 7  - - 

5 3 1 8 D  14.1 - - - -  8.1 
6018A 20~0 - - 11.8 - 
6018B 22.5 -- 9.7 - -- 
6018C 16.8 - - -- 6.6 
6058B 19.7 - - 7.5 - 

Mean 18.2 7,0 7.5 9.1 7.3 
SEM 0.8 1.0 1.9 1.2 0.8 
n 17 5 4 6 5 

* In all these experiments [Na]o = 425 mM and [Na]t --- 50 mM. 

Effect of Varying Clo on Sodium Influx 

T h e  r e s u l t s  o f  t h e  p r e c e d i n g  t w o  t y p e s  o f  e x p e r i m e n t s  s t r o n g l y  s u g g e s t  a 

c o m m o n  l i n k  b e t w e n  p o r t i o n s  o f  t h e  c h l o r i d e  a n d  s o d i u m  i n f l u x e s .  T h e  e f f e c t  

o n  s o d i u m  i n f l u x  o f  l o w e r i n g  t h e  e x t e r n a l  c h l o r i d e  c o n c e n t r a t i o n  w a s  t e s t e d  b y  

s u b s t i t u t i n g  m e t h a n e s u l f o n a t e  f o r  c h l o r i d e .  A t o t a l  o f  s e v e n  a x o n s  w e r e  t e s t e d  

w i t h  v a r i o u s  e x t e r n a l  c h l o r i d e  c o n c e n t r a t i o n s .  C a r e  was  t a k e n  t h a t  e v e r y  a x o n  

b e  t e s t e d  w i t h  n o r m a l  c h l o r i d e  c o n c e n t r a t i o n  (555 r a M )  a n d  a t  t h e  e n d  b e  t e s t e d  

w i t h  0 m M  e x t e r n a l  c h l o r i d e  c o n c e n t r a t i o n .  T h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  

w e r e  n o r m a l i z e d  b y  s u b t r a c t i n g  t h e  f l u x  l e f t  i n  0 m M  c h l o r i d e  S S W  f r o m  t h a t  

o b t a i n e d  a t  e a c h  e x t e r n a l  c h l o r i d e  c o n c e n t r a t i o n .  T h i s  d i f f e r e n c e  w a s  d e f i n e d  

as  t h e  c h l o r i d e - d e p e n d e n t  s o d i u m  i n f l u x .  
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It should be pointed  out  that the protocol used was a conservative one  that 
will tend to underes t imate  the size o f  the ch lor ide-dependent  flux because the 0 
mM external  chloride t rea tment  was always the last t rea tment  of  each experi-  
ment .  T h e  possible underes t imat ion  arises because the chances o f  the axon 
becoming  leaky increase with exper imenta l  t ime and any such leak flux would 
be counted  as a non-ch lo r ide -dependen t  flux and assumed to be present  
t h r o u g h o u t  the expe r imen t .  T h e  results o f  these exper iments  may be seen in 
Fig. 9 which shows that the external  ch lo r ide -dependen t  sodium influx falls 
more  or  less l inearly as the external  chloride concentra t ion is reduced .  Table  IV 
shows that - 5 0 %  or  9.1 pmol/cm2-s of  the sodium influx f rom Na-SSW is 
d e p e n d e n t  upon  extracellular  chloride.  

Effect of Furosemide on Sodium Influx 

It will be recalled that t rea tment  with 0.2 mM furosemide  reduced  CI influx by 
- 1 0  pmol/cm2.s .  T h e  effect  o f  this agent  on Na influx was s tudied in five 
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FIGURE 8. Effect of ATP-depletion on sodium influx. Axon diameter = 460 IzM. 

axons.  It was appl ied in 22Na-SSW to axons being dialyzed with ATP-conta in ing  
0 C] dialysis fluid so that  the results are  directly comparable  to those obtained 
for chlor ide influx. A typical result  is shown in Fig. I0. About  50% o f  the 
sodium influx was rapidly inhibited by the furosemide .  It was somewhat  more  
difficult to reverse the effect  o f  the furosemide  on the sodium influx than was 
previously noted  for  chlor ide influx. In the example  shown in Fig. 10, two 
separate washout periods were requi red  to r e tu rn  the influx to ~80% of  its 
original value. T h e  reason for  d i f ference in the ease o f  reversibility is unknown.  
On the average,  fu rosemide  inhibited the sodium influx by - 8  pmol/cm2"s 
(Table IV). 

D I S C U S S I O N  

Na-Cl Co-Transport? 

These  results clearly show that  extracellular  sodium is a r equ i r emen t  for  a large 
fract ion o f  chloride influx into the squid giant axon.  Similarly, some sodium 
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influx has an obl igatory r e q u i r e m e n t  for  extracel lular  chloride.  In  that  a large 
por t ion  o f  the influx of  each of  these ions depends  u p o n  the presence  of  the 
o ther  ion, it is t e m p t i n g  to suggest  that  they share a c o m m o n  t ranspor t  
mechan i sm.  In  the p resen t  set o f  exper iments ,  a n u m b e r  o f  qualitative similari- 
ties were f o u n d  be tween chlor ide and  sod ium influxes.  A por t ion  of  both  
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FIGURE 9. Accumulated data from 10 axons showing the nearly linear relation- 
ship between the external chloride-dependent sodium influx and extracellnlar 
chloride concentration in ATP-fueled axons. In all instances the chloride was 
replaced by methanesulfonate. 
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FIGURE 10. This shows the inhibition of sodium influx caused by 0.2 mM 
furosemide and the difficulty in reversing the effect. The axon was washed twice 
in furosemide-free Na-SSW. Axon diameter = 530/xM. 

chlor ide and  sodium inf lux requires  ATP .  Both fluxes are inversely related to 
the intracel lular  chloride concentra t ion.  T h u s ,  as the e lectrochemical  gradient  
against  which chlor ide mus t  be moved  is increased,  the rate  of  the inward 
m o v e m e n t  o f  both  chlor ide  and  sod ium is r educed .  A fract ion o f  both  influxes 
can be blocked by fu rosemide ,  an agent  general ly cons idered  to be an inhibi tor  
o f  chloride fluxes in epithelia.  Nei ther  influx is affected by ouabain .  Finally, 
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there is the fact already mentioned, that the influx of either chloride or sodium 
is directly related to the concentration of  the other ion in the external fluid. 

Table V shows that the quantitative comparisons between the influxes for 
these common properties is also quite close. Only the Clo-dependent sodium 
influx seems significantly less than its counterpart, the Na0-dependent chloride 
influx. This would occur if methanesulfonate possessed a certain ability to 
substitute for chloride on the transport mechanism. In general, the sodium 
fluxes were always slightly less than the corresponding chloride fluxes. This is 
probably due to the fact that the cell interior is electrically negative making 
cation influxes particularly sensitive to increases in nonspecific membrane 
"leakiness." The general experimental protocol was to reserve for the end of 
any given experiment that treatment which would define the residual or base- 
line flux. Therefore, it is likely that by the time this treatment was performed, 
the leakiness was greater than it had been earlier in the experiment. In this way 
the relevant sodium influx might be systematically underestimated. 

The foregoing results clearly demonstrate that a portion of  the influx of both 
CI and Na have many properties in common. The simplest model to explain this 
correspondence is a Na-CI co-transport mechanism. Such a mechanism would 
require the simultaneous presence of both Na and CI and would result in a one- 
to-one coupling ratio for their influxes (see Table V). 

As pointed out in the Introduction, axoplasmic chloride levels are too high to 
be explained by a thermodynamically passive mechanism. The observations that 
metabolic poisons (Keynes, 1963) or intracellular ATP-depletion (Russell, 1976) 
inhibit 36C1 uptake have suggested that the proximate energy source for the net 
CI uptake mechanism is ATP. However, we must, for the present, admit our 
ignorance as to whether the energy resident within the ATP molecule is actually 
used to power this thermodynamically "uphill" movement of chloride into the 
axon. It may be that ATP serves a catalytic purpose such as changing the 
external site affinities for chloride and (or) sodium in a manner analogous to 
that suggested for the sodium-dependent glutamate uptake system (Baker and 
Potashner, 1973) and the Na-Ca counter-transport system (DiPolo, 1976; Blau- 
stein and Santiago, 1977). 

Is There a Role for the Sodium Gradient? 

In view of the external Na requirement and the many Na gradient-dependent 
transport processes that have been described (e.g., Crane, 1977), we must 
consider whether the Na gradient could be responsible for the uptake of CI 
against an electrochemical gradient. I f  one assumes a one-for-one coupling of 
Na and C1 influx, then, in principle, the Na gradient could drive intracellular CI 
to as high as 4.0 M (i.e., Eel = ENa; Na~ = 58 raM; Nao = 425 mM; Clo = 555 
mM). Because the actual reported values for intracellular Cl are around 100 
raM, it is clear that the Na gradient possesses sufficient energy to account for 
the transmembrane distribution of C1. 

Although the Na gradient hypothesis has not been rigorously tested in the 
present experiments, two kinds of  experiments were performed which do 
address this issue. These experiments tested the effects of  changing either intra- 
or extracellular Na concentrations on C1 efflux as compared to similar experi- 
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ments testing C1 influx. In general ,  the Na gradient  hypothesis  requires  that the 
direct ion o f  the net flow of  the co- t ranspor ted  species be the same as that of  Na 
moving down its electrochemical  gradient .  

Thus ,  changing the direct ion the Na electrochemical gradient  ought  to 
change the direct ion of  the net  flux. Obviously, a change in a net  f lux can result 
f rom changes in the unidirect ional  influx or eff lux or  both.  In the present  
exper iments  data were obta ined on both  Cl influx and eff lux u n d e r  conditions 
where the Na electrochemical  gradient  favored net  Na (and if coupled,  
presumably CI, as well) loss f rom the cell interior .  When  external  Na was zero 
and internal  Na = 58 mM, a condit ion which favors net  ef f lux,  we saw that Cl 
eff lux was unaf fec ted  (Table III  A) while influx was inhibited (Fig. 1), a set of  
conditions that  should p romote  net  Cl eff lux.  Thus ,  these data suppor t  the idea 
of' a role for  the Na gradient  in net Cl uptake.  However ,  ne i ther  CI eff lux nor  
influx were affected by varying Na~ between 8 and 158 mM when Nao was 
normal  (425 mM). Since raising Nat reduces  the inward Na gradient ,  one might  
expect  a combinat ion o f  effects on unidirect ional  fluxes to favor net Cl efflux.  
T h e  fact that  such did not  occur  may be explained if the p roposed  coupled Na- 

T A B L E  V 

COMPARISON OF C1 AND Na INFLUXES IN THE SQUID 
AXON 

ATP [Clh [Na]o [Cl]o Furosemtde 
dependent dependent dependent dependent mhtbited 

CI influx, 
pmol/cm 2 "s 16 14" 16.5 -- I 1 

Na influx, 
pmol/cra 2 ,s 12 11 - -  9 8 

* Estimated from Russell (1976) using a Qt0 of 1.65 (Russell, unpublished 
observations). 

CI unidirect ional  fluxes are a funct ion o f  the p roduc t  o f  the two ion concentra-  
tions. I f  this is the case, then  C1 eff lux might  not  be expec ted  to be much 
affected by changing Nai f r o m  8-158 mM, inasmuch as the Nat" CI~ p roduc t  is 
comparable  to the Na o" C1 o p roduc t  when Na o = 2-43 mM, a range  o f  Na o where 
CI influx was little affected (Fig. 1 B). 

Possible Role for  a Coupled Sodium Anion Uptake 

As has been discussed previously (Keynes,  1963; Russell, 1976), the funct ion o f  
an active chloride uptake  mechanism is unknown.  However ,  it has been shown 
in the squid axon that the extrusion o f  an intracellular acid load depends  
critically upon  the presence of  intracellular chloride,  extracellular  HCO3, and 
A T P  (Russell and Boron ,  1976). In o ther  preparat ions ,  it has become clear that 
the acid-extruding mechanism also depends  upon  extraceUular sodium 
(Thomas ,  1977; Boron and Roos, 1978); in fact, a net uptake o f  sodium has been 
demons t ra ted  in the snail n eu ro n  (Thomas,  1977) af ter  an intracellular acid 
load. In view of  the present  f inding of  a sod ium-dependen t  chlor ide influx, one 
may speculate as to its role in the acid-extruding mechanism. Perhaps  the system 
studied in this work could,  u n d e r  appropr ia te  condit ions,  engage in sodium- 
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d e p e n d e n t  bicarbonate influx. Thus ,  in the face o f  an intracellular acid load, 
sodium and bicarbonate move inward via the system described in the present 
repor t  and  chloride leaves, perhaps  with a proton.  Such a combinat ion o f  fluxes 
is well-suited to raise intracellular pH  and has been suggested by T h o m a s  (1977). 

Received for publication 16 November 1978. 
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