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ABSTRACT Squid giant axons were internally dialyzed by a technique pre- 
viously described. In an axon exposed to cyanide seawater for 1 hr and dialyzed 
with an ATP-free medium, the Na efflux had a mean value of 1.3 pmole/cm~sec 
when [Na]~ was 88 re_M, in quantitative agreement with flux ratio calculations 
for a purely passive Na movement. When ATP at a concentration of 5-10 n ~  
was supplied to the axoplasm by dialysis, Na efflux rose almost 30-fold, while 
if phosphoarginine, 10 mM, was supplied instead of ATP, the Na efflux rose 
only about 15-fold. The substitution of Li for Na in the seawater outside did 
not affect the Na efflux from an axon supplied with ATP, while a change to 
K-free Na seawater reduced the Na efflux to about one-half. When special 
means were used to free an axon of virtually all ADP, the response of the Na 
efflux to dialysis with phosphoarginine (PA) at 10 rnM was very small (an in- 
crement of ca. 3 pmole/cm~sec) and it can be concluded that more than 96 % 
of the Na efflux from an axon is fueled by ATP rather than PA. Measure- 
ments of [ATP] in the fluid flowing out of the dialysis tube when the [ATP] 
supplied was 5 rn~ made it possible to have a continuous measurement of ATP 
consumption by the axon. This averaged 43 pmole/cm2sec. The  ATP content 
of axons was also measured and averaged 4.4 m~. Estimates were made of the 
activities of the following enzymes in axoplasm: ATPase, adenylate kinase, 
and arginine phosphokinase: Values are scaled to 13°C. 

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

In  a previous r epo r t  (Brinley and  Mull ins,  1967) we have  shown tha t  squid 
axons subjected to in terna l  solute cont ro l  by  dialysis re ta in  their  abi l i ty  to 
genera te  a metabol ica l ly  d e p e n d e n t  efflux of sodium ions. T h e  purpose  of the  
present  s tudy was to examine  this sod ium efflux more  closely bo th  wi th  respect  
to the kinds of substances tha t  could  energize the Na  extrusion mechan i sm and  
wi th  respect  to the possible dependence  of the  N a  efflux on  the presence of 
bo th  Na  a n d  K in the ba th ing  seawater.  

Metabol ic  inhibi tors  such as cyan ide  and  d in i t rophenol  ac t  in squid axons 
by  p reven t ing  the  genera t ion  of h igh ene rgy  phospha te  bonds  by  oxidat ive  
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metabolism. The application of such substances to squid axons has been shown 
(Caldwell et al., 1960 a) to reduce Na effiux from normal values of about  60 
pmole/cm~sec at 20°C to about 10 pmole/cm2sec with a concomitant reduc- 
tion of [ATP] to about 10% of normal. This level of Na efflux during inhibi- 
tion of metabolism is about seven times larger than that  calculated for a purely 
passive outward leakage of Na. Such a result is understandable on two differ- 
ent bases; either the inhibitors do not reduce [ATP]~ to zero or there are 
alternate sources of fuel or alternate pumps for Na extrusion. An effect of CN 
on purely passive Na permeability has been ruled out by the experiments of 
Caldwell et al. (1964). Internal dialysis experiments are capable of reducing 
[ATP]~ to 1-10 #M and are therefore able to answer the question of whether a 
residual [ATP] in axons inhibited with CN is fueling extrusion. 

Since it is clear that  ATP  is of major importance in energizing Na extrusion 
from axons, it seemed useful to have measurements of its consumption during 
Na extrusion. Such measurements, it is found, can only be interpreted if one 
has some idea of the axoplasmic concentrations of enzymes that  transform 
ATP. Measurements of both ATP consumption and the activities of the 
enzymes ATPase, adenylate kinase, and arginine phosphokinase have been 
made during the course of this study. 

The general conclusions from the studies summarized above are that 
dialyzed axons show an efflux of Na in the absence of fuel that  can be cal- 
culated from a knowledge of Na influx, [Nail ,  and membrane potential by 
applying flux ratio considerations. Under  conditions in which care has been 
taken to exclude substances such as ADP from the axoplasm, phosphoarginine 
at a concentration of 10 mM causes a negligible activation of the Na extrusion 
mechanism, while ATP is capable of fueling Na extrusion at rates comparable 
to those seen in injected axons. The  K-free and Na-free responses of the Na 
effiux in dialyzed axons are similar to those seen in normal axons. 

M E T H O D S  

Internal Dialysis The methods used to control internal solute concentrations 
have been previously described (Brinley and Mullins, 1967). For certain purposes, 
it was found desirable to free the axoplasm at both the left- and right-hand junctions 
of the nonporous/porous glass dialysis capillary of substances that might diffuse 
longitudinally from axoplasm in the nonporous region to axoplasm in the porous 
region, and there affect reactions under study. To perform such a washing of the 
axoplasm, the dialysis capillary was advanced along the axon until the porous region 
lay not in the center of the axon but about 10 mm to the left of center. This initial 
positioning is shown in Fig. 1 a. With the porous region in such a position, nonradio- 
active and fuel-free internal dialysis solution (composition given in Table I) was 
driven through the capillary at a rate of 0.5/~l/min. This effectively removed from 
the axoplasm solutes not supplied in the dialysis fluid and this action is shown in 
Fig. 1 a where a loss of stippling in the axoplasm corresponds to this removal of solutes. 
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T he  dialysis capillary was then slowly advanced to the r ight at a rate of about  1 
m m / m i n  until it reached the position shown in Fig. 1 b. The  direction of travel was 
then reversed and the porous region of the capillary brought  to the center of the axon. 
I n  general, washing operations with nonradioactive fluids were started about  10 m m  
to the left of the ul t imate position of the left-hand border  of the porous region and the 
r ight-hand border  of the porous capillary was advanced about  5 m m  beyond its ulti- 
mate  position in the axon. Wi th  the porous region centered in the axon, the fluid 
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The method for removing substrates from the end regions of the axon is 
shown in this figure. The axon is cannulated and the porous capillary is inserted and 
brought to the position shown in a. The loss of stippling by the axoplasm indicates the 
removal of substances not contained in the nonradioactive dialysis fluid. The dialysis 
capillary is advanced toward the right at a rate of 1 mm/min until the porous region 
reaches the position shown in b. The result of this manipulation is to remove substrates 
from the central part of the axon. The direction of movement of the capillary is re- 
versed and brought to the location shown in c; the fluid flowing through the dialysis 
capillary is changed to a medium containing ~Na and this is shown as cross-hatching 
in the axoplasm. The region of flux measurement is thus bordered on each side by 
axoplasm that has been washed free of substrates such as ADP. 

flowing th rough  the capillary was changed to one containing a radioisotope such as 
22Na and the center of  the axon equilibrated with tracer;  this is shown in Fig. 1 c as 
a cross-hatched area. This method does not prevent  longitudinal diffusion, bu t  it does 
prevent  the diffusion of substrates from the nondialyzed to the dialyzed region of the 
axon by removing these from the ends of the axon. 

Analytical Methods In  the course of the present series of experiments it was 
found necessary to make analyses for ATP,  ADP,  A M P ,  and occasionally for total 
adenine and for phosphoarginine.  Three  different methods for A T P  analysis were 
used, involving the following reactions: 

(a) glucose "t- A T P  --~ glucosephosphate 
glucosephosphate q- T P N  --~ phosphogluconate  -t- T P N H  
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(b) A T P  + phosphoglycera te  ~ d iphosphoglycera te  + A D P  
d iphosphoglycera te  + D P N H  ~ phosphog lyce ra ldehyde  + D P N  + Pi 

(c) A T P  + luciferin + O3--+ hv + adenyl-oxylucifer in  + py rophospha te  

T h e  T P N H  formed in reac t ion  (a) was measured  spec t rophotomet r ica l ly  at  340 nm. 
T h e  reagents  for such a reac t ion  were conta ined  in  a capsule ( A T P  Calsul-  Ca lb io -  
chem,  Los Angeles,  Calif .)  t ha t  could  be  dissolved in wa te r  in a spec t rophotomete r  
cuvet te  a n d  the A T P  sample  for analysis added.  T h e  spec t rophotomete r  used h a d  a 
s tabi l i ty  of 0.001 a b s o r b a n c e / h r  and  a sensit ivity of 0.001 absorbance .  Such a sensit ivity 

T A B L E  I 

COMPOSITION OF SOLUTIONS 

S e a w a t e r  

Subs tance  N o r m a l  K- f ree  L i  Dialysis  fluid* 

mM ~?IM mM ~ M  

K + 9 0 9 304 
Na + 425 425 2 75-85 
Li + 0 0 423 
Mg ++ 48 48 48 0.1 --4:~ 
Ca ++ 9 9 9 
C1- 496 496 496 83-93 
CN- 2 2 2 2 
SO~" 25 25 25 
Isethionate- 151 
Aspartate- 151 
Taurine 275 
EDTA 0.1 
Glucose 2 2 2 

* Described in text as "no fuel" (NF); additions made were ATP 5--14 tr~ 
(described as "ATP") ,  phosphoarginine 10 rn~ (described as "PA") ,  or 
[(ATP 5-14 mu) + (PA 10 raM)] (described as "fuel" or "F") .  

Early experiments had [Mg] of 0.1-4 mu; in later experiments [Mg] was 
4 rr~ in addition to [ATP]. 

cor responded  to the  de tec t ion  of a b o u t  10 -1° mole  A T P  in a 0.5 ml  sample  wi th  a 
l ight  p a t h  of 1 cm. This  m e t h o d  was used to check A T P  stock solutions f rom t ime to 
t ime and  was used to measure  5 /z l  samples  of effluent f rom the dialysis tube  when  
concent ra t ions  were  expected  to be in the  range  of 1-10 rn~ ATP ,  cor responding  to 
5 -50  nmole  A T P .  A second m e t h o d  of A T P  analysis (b) was used for axoplasm sam- 
ples. T h e  reagents  were  suppl ied  in the  form of a test k i t  ( A T P  test, Boehr inger  Co.,  
M a n n h e i m ,  G e r m a n y )  and  the reac t ion  was aga in  run  in a cuvet te  vo lume of 0.5 
ml ;  the  sensit ivity for A T P  was, as above,  0.1 nmole.  U n d e r  some exper imenta l  
condi t ions  it was necessary to make  analyses for A T P  on 2 #1 samples  conta in ing  A T P  
a t  1-100 #M, or  2-200 p m o l e  pe r  sample.  Since the  enzymat ic  methods  descr ibed 
above  were  insufficiently sensitive, these analyses were  car r ied  out  using des iccated  
firefly tails (Sigma)  (using reac t ion  c). T h e  firefly tai l  ex t rac t  was he ld  in a cuvet te  
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positioned in front of a photomultiplier and the light emission was recorded as a func- 
tion of time. Peak light emission was measured from records and calibrated with 
ATP standards. The  reagent blank in these measurements was less than 10- x~ mole 
ATP, and 10 -12 mole could be measured with an analytical accuracy of 5 %. 

The measurement of both ADP and AMP was carried out with reagents supplied 
as a test kit (ADP/AMP test, Boehringer, Mannheim, Germany) and involved the 
following enzyme-catalyzed reactions. 

ADP + PEP ~ ATP + pyruvate 
pyruvate + DPNH ~ lactate + DPN 

The  decrease in absorbance resulting from the conversion of DPNH to DPN was 
measured and could be related to the ADP present. The subsequent addition of 
myokinase to the above reaction mixture allowed the following reaction to proceed: 

AMP + ATP ~- 2 ADP 

and the reaction of the ADP formed with the test reaction above allowed a quanti- 
tative estimate of the AMP present. All the above analytical methods are fully de- 
scribed in Bergmeyer (1965). 

Axoplasm was analyzed for ATP by extruding about 5 mg onto a small piece of 
plastic film and weighing this rapidly on an electrobalance (Cahn Instrument Co., 
Paramount, Calif.). The  sample was then placed in 0.1 ml of ice-cold 6 % perchloric 
acid and homogenized with a glass rod and a few grains of sand. The tube was cen- 
trifuged and an aliquot of the supernatant neutralized by triethanolamine buffer 
was taken for ATP analysis by the DPN method. 

Stock solutions of ATP were usually made up at 0.5 M and were stored at -90°C. 
They  were analyzed periodically for ADP and AMP in order to have a sensitive 
measure of decomposition of the solution. Because of possible variations in the hy- 
dration of ATP salts, it was necessary to analyze stock solutions for [ATP] by the 
T P N  method as well as to have ADP/AMP measurements as a check on decomposi- 
tion. Occasional cheeks were made on the total adenine nucleotide content of such 
solutions by measuring absorbance at 259 nm. ATP solutions ordinarily used had at 
least 98 mole % ATP. 

E~uent Samples from Dialysis Tube Measurements of ATP consumption by axo- 
plasm and ATP concentrations in the effluent during dialysis with both fuel-free 
solutions and PA were made by a calibrated glass capillary tube that was positioned 
over the end of the dialysis capillary with a micromanipulator. Fluid samples so col- 
lected had volumes of from 1-5 #1, corresponding to from 2-10 rain of dialysis time. 
Upon collection, these calibrated capillary tubes were placed inside a stoppered 
plastic test tube and transferred at once to a --20°C deep freeze. At the end of the 
experiment, the samples were either analyzed immediately or transferred to storage at 
--90°C. 

R E S U L T S  

Analysis of Axoplasm for A TP Al though  analyses of the A T P  concen t ra -  
t ion in axoplasm of L. forbesi have  been  publ ished (Caldwell  et  al., 1960 a), it  
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seemed important  to have values for L. pealei. Axoplasm (or whole axon) was 
treated with perchloric acid as described in Methods and subjected to en- 
zymatic analysis for ATP.  Two  axons were also analyzed for ADP and gave 
values of 0.2 and 0.6 mu. A T P  was present in easily detectable quantities and 
the measurements obtained are given in Table  II. The  mean [ATP] was 4.4 
m M .  

T A B L E  I I  

[ATP] I N  A X O P L A S M  (20-22°C) 

Time after death 
Axon reference Axoplasm sample of squid [ATP] 

mg kr  m M 

071565 8.9 3.0 5.7 
071665 6.0 3.0 3.0 
072065-1 7.6 2.5 3.5 
072065-2 6.5 3.1 3.5 
072065-3 4.3 1.3 4 .3  
072065-4 5.6 4 .0  4 .8  
072765-1 5.2 4.0 4 .9  
072765 -2 3.5 4.5 5.8 

M e a n  4 .44-0 .4  
n = 8 

Enzymes Concerned with Phosphate Transfer I t  is generally recognized that 
there are three enzymes in squid tissue mainly concerned with intracellular 
transformations of adenosine phosphates; these are: 

ATPase  

Adenylate kinase 

A T P - o A D P  + P ~  ( 1 )  

2ADP ~- A T P  + A M P  ( 2 ) 

Arginine phosphokinase PA -t- ADP ~- A T P  -t- A ( 3 ) 

The  relative importance of these different reactions might be expected to be 
connected with the concentrations of these enzymes in axoplasm; hence 
measurements were made to have some idea of the activity of each enzyme. 

The  activities of the enzymes adenylate kinase and arginine phosphokinase 
could be measured on the same sample of axoplasm inasmuch as both involve 
the phosphorylation of ADP to ATP. The method of performing the analysis 
was as follows: to an " A T P  Calsul" sufficient ADP was added to make the 
solution in the cuvette 5 rnM with respect to this substance. The result obtained 
is shown in the lower curve of Fig. 2 where the addition of ADP results in a 
prompt  increase in absorbance as the A T P  present in the ADP as an impurity 
undergoes reaction. When this reaction had stopped, as judged by  a constant 
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absorbance  wi th  time, a small a m o u n t  of axoplasm was added  to the cuvet te  
a n d  dispersed in the  reac t ion  mixture .  T h e  result  of this addi t ion  was an  
increase in abso rbance  tha t  was l inear  wi th  t ime and  p re sumab ly  a measure  
of the ex ten t  to which  reac t ion  (2) was taking place. As the reac t ion  mix tu re  
conta ins  so m u c h  A D P  tha t  its concen t ra t ion  does not  change,  a n d  because 
t he  A T P  fo rmed  is r emoved  by  the analyt ica l  react ion in the test kit, the 
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Fmurm 2. The absorbanee at 340 nm of either TPNH (lower curve) or DPNH (upper 
curve) is plotted as a function of time. The appearance of 1 mole of TPNH corresponds 
to the consumption of 1 mole of ATP by the test reaction. Similarly, the consumption 
of 1 mole of DPNH (in the upper curve) corresponds to the consumption of 1 mole of 
ADP by the test reaction. 

reac t ion  ra te  should measure  the concen t ra t ion  of tha t  c o m p o n e n t  of the 
reac t ion  mix tu re  which  is l imit ing;  thus p r e sumab ly  is the enzyme  adeny la te  
kinase. 

Wi th  the addi t ion  of sufficient phosphoarg in ine  to the mix tu re  in the cuvet te  
to m a k e  its concen t ra t ion  5 rnM, the ra te  of increase of absorbance  with t ime 
changed  to a m u c h  larger  value, as shown in Fig. 2. This  new ra te  is p resum-  
ab ly  the sum of react ions (2) a n d  (3) p roceeding  simultaneously.  F r o m  the 
k n o w n  ext inc t ion  coefficient of T P N H ,  the cuvet te  volume,  and  the mass of 
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axoplasm added, the enzyme activity could be calculated in terms of moles of 
substrate converted per unit time and per unit of axoplasm mass. Values for 
both enzymes are given in Table  III .  While adenylate kinase activity appeared 
to be relatively independent  of whether the axoplasm was fresh or had been 
stored for some time, arginine phosphokinase activity was much more labile 
in that  it decreased greatly if axoplasm or axons were stored overnight at 4°C 
or for a few hours at room temperature (see also Morrison et al., 1957). 

The  ATPase activity of axoplasm could be conveniently followed by meas- 

T A B L E  I I I  

S U M M A R Y  OF A X O P L A S M I C  ENZYME D A T A  (25°C) 

Enzyme activity* 

Axon Axon Axoplasm Adenylate phospho- 
reference diameter sample kinase ATPase transferase Remarks 

080266-1 400 
080266-2 385 
080466 384 
080966 
081066 

081666 

081666 

mg ~onoU/g rain lonole/g rain lonolrt/g min 

4. l 0. l 1 33 Axon part ial ly dried 
6.1 0.51 0.15 80 Fresh axon 
6.4 0.67 0.30 45 Stored overnight ,  4°C 
5.5 0.21 Mitoehondria-f ree  axoplasm 
3.0 0.35 Assay in 2 mM CN -b 500 ham 

K isethionate 
1.5 0.53 Assay in 2 mM CN -b 500 mM 

K isethionate Stored over- 
night ,  4°C 

12 0.26 Mitoehondr ia-f ree  axoplasm 

M e a n  0.40 0.24 53 

n = 6 3 3 

* ATP  or PA 5 raM. 

uring the ADP produced (see reaction 1) from A T P  using a Boehringer 
A D P / A M P  test kit. In this assay, the [ATP] was made  5 mM in the cuvette 
and the initial decrease in absorbance measured in the top curve of Fig. 2 was 
the reaction of ADP present as an impurity in the ATP.  After the absorbance 
had reached a steady value with time, axoplasm was added to the reaction 
cuvette and thoroughly dispersed. Upon  this addition, the reaction Started and 
could be followed as a linear decrease in absorbance with time. ATPase  
activity could be calculated from this slope and a knowledge of the D P N H  
extinction coefficient, cuvette volume, and mass of axoplasm added. 

In  some of the ATPase assays, the ADP test kit reagents were made  up in 
0.5 M K isethionate rather than distilled water. Under  these conditions, it 
was conceivable that the mitochondria of the axoplasm might remain intact 
and functional to some extent although no substrate was supplied. To  pre- 
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vent any possible loss of A D P  by phosphorylation in the mitochondria, CN 
was added to the reaction cuvette at a concentration of 2 rnM. These assays 
for ATPase were the same as those carried out in distilled water without CN. 

I t  seemed useful to know whether the ATPase activity observed in axo- 
plasm was the result of mitochondria activity or whether the enzyme in- 
volved was dispersed in the nonparticulate fraction of the axoplasm. To  
make such measurements, axoplasm was extruded into capillary tubes with 
an inside diameter of 0.5 mm. These tubes were mounted  in close-fitting 
Lucite blocks machined to fit into an ultracentrifuge rotor. The  extruded 
axoplasm was subjected to centrifugation at 50,000 g for 4 hr at  5°C and the 
supernatant  axoplasm was analyzed for ATPase activity. Electron micros- 
copy of the supernatant  and sediment confirmed that the experimental 
t reatment was adequate  to remove virtually all particulate matter  from the 
axoplasm supernatant,  while enzymatic analysis showed the supernatant  to 
have largely the same ATPase activity as whole axoplasm (see Doane,  1967). 
The  data on ATPase activity are shown in Table  III .  

A TP Consumption by Dialyzed Axons By measuring the [ATP] in the 
effluent from the dialysis tube, and knowing the flow rate and [ATP] in the 
dialysis fluid before it entered the axon, it is possible to calculate the A T P  
consumption of an axon. Such measurements were made  on a number  of 
axons and the results are shown in Table  IV. The  mean value for A T P  con- 
sumption normalized to an [ATP] of 4 mM is 43 pmole /cm 2 see and is simi- 
lar to the mean Na efflux (51 pmole /cm 2 see) measured on t h e  same axons. 
I t  agrees rather well with the in vitro measurement  of ATPase activity re- 
ported, 0.24/~mole/g min -- 60 pmole /cm ~ see at an [ATP] = 5 m_M or 48 
pmole /em ~ see when normalized to 4 raM. 

Na Effux in the Absence of A TP In  order to measure the efflux of 22Na 
from squid axons in the absence of high energy phosphate compounds,  a 
number  of axons were pretreated with 2 rnM CN sea water for 1-3 hr before 
beginning an experiment. As shown by  Caldwell et al. (1964), this procedure 
serves to reduce the [ATP] of axoplasm to about  120 #M. Our  subsequent 
dialysis of the axoplasm with fuel-free fluid yielded a concentration of A T P  
in the dialysis effluent of about  2 #M. The Na effiux from such axons, though 
readily measurable, was extremely small and for eight axons the mean was 
1.3 pmole / cm ~ see at 14°C (see Table  V). 

Perfusion with media free of high energy phosphate compounds did not 
seem to affect the transport mechanism adversely, for it was found that the 
Na efflux rose promptly to values characteristic of fueled axons when the 
internal dialysis medium was changed to one containing A T P  and PA. This 
prompt  rise is illustrated in Fig. 3, where the flux begins to rise 2-3 rain after 
dialysis with fuel begins. Actually the delay is considerably less than this 
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FmURE 3. The  efflux of Na is plot ted as a funct ion of t ime; the in ternal  dialysis s tar ted 
a t  12 rain  and  was a no-fuel medium.  T h e  efflux unde r  these condit ions was abou t  1.8 
pmole/cm~sec. A 10 min  pulse of A T P  a t  a concentrat ion of 5 rnM was applied an d  
followed by no fuel and  the Na  efflux then  fell essentially to its init ial  level. A t  73 min,  
A T P  5 was applied and  the Na  efflux rose to 20 pmole/cm2sec. A change to Li seawater 
dur ing  the p la teau  had  no effect on the magni tude  of the Na efflux. 

since about 1-2 n-fin are required to flush out the dead space in the lumen 
of the capillary between the porous region and the capillary holder. 

I t  might  be argued that  the observed flux increase is not due to ATP or 
PA, but  to some toxic impurity in the fuel perfusion media which increases 
the membrane permeability to sodium or in some other way causes a large 
increase in effiux. The flux increase resulting from ATP perfusion, however, 
for short periods (about 10 min) is readily reversible as can be seen from Fig. 
3, where the 22Na effiux begins to fall within 5 rain after a change to no-fuel 
solution. The flux rise and fall is nearly symmetrical and the nonfueled flux 
reaches almost the same level as before the ATP pulse. Four experiments 
were sufficiently complete so that  the ratio of fueled to nonfueled flux could be 
calculated on the same axon, as shown in Table V. This ratio was 22, or 
somewhat smaller than the ratio calculated from the pooled data  for all axons 
on which a fueled or nonfueled flux was determined. This ratio was 40/1.3 
= 31 and forms the basis for an experimental test of the flux ratio equation 

which will be presented in the Discussion. 

Na E~ux during Dialysis with Phosphoarginine Experiments similar to 
those described above for ATP  were performed using PA in order to have 
measurements of the extent to which this compound could serve to energize 
the Na extrusion mechanism. These experiments were usually done by com- 
paring the Na effiux produced with PA in the dialysis fluid with that  pro- 
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duced when both ATP and PA were present. An experiment of this sort is 
shown in Fig. 4 where an initial dialysis with no fuel produced the low level 
of Na efflux that is ordinarily observed. A change in dialysis fluid to one con- 
taining PA at 10 rr~ resulted in a prompt rise in Na efflux to a level of roughly 
20 pmole /cm 2 see and a subsequent change to fuel led to an efflux of Na 
that was initially 40 pmole /cm ~ see and a final efflux, just before a change to 
no fuel, of about 33 pmole /cm ~ see. The axon showed a small decrease in Na 
efflux in Li seawater which was unusual. The  [Mg] in the dialysis fluid was 

T A B L E  IV 

ATP CONSUMPTION BY DIALYZED AXONS 
D U R I N G  Na E X T R U S I O N  (13-15°C) 

ATP consumption * 

pmole / 
Axon cm~ see if 

diameter [Nail [ATP] ~ #mole #mole pmole [ATP] ~ Na efflux 
Axon refe2~ace # mM mM g min g min [ATP] em~ scc 4 mu pmole/cmZ sec 

121565 517 90 4 0.16§ 0.040 33 33 
121665 580 90 4 0.08 0.020 20 20 
062366-2 585 89 4 O. 19 O. 048 52 52 
070666 468 89 10 0.65 0.065 137 55 
070766 468 89 10 0.77 0.077 163 65 
071666 534 105 6 0.22 0.037 52 35 

0.34¶ [0.057] 89 [59] 
29 0.55 [0.019] 133 [18] 

072166 400 105 16 0.42 [0.026] 75 [19] 
29 0.37 [0.012] 66 [29] 

23 
23 

~,70 
65 
75 

Mean  0.048 43 51 
n =  6 6 5 

Brackets indicate values not included in means. 
* Total  Mg = 4 mu. 

Nominal ATP concentration. An indeterminate amount of hydrolysis occurred during storage 
estimated to be as much as 25% in some cases. 
§ 19°C. 
¶ 24°C. 

only 4 mM in this experiment and the extrusion mechanism may  well have 
been deficient in Mg. This notion is to some extent borne out  by  the response 
of the Na  efflux to a change to no fuel at 115 min. The  efflux appears to rise 
before undergoing the usual fall toward levels of Na  passive efflux. The  
effluent from the dialysis tube was analyzed for A T P  16 min after the change 
to no fuel and the insert in Fig. 4 shows the [ATP] in mst in 2 rain samples 
of the effluent. The  last sample had a value of 2 rn~ and the efflux of Na  was 
still at  normal levels. An important  observation from this experiment was 
that the level of Na  effiux produced by  dialysis with PA was about  half that  
produced by  ATP  + PA. In four experiments of this sort, the mean Na 
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efflux dur ing  PA dialysis was 44 % of tha t  dur ing  dialysis with PA + A T P ;  

the results are shown in Tab le  5, co lumn  5. I n  one of these experiments,  

111566-1, the concen t ra t ion  of A T P  present  in the PA dialysis fluid which  

had  passed t h rough  the axon  was ana lyzed  and  found  to be 0.6 rnM. Analysis 
of the stock PA solution which  had  been used to prepare  the P A  dialysis 

T A B L E  V 

CONDITIONS AFFECTING SODIUM EFFLUX 
IN DIALYZED SQUID AXONS 

Na cfl]ux Ratio of sodium ei]tux 

pmole K-free SW Li SW 
cm 2 sec SW 

SW $W 

Axon NF PA ATP 5 
reference F NF* - F -  -F-  F F ATP 5 F PA 10 ATP 5 

1 2 3 4 5 6 7 8 9 10 11 

100566 70 1.3 
101266 30 1.0 

0.8 
101866 38 2.0 0.05 0.50 0.7 

0.9 
102566 27 0.9 0.03 0.20 
102666 1.7 
110866-1 41 0.44 
110866-2 46 0.9 0.02 
111066-1 1.3 
111066-2 57 0.67 1.2 
111566-1 26 2.0 0.08 0.62 
111566-2 23 1.0 0.60 0.68 
111666 25 0.31 
111666-1 40 
112266-1 41 
012567-1 
012567-2 
012667 52 

0.3 
1.5 

1.0 

1.0 

0.7 

1.0 
0.79 0.9 

Mean 40 1.3 0.05 0.44 0.84 0.46 0.74 0.9 1.0 0.9 
~ =  13 8 4 4 2 2 2 6 1 4 

* Fluxes corrected for extra efflux during stimulation (1 imp/10 see). Fuel is "F" and no-fuel 
is "NF". 

fluid indicated tha t  A T P  present  as an  impur i ty  in PA would  have  contr ib-  
u ted  no more  than  2.5 #M to the effluent A T P  concentra t ion.  T h e  conclusion 
seemed inescapable,  therefore, tha t  PA was phosphory la t ing  some substrate 
in the axon. A considera t ion of the exper imenta l  a r r a n g e m e n t  which  we 

used led to the hypothesis  tha t  A D P  diffusing longi tudinal ly  f rom the non-  
d ia lyzed region of the axon  into axoplasm outside the junc t ion  of p o r o u s /  
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nonporous  glass migh t  be  phosphory la t ed  by  the e n z y m e  arginine  phospho-  
kinase. T h e  s i tuat ion is fu r the r  compl ica ted  by  the fact  t ha t  ~Na  and  PA 
will diffuse longi tudina l ly  in a d i rec t ion opposite  to tha t  of ADP,  so tha t  in 
the region of the j unc t ion  be tween  porous  and  nonporous  glass, the specific 
act ivi ty  of t racer  as well as the a m o u n t  of A T P  fo rmed  by  a reac t ion  of PA 
wi th  ADP,  will be  inde termina te .  A l though  the  gua rd  system serves to ex- 
c lude  f rom the collecting system a n y  22Na crossing the m e m b r a n e  in the end  
regions, there  is no contro l  to p reven t  A D P  in the end  regions f rom diffusing 
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FmtraE 4. Na efltux is plotted as a function of time for the various internal and ex- 
ternal changes in solutions made. The initial dialysis was with no fuel and the Na efflux 
was about 2.5 pmole/cm~sec. A change to phosphoarginine 10 mM led to a rise in efltux 
to about 20 pmole/cm2sec and a further change to PA 10 q- ATP 14 m.M resulted in an 
efltux of Na of about 40 pmole/cm*sec. A change to Li seawater outside appeared to 
reduce the Na efflux somewhat while a change to no fuel seemed initially to allow an 
increase in Na efltux followed by a decline of the efflux toward fuel-free values. The 
insert shows the [ATP] in mmoles/liter found by analysis of the dialysate for 16 min 
following the change to no fuel internal dialysis solution. The final value for [ATP] 
was about 2 n ~  and there was, at this time, no obvious effect on Na efflux. 

across the wall of the porous  capil lary,  being car r ied  downs t r eam by  the 
flow of fluid, and  redis t r ibuted along the  length  of the dia lyzed region. Diffu-  
sion of A D P  at  the  downs t r eam junc t ion  will also occur,  bu t  in this case 
would  no t  r each  the  porous  region because  it would  be  car r ied  away  by  the 
dialysis f luid flow into the nonporous  glass. A theoret ical  analysis of the situ- 
a t ion seemed unpromis ing  because  the re la t ion be tween  A T P  concen t ra t ion  
a n d  sodium effiux was no t  known.  The re fo r e  the p rob lem was a p p r o a c h e d  
exper imen ta l ly  as follows. 

T h e  end  regions of an  axon  were  dia lyzed as descr ibed in Methods .  Th is  
should have  r e m o v e d  A D P  and  o ther  solutes f rom regions of the axon adja-  
cen t  to the  porous  length  of the capil lary,  a l though  no  tests were  made.  An  
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experiment is shown in Fig. 5, where Na efflux is given on the left-hand 
ordinate and [ATP] in the dialysis effluent in /z~ is indicated on the right- 
hand ordinate. The  initial dialysis was with no fuel and yielded a Na efflux 
of 0.3 pmole /cm ~ sec while [ATP] was about  1.5 /zM. The internal dialysis 
was then changed to PA at 10 mM and the efflux of Na rose to about  3.3 
pmole /cm 2 sec bu t  the [ATP] also rose about  10-fold. The  results of four such 
experiments are shown in Table  VI  where the first entry, experiment 111567-1 
shows the results obtained when there was no preliminary wash of the end 

No Efflux 
pmole/cm 2 sec 

( 

- I  ] 
NF 

3 

2 -"; 

I 

1-25-67 

PA I0 

-. :': 
•'_o 

A" P]/JM 

16 

12 

8 

4 
J." 

.'.~G" 
• - ~  ' I I 

20 40 60 
M i n u t e s  

F I o u ~  5. Na efItux is plotted as a function of time for an axon that was subjected 
to a predialysis of the axoplasm on each side of the region where efflux was measured. 
The left-hand ordinate is Na efflux and the right-hand ordinate is [ATP] in the dialysis 
fluid coming from the axon in #mole/liter. The solid circles are Na etttux while the 
horizontal bars are [ATP] in a 4 min sample of dialysis fluid. The initial dialysis 
was with no fuel and Na efltux was 0.3 pmole/cm~sec, while [ATP] was 1 .5 /~ .  A 
change to PA 10 in the internal dialysis fluid led to an Na efflux of 33 pmole/cm¢sec 
and an [ATP] of about 15 /zM. Note that the highest value of Na efflux is only 
1/15th of normal values while [ATP] is less than 1/300th of normal. 

regions. The final four entries in the table show that removal of ADP from 
the end regions by predialysis results in a marked reduction of the sodium 
efflux and a concomitant  reduction of the concentration of ATP  appearing 
in the perfusate. The  data indicate that 10 mM phosphoarginine can produce 
at most about  5-15°7o of the normal sodium efflux. However,  we doubt  that 
this small increase in efflux seen during PA perfusion should be ascribed to 
phosphoarginine since it correlates well with the appearance of a large incre- 
ment  in the concentration of ATP  in the dialysate. The increment in ATP  
is consistent in each of the three experiments for which data are complete, 
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and is the result of multiple analyses of dialysis effluent before and during 
PA dialysis. 

The  single experiment, 120866-2, provides qualitative support  for the 
notion that most of the ADP phosphorylated by PA comes from the upstream 
side of the axon. In this experiment only the left-hand (upstream) portion of 
the axon was predialyzed; however, the A T P  concentration appearing during 
subsequent PA dialysis has been reduced practically to the level observed 
when both end regions were predialyzed. 

Effect of K-Free Seawater on Na Efflux An intact squid axon injected 
with radioactive Na  shows a large decrease in Na efflux when the seawater 

T A B L E  VI 

R E L A T I O N  BETWEEN Na  E F F L U X  AND 
[ATP] IN DIALYSIS F L U I D  

Axon reference 

Dialysis with NF Dialysis with PA 10 
Etltux of 

Na efltux Na efllux Na pump 
[ATP] pmole [ATP]* pmole pmole A[ATP] 

~a~ cm~sec I-~ c m ~ c  c m ~ c  I-~ 

111566-1 2.2 [600] :~ 22 20 600 
120866-2 [55]§ 
010467-1 0.5 3.7 23 14.4 11 23 
010467-2 11 
012567-1 1 0.3 12 3.4 3 11 
012567-2 3 1.5 12 4.1 3 9 

M e a n  1.5 1.9 15 
n =  3 4 4 

Brackets indicate  da ta  excluded from the mean.  
* Corrected for ATP  in PA (2.5 #M). 

No predialysis of end regions. 
§ Predialysis of left end region of axon only. 

surrounding the axon is made  K-free (Hodgkin and Keynes, 1955). The  
magnitude of this effect appears to be greatest in fresh axons and declines in 
axons that have been isolated for many  hours. The  nature of the change re- 
sponsible for the loss of a K-free effect is unknown. Since we were interested 
in the extent to which dialyzed axons resemble normal axons with respect to 
their Na  efflux, it seemed important  to discover whether such axons did show 
a K-free effect. An experiment to test for a K-free effect in dialyzed axons is 
shown in Fig. 6. The  axon was held in CN seawater for 2 hr prior to internal 
dialysis; it was then equilibrated with fuel and Na efflux measurements were 
begun. At  25 rain, the seawater surrounding the axon was changed to K-free 
and the Na  efflux promptly fell to 0.30 of its former value. Because the Na  
efflux was still rising at the time when the change to K-free seawater was 
made, it continued to rise in K-free seawater and when a change to seawater 
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was made ,  the N a  efflux increased f r o m  0.40 to 1.0. F o u r  axons  were  tes ted 
for  K- f r ee  effects a n d  the results are  s u m m a r i z e d  in T a b l e  V (co lumns  7 a n d  
8). A l t h o u g h  these results indica te  t ha t  the  K- f ree  effect is g rea te r  in axons  
d ia lyzed  wi th  fuel t h a n  wi th  A T P  alone,  the va r iab i l i ty  of the effect  a m o n g  
axons  a n d  the  fact  tha t  r a t he r  few expe r imen t s  were  done  m a k e  it impossible  

to be  ce r t a in  t ha t  the difference is real.  I n  the  e x p e r i m e n t  shown in T a b l e  V 
(axon  111566-2) the  same axon  was d ia lyzed  wi th  fuel a n d  then  wi th  A T P ;  
the re  was no  dif ference in the K- f ree  effect wi th  these two substrates.  T h e  
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FIGURg 6. Na efflux is plotted as a func- 
tion of time for an axon dialyzed with fuel 
(ATP 5 mM + PA I0 raM). The dialysis was 
started at 6 rain and at 95 min the seawater 
surrounding the axon was changed to K-free 
seawater. The result was clearly a prompt 
drop in Na efflux. The change to K-free 
seawater was made when the Na efflux was 
only 65% of its ultimate value so the efflux 
in K-free seawater rises with time. A change 
to seawater at 42 min led to a prompt rise 
of Na efflux to its plateau. The dashed line 
shows the time course of Na efflux that 
might be expected if K-free conditions 
were not imposed. 

a v e r a g e  of four  de t e rmina t ions  of  the K- f r ee  effect  in three  axons showed tha t  
N a  effiux was r e d u c e d  to 0.56 of cont ro l  values,  ind ica t ing  tha t  in te rna l  di-  
alysis d id  no t  abol ish the  K- f r ee  effect, a l t hough  it is p r o b a b l y  smal le r  in 
m a g n i t u d e  t han  in in jected axons tested ear ly  in a n  exper iment .  

The Effect of Na-Free Seawater on Na Ej~ux Excep t  for  N a - l o a d e d  axons  
(Mul l ins  a n d  F r u m e n t o ,  1964), condi t ions  have  no t  been  descr ibed  in which  
the  in tac t  squid axons  undergoes  a N a - N a  exchange  bu t  it was p la in ly  im-  
p o r t a n t  to discover  w h e t h e r  d ia lyzed  axons re ta ined  a N a  efflux t h a t  was 
i n d e p e n d e n t  of the presence  of N a +  in the b a t h i n g  seawater .  Such  exper i -  
men t s  as we  m a d e  were  usual ly  done  by  app ly ing  seawate r  in which  all the  
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Na except 2 mM was replaced by Li and the response of the efflux of 2~Na 
noted. Measurements on axons that remained in satisfactory condition 
throughout  the experiment showed that the substitution of Li for Na in sea- 
water had no influence on Na efflux as shown by Fig. 3 and the data  in 
Table  V. Some axons (such as that shown earlier as 101866) showed a 10- 
30% decrease in Na efflux when Li was applied bu t  were in good condition 
as judged both by their bioelectric behavior and by a demonstration that 
Na  efflux could be reduced to low levels when no-fuel conditions were im- 
posed on the inside of the axon. 

D I S C U S S I O N  

The dependence of the normal sodium efflux in squid axons upon metabolic 
energy has been well-established by  two general approaches. Either the pro- 
duction of energy was inhibited by inhibitors of aerobic metabolism such as 
cyanide or the utilization of energy for sodium transport was prevented by 
one of the cardiac glycosides. Such procedures usually reduced the sodium 
effiux to 10-20 pmole /cm ~ see, and led to the conclusion that ATP  is the 
major, bu t  perhaps not the only, source of energy for sodium extrusion. The  
residual efflux of sodium was still several times greater than that predicted 
by the Ussing flux ratio equation. Possible explanations for the discrepancy 
are: incomplete inhibition of ATP  production, other energy sources, or ex- 
change diffusion. The  dialysis technique afforded a way of discriminating 
between these explanations since substrates could be supplied separately to 
the axon. When  axons were perfused with ATP-free media, the efflux was 
1.3 pmole /cm ~ see. Since the influx in a similar series of perfused axons was 
57 pmole /cm ~ see, the ratio of efflux/influx is 0.023. This agrees closely with 
the flux ratio calculation of 0.017, assuming the membrane  potential of our 
axons was - - 6 0  my. The  ratio of no fuel/fuel sodium efflux in dialyzed axons 
can also be calculated as an independent experimental test of the flux ratio 
equation, on the assumption that the observed sodium effiux was equal, or 
nearly so, to the influx in these dialyzed axons. We  have, of course, no evi- 
dence that  the sodium extrusion process was operating maximally during 
the experiments in which we measured effiux; the results, however, 0.045 
(ratio calculated from data  on the same axon) and 0.033 (ratio calculated 
from pooled efflux data) are in close agreement with the theoretical value. 

As can be seen from Table  VI,  we have been unable to reduce the A T P  
concentration in the effluent dialysis media from no-fuel axons below about  
1.5 #M. Although this value is only 0.034% of the normal A T P  concentration 
in our axons (4.4 mM), it might explain the fact that  the observed ratios are 
all slightly larger than the theoretical. In  considering this explanation, it 
may  be noted that the absolute value of the sodium efflux calculated from 
the flux ratio equation, 1.0 pmole /cm ~ see, is only 0.3 pmole /cm ~ see less than 
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the observed fuel-free efftux. The actual amount of sodium efflux required 
to produce the discrepancy in the flux ratios is therefore extremely small. 
The conclusion drawn from these experiments is that in the absence of ATP, 
the observed sodium efflux agrees quantitatively with the flux ratio predic- 
tion. There is no evidence of exchange diffusion under these circumstances. 

Although the experiments described in this study indicated that ATP 
was sufficient to produce a large sodium efflux, they did not exclude the 
possibility that phosphoarginine may normally provide energy for sodium 
transport. A critical test of the effects of PA was not possible until ATP and 
ADP were removed from the axoplasm. This is true because, in the case of 
ATP, a rather large sodium efflux can result from a small [ATP]. The removal 
of ADP is also a requirement because the high activity of arginine phospho- 
kinase in axoplasm will lead to ATP formation by the reaction of PA with 
ADP. The procedures which we used to remove ADP from the axoplasm 
have already been described in the Methods section. Although we did not 
directly determine ADP removal from the axoplasm during the "predialysis," 
we infer that any free ADP was in fact removed; our control experiments 
(Brinley and Mullins, 1967) indicate that the porous capillary removed sub- 
stances up to at least 1000 molecular weight with a half-time of 2-5 min. The 
results of these experiments clearly indicate that dialysis with 10 rr~ PA 
(which is about twice the normal axoplasm concentration) under conditions 
where phosphorylation of ADP is minimal, produces only about 3-4 pmole/ 
cm ~ sec of sodium efflux, and even this is associated with the appearance of 
ATP at a concentration of about 12 ~M in the effluent dialysis fluid. We con- 
clude therefore that PA is not a direct energy source for the sodium extrusion. 

Fresh, intact, isolated cephalopod axons show characteristic changes in 
sodium efflux when exposed to sodium-free solutions. The sodium efflux is 
increased about 20-50% in Sepia (Hodgkin and Keynes, 1955). In squid 
axons there may be some species variation. Caldwell and Keynes, using 
Loligo forbesi (Keynes, 1965, Fig. 9), found an increase of efflux in sodium- 
free solutions which was about the same as that found in Sepia. On the other 
hand, Sjodin and Beauge (1967), using Lologio pealei, found essentially no 
effect of Na-free solutions on sodium efflux. Despite the quantitative differ- 
ences found by different laboratories, what is clear from published data is 
that lithium solutions do not reduce the sodium efflux from normal squid 
axons. 

Whatever the ultimate explanation for the sodium-free effect in intact 
axons, it appears that squid axons dialyzed with high energy phosphate media 
resemble intact axons in the response to lithium seawater. 

This seemed a point worth establishing since Caldwell et al. (1960 b) have 
shown that microinjection of ATP into axons previously poisoned with cya- 
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nide produced a sodium effiux nearly normal in magnitude, but which was 
reduced substantially when lithium was substituted for sodium in the external 
solution. 

Potassium-free external solutions reversibly reduce the sodium efflux from 
cephalopod axons. The ratio (Na eff[UX)K.free / (Na effiUX)sw is about 0.30 for 
Sepia (Hodgkin and Keynes, 1955) and about 0.35 for Loligoforbesi (Caldwell 
et al., 1960 a) and 0.41 for Loligo pealei (Sjodin and Beauge, 1967). The effect 
is apparently rather labile since it tends to become less marked after axons 
have been isolated for many hours, although the size of the sodium effiux is 
little changed. It is barely detectable in cyanide-poisoned axons whose Na 
effiux has been restored by large injections of ATP. 

The present results indicate that at least some potassium sensitivity persists 
during dialysis since mean ratio of effiux in K-free to effiux in normal sea- 
water was 0.56 in four determinations. In the injected axons studied by Cald- 
well et al. (1960 a) some potassium-sensitive sodium effiux was induced by 
injections of PA, although the concentrations of PA required to do so were 
between two and eight times the amount of PA present in unpoisoned fibers. 
These authors considered two possible explanations for this induced sensitiv- 
ity: a direct effect of phosphoarginine on the transport mechanism, or the 
production of a high ATP/ADP ratio in the axoplasm resulting from the 
rapid resynthesis of ATP from ADP. The second explanation was favored, 
but the first could not be excluded since the microinjection experiments 
afforded no convenient way of controlling the ATP/ADP ratio without the 
simultaneous presence of a phosphorylating agent such as PA or PEP. The 
dialysis experiments, which afford a means of controlling the ATP/ADP 
ratio without using PA, suggest that PA is not absolutely essential. In two 
experiments, 111566-2 and 112266-1, a significant, though small, K-free 
effect was seen during peffusion with 5 mM ATP plus 0.5 mM ADP. Theo- 
retical calculations based on the diffusion of ATP from the capillary and its 
consumption in the axoplasm (Brinley and Mullins, 1967) indicate that the 
ATP/ADP ratio at the axolemma was between 4 and 10, with an absolute 
ATP concentration of about 4.0-4.5 rnM during these experiments. 

A TP Consumption and Na Extrusion 

It should be noted that the method used to supply ATP to the Na extrusion 
mechanism in these experiments differs greatly from the manner by which 
the major fraction of the ATP is supplied physiologically. In the intact axon, 
ATP is presumably generated by mitochondria located close to the source 
of utilization of ATP; if we consider consumption of ATP at the axon mem- 
brane, then it is mitochondria located in the periphery of the axoplasm which 
take up the ADP produced by the hydrolysis of ATP by the membrane en- 
zyme and regenerate it to ATP. The advantages of this local generation and 
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consumption system are that the [ADP] is kept low and the consumption of 
A T P  is minimal. When ATP  is supplied from a dialysis tube in the center of 
the axon, it must diffuse 150 # to reach the membrane.  In the course of this 
diffusion, ATP  is subject to many side reactions unrelated to its action at the 
membrane.  This axoplasmic ATP  consumption reduces the [ATP] ultimately 
reaching the membrane  and because it is necessary to poison the mitochon- 
dria with CN in order to control A T P  generation, the result is that the [ADP] 
and [PO4] concentrations may  be expected to be higher than in the physio- 
logical situation. Since the free energy available from the reaction, A T P  
ADP Jr- P~, is decreased as the concentrations of the products are increased, 
the method we have used to fuel Na extrusion cannot be expected to be as 
efficient as when mitochondria generate ATP. The use of phosphagen, in the 
form of phosphoarginine, enables one to overcome part  of the difficulty to be 
expected when substrates are furnished by  dialysis. This is so because PA is not  
subject to side reactions of the sort that affect ATP. Instead, it reacts with 
ADP, and effectively removes this product. The  phosphate produced by  
ATP  hydrolysis, however, is not removed by  the action of PA on ADP so that 
the free energy available is not as great as it would be if there were a system 
to consume the phosphate produced. 

These considerations are relevant to measurements of A T P  consumption 
by squid axons because it is not clear that A T P  consumption in axons sup- 
plied with A T P  by  dialysis can be expected to be the same as that  in the 
normal axon in which most of the A T P  is supplied to the membrane  by mito- 
chondrial oxidative phosphorylation. In the calculations that follow, all 
parameters are scaled to a temperature of 14°C using a temperature coeffi- 
cient (Q10) of 2.2. I t  is further assumed that the axoplasmic ATPase has an 
activity (#mole /g  min) that is linearly dependent  on [ATP]. If we examine 
the case of the intact axons first, Connelly (1952) and Connelly and Crane- 
field (1953) have measured a mean O3 consumption for intact squid axons of 
70 /~l/g hr at 16°C. This value can be converted to A T P  production, ff a 
P/O~ ratio of 6 is assumed; this is 0.31 /~mole/g min at 16°C or 0.26 at our 
standard temperature of 14°C. Our  mean activity of axoplasmic ATPase 
(Table I I I )  is 0.24 ~mole/g  rain at 25°C and 5 m_u [ATP] while the mean 
axoplasmic [ATP] is 4.4 so that rescaling to 14°C and 4.4 rnM yields an ATPase 
activity of 0.09 ~mole/g  min. The net A T P  available for consumption by 
the membrane  is, therefore, the difference between A T P  production (0.26) 
and axoplasmic hydrolysis (0.09) or 0.17 #mole /g  min. 

For the dialyzed axon, our mean A T P  consumption measured while Na 
extrusion was taking place (Table IV) is 0.048 #mole /g  rain per mM [ATP] 
at 14°C. Diffusion calculations indicate that for a substrate that is consumed 
(such as ATP),  the steady-state concentration in axoplasm will be (at 14°C) 
0.77 that of the supplied concentration so that to scale our consumption to 
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an [ATP] of 4.4 rnu in the dialysis fluid involves an axoplasmic concentration 
of (0.77 × 4.4) or 3.4 m~. We take, therefore, 0.048 (Table IV) #mole A T P  
consumed/g  rain [ATP] and multiply by 3.4 n ~  and obtain 0.16 /~mole/g 
min for ATP  consumption by axons under internal dialysis. For axoplasmic 
ATP consumption, we take the value obtained in the paragraph above (0.09 
#mole /g  n-fin at 14°C and 4.4 raM) and rescale to the concentration given 
above by multiplying by 0.77 or a value for ATPase of 0.07 #mole/g  min. 
The  difference between the total A T P  consumption measured in vivo and the 
axoplasrnic ATP  consumption is (0.16-0.07) or 0.09 #mole /g  min. 

The  values obtained from the calculations given in the two previous para- 
graphs are listed below: 

vraole/g mi. 
a. A T P  generated in intact axons (from 02 consumption meas- 0.26 

urements) 
b. ATP  consumed by axoplasmic ATPase (from in vitro meas- 0.09 

urements) 
c. A T P  available to membrane  (a - b) 0.17 

d. ATP  consumption measured in dialyzed axons extruding Na 0.16 
e. ATP  consumed by axoplasmic ATPase (from in vitro measure- 0.07 

ments) 
f.  A T P  available to membrane  (d - e) 0.09 

The value listed in line f can be transformed to a surface consumption in 
a 500 # axon and is then 17 pmole A T P / c m  2 sec. This can be compared 
with the simultaneously measured Na effiux (Table IV, column 9) of 51 
pmole /cm 2 sec and gives a N a / ~ P  of 3. For intact axons, the value listed in 
line c similarly can be transformed to a surface ATP  consumption of 32 
pmole /cm 2 sec. The  foregoing calculation is admittedly arbitrary; values as 
low as 1.5 for a N a / N P  ratio can be calculated using somewhat different 
methods of treating the data. 

Baker and Shaw (1965) have measured the rate of release of P~ after the 
onset of CN treatment  in whole axons and in axoplasm and have obtained 
the following values (scaled to 14°C) : Pi release by whole axon 0.25/zmole/g 
min and P~ release by axoplasm 0.17 /zmole/g min. If P~ release is related 
directly to A T P  consumption, the difference between these values (0.08 
/~mole/g min) is very similar to the one we obtained with dialyzed axons 
(0.09), but the individual values are rather different. Their  value for A T P  
consumption by whole axon is in excellent agreement with the results from 
O2 consumption (line a) but  the value for ATP  hydrolysis by axoplasm is 
much  higher than that  given in line b. The  general conclusion of Baker and 
Shaw is the same as ours with respect to there being a N a / ~ P  ratio of about 
2-3; however, it should be noted that the method used by Baker and Shaw 



2354 T H E  J O U R N A L  OF G E N E R A L  P H Y S I O L O G Y  . V O L U M E  50 . t 9 6 7  

to estimate ATP  consumption in the axon periphery inevitably resulted in 
including ATP hydrolysis by the Schwann cells (two membranes) in addition 
to the axon membrane. There is no information on which to base an estimate 
of the relative contributions of these three membranes; on the assumption 
that  they all share equally in ATP hydrolysis, N a / ~ P  ratios as high as 9 
could be calculated. 

The estimation of ATP consumption by the axoplasm is a critical measure- 
ment  for the calculation of ATP utilization in Na extrusion. We have con- 
sidered the following possible sources of error in our estimates of axoplasmic 
ATPase: that  the ionic strength, pH, or activating ion requirements of the 
enzyme were not met in the assay system that we used. The nonspecific 
ATPase does not have an activating ion requirement (Bergmeyer, 1965) and 
the pH for the assay was 7.5 which, while less than the pH opt imum for the 
enzyme, is reasonably close to the pH of axoplasm. The assay was usually 
made with a total salt (as KCI) concentration of about 150 raM; however, in 
one measurement, 500 mM K isethionate was used without any great differ- 
ence in activity. Mitochondria in the presence of CN may have an ATPase 
activity, but we did not observe a difference between whole axoplasm and 
mitochondria-free axoplasm. 

While N a / ~ P  ratios may  be of interest in connection with hypotheses 
about pump stoichiometry, the actual free energy available from ATP hy- 
drolysis and its relationship to Na extruded is probably a more important  
consideration at present. Unfortunately, the evaluation of this free energy 
depends upon having reliable estimates of the concentrations of the following 
substances at the inside of the membrane:  ATP, ADP, and HPO4. Because 
it is almost certain that  substances such as ADP are not uniformly distributed 
between the particulate matter  and the homogeneous phase of the axoplasm, 
analyses of whole axoplasm for ADP are unlikely to yield satisfactory data 
for estimates of the free energy available for pumping. 
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