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Summary. Giant axons from the marine annelid, Myxicola infun- 
dibulam, were internally dialyzed with ATP-free media and with 
media with lower than normal ATP levels in an attempt to deter- 
mine quantitatively the ATP requirement of the Na pump in 
these cells, This was accomplished by using 22Na ions to measure 
Na efflux. When [ATP]~ in dialysis fluid fell to values within the 
range of 20-40 /xM, a marked stimulation of Na efflux was ob- 
served even though an essentially normal ouabain sensitivity of 
Na efflux persisted; when axons were dialyzed with ATP-free 
solutions with ouabain present in the external medium through- 
out the dialysis period, the stimulation of Na efflux still occurred. 
The stimulation of Na efflux produced by low [ATP]g levels could 
be reversed by reintroducing normal ATP levels into the dialysis 
medium. Reversibility was complete provided axons were not 
depleted of ATP for periods longer than about 1 hr. Longer peri- 
ods of ATP depletion led to larger and ultimately irreversible 
increases in Na efflux. The increases in Na efflux occasioned by 
ATP depletion either prevented or obscured the decrease in Na 
efflux expected to occur from unfueling the Na pump. Since 
[ATP]g levels required to significantly unfuel the Na pump lie 
below the levels at which the Na efflux stimulation occurred, it is 
problematic to quantitatively assess the influence of [ATP]I lev- 
els on Na pump rate by measurements of Na efflux in this prepa- 
ration. Substitutes for ATP failed to prevent increases in Na 
efflux. The large increases in Na efflux observed at low [ATP]~ 
occurred with no important changes in the resting membrane 
potential, and also occurred in Na-free and Ca-free external me- 
dia. At least part of the increased Na efflux under these condi- 
tions may be due to a Na/Na exchange component, as a signifi- 
cant dependence of Na efflux on [Na]o appropriate for this kind 
of exchange was observed in the ATP-depleted axons. Whether 
the highly reproducible anomalous effect on Na efflux in Myx- 
icola axons has some fundamental significance in its own right is 
a matter for future investigation. A few possible explanations of 
the anomalous effect of reduced ATP levels are discussed. 
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Introduction 

The sod ium p u m p  p resen t  in giant  axons  f rom the 
mar ine  anne l id ,  Myxicola infundibulum, has several  
proper t ies  in c o m m o n  with the sod ium pumps  in 
other ,  wel l - inves t iga ted  cells, such as red b lood  
cells,  the squid giant  axon ,  and  skeletal  musc le  fi- 
bers  (Forbush ,  1974; A b e r c r o m b i e  & Sjodin,  1977). 
No tab le  a m o n g  these  proper t ies  are its sensi t iv i ty  to 
ex te rna l  K and  to in te rna l  and  ex te rna l  Na,  as well 
as its suscept ib i l i ty  to inh ib i t ion  by  ex te rna l ly  ap- 
plied ca rd io ton ic  s teroids such as ouaba in  or 
s t rophanth id in .  The  energy  source  of the N a  p u m p  
in several  impor t an t  cell types  has b e e n  shown  to be 
ATP ,  which  is requi red  ins ide  the cell. The require-  
m e n t  for in te rna l  A T P  has b e e n  mos t  dramat ica l ly  
d e m o n s t r a t e d  in in te rna l ly  d ia lyzed squid giant  ax- 
ons,  in which  N a  efflux falls to va lues  a round  1 
p m o l / c m  2 �9 sec w h e n  axons  are d ia lyzed with an 
ATP-f ree  solut ion,  and  increases  near ly  30-fold 
when  A T P  is r e in t roduced  into the dialysis  so lut ion 
(Mull ins & Br in ley ,  1967). S ince  Myxicola giant  ax- 
ons are e lectr ical ly  very  s imilar  to squid giant  axons  
(Goldman ,  1968; G o l d m a n  & Bins tock ,  1969; Gold-  
ma n  & Schauf ,  1973) and  possess  a similar  Na  
pump,  as no ted  above ,  it was na tura l  to expect  that  
sufficiently lower ing  the A T P  level  inside the Myx- 
icola axons  would  lead to a large reduc t ion  in N a  
efflux. It  came  as a surprise ,  therefore ,  that  Myx- 
icola giant  axons  in te rna l ly  d ia lyzed with ATP-f ree  
solut ions  to p roduce  lower  [ATP]g failed to show a 
reduced  Na  efflux (Forbush ,  1979). Indeed ,  some of 
the axons  in the la t ter  expe r imen t s  showed an in- 
c reased  N a  efflux u p o n  lower ing  [ATP]i.  

The  pu r pose  of  the p resen t ly  repor ted  work  was 
to fur ther  inves t iga te  the effects of low in te rna l  A T P  
levels  on  N a  efflux in Myxicola giant  axons  in an  
a t t empt  to learn  why  it has not  b e e n  poss ib le  to 
obse rve  the expec ted  r educ t ion  of  Na  efflux via  the 
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N a  p u m p  c o n s e q u e n t  o n  r e m o v i n g  i n t e r n a l  A T P ,  

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

e x p l a i n  w h y  t h e  c l a s s i c a l l y  e x p e c t e d  r e s u l t  is n o t  

o b s e r v e d  in  Myxicola g i a n t  a x o n s  w o u l d  l e a v e  o p e n  

t h e  p o s s i b i l i t y  t h a t  A T P  is n o t  t h e  m a j o r  e n e r g y  

s o u r c e  f o r  f u e l i n g  t h e  N a  p u m p  in  Myxicola a x o n s  

( F o r b u s h ,  1979).  T h i s ,  in  t u r n ,  w o u l d  n e c e s s i t a t e  a 

f u r t h e r  s e a r c h  f o r  a l t e r n a t i v e  e n e r g y  s o u r c e s  f o r  t h e  

N a  p u m p  in  Myxicola a x o n s .  

Materials and Methods 

BIOLOGICAL SPECIMENS 

Giant axons were dissected from specimens of Myxicola infun- 
dibulum obtained from Marine Research Associates, New 
Brunswick, Canada. They were kept at 5-7~ in aerated artificial 
seawater reconstituted from Instant Ocean (Aquarium Systems, 
Mentor, OH). 

INTERNAL DIALYSIS METHOD 

FOR Myxicola GIANT AXONS 

A modification of the method of Brinley and Mullins (1967) was 
employed. The main modification of significance was a reduction 
in the length of the dialysis region to 0.5 cm. This was achieved 
by reducing the dimensions of the central region of the chamber 
used for isotope collection to 0.5 cm, and by reducing the porous 
region of the dialysis capillary to the same dimension. The rea- 
son for the modification was to confine the flux measurement to 
one nodal segment of the axon. The main anatomical difference 
between Myxicola and squid giant axons is that Myxicola pro- 
vides segmented axons with nodal or constricted regions, which 
are shorter than the internodal regions. The dissection of Myx- 
icola axons is more difficult than that for squid axons, and blood 
vessels must be picked off the surface of the axons with fine 
forceps. The nodal regions are more difficult to clear of blood 
vessels and are more likely to undergo injuries. In preliminary 
experiments with a conventional chamber, nodal regions often 
coincided with the region of dialysis. Those with marginal inju- 
ries that did not lead to collapse of the axon often showed up as 
leaky regions during dialysis. It was this experience that led us to 
adopt the shorter dialysis region within which a very short, 
healthy, and node-free region of axon could be centered. Such 
centering or positioning of the axon was accomplished by dyeing 
the porous region of the capillary faintly with a red dye and 
positioning the porous region optically in the central region of the 
chamber. 

The absolute values of the Na effluxes reported in this work 
fall at the low end of the range of values previously observed in 
Myxicola giant axons when microinjected (Abercrombie & Sjo- 
din, 1977) or dialyzed (Forbush, 1979). A possible explanation 
for this is that flux measurement in our dialysis chamber was 
mainly over one internodal segment of the axon, whereas in the 
previous microinjection and dialysis experiments flux measure- 
ments were conducted over a longer region that presumably con- 
tained entire nodal regions of membrane as well. The density of 
pump sites may vary over the surface of the axon, but a more 
likely explanation is that the nodal regions are leakier to ions 

because of the much greater difficulty in removing blood vessels 
from these regions during dissection. That this is the correct 
explanation is suggested by the previously reported dialysis data 
(Table 7, Forbush, 1979). Axons showing large increases in Na 
efflux consequent to lowering of [ATP]i had on the average, 
lower values of initial Na efflux than those showing either no 
change or small increases in Na efflux. Those axons showing 
greater than a doubling of Na efflux had fluxes in the range ob- 
served in the present investigation when account is taken of 
differences in the value of [Na+]~ (20 mM in our normal dialysis 
medium vs. 40 m g  in the medium of Forbush, 1979). 

The other details of the method and chamber, including 
guard regions on both sides of the dialysis region, were the same 
as in the method of Brinley and Mullins (1967) and Forbush 
(1979). Capillary tubing used in all of the experiments (except for 
two ATP washout experiments; see below) consisted of a stretch 
of cellulose acetate tubing (95 /xm i.d. x 140 txm o.d., Fabrius 
Research Inc., Dedham, MA) that had been made porous (i.e., in 
a 0.5-cm stretch) by treatment for 2-3 hr in 2N HNO3 (40~ and 
then deacetylated for 14-18 hr in 50 mM NaOH. All experiments 
were conducted at 13-15~ 

A T P  WASHOUT CURVES 

In order to verify that washout of ATP by dialysis was adequate 
and within an acceptable time range in the experiments, washout 
curves had to be developed for the various dialysis regimes. 
Dialysis using glass capillaries and plastic capillaries, with or 
without the additional assistance of metabolic poison (CN), was 
performed on axons, and the dialysate that washed out was ana- 
lyzed for ATP levels by a luciferin-luciferase ("firefly") assay 
using the apparatus of Mullins and Brinley (1967). The results in 
terms of [ATP] are shown in Fig. 1. Experiments were performed 
in LiSW (see Table 1) to which was added NaCN (2 mM) and 
ouabain (10 .4 M); dialysis fluid was used that was high Na (see 
Table 2) and contained either NaCN (2 raM) or no NaCN (glass 
capillary experiment). 

RADIOACTIVE Na 

ZzNaCl (New England Nuclear, Boston, MA) was obtained in a 
carrier-free solution. It was added to dialysis fluid to yield spe- 
cific activities in the range 2-5 cpm/pmol. Counts were made 
using an automatic gamma-counter (Searle Model 1185, Searle 
Analytic, Silver Spring, MD). 

SOLUTIONS 

External and dialysis solutions that were used in the experiments 
are described in Tables 1 and 2; certain details are omitted from 
the tables, such as information on metabolic poisons when used, 
and are given in the legends to the figures. The osmolarity of 
external solutions ranged from 940-1000 mosM, and that of dialy- 
sis fluids from 890-936 mOSM. 

MEASUREMENT OF N a  E F F L U X  

The flux chamber used to measure Na fluxes was similar to one 
previously used by Brinley and Mullins (1967) to study Na fluxes 
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Table 1. Composition of artificial seawater solutions (concentrations in raM) 

63 

NaCI KCI CaCI2 MgCl2 MgSO4 LiCl Mannitol HEPES 

ASW 430 10 l0 25 25 0 0 5 
10 K, 0 Ca ASW 435 10 0 25 25 0 0 5 
0 K ASW 445 0 0 25 25 0 0 5 
LiSW 0 20 10 25 0 410 0 5 
10 Ca Mg mannitol 0 0 10 189 0 0 450 5 
0 Ca Mg mannitol 0 0 0 192 0 0 458 5 

Table 2, Composition of internal dialysis solutions (concentrations in raM) 

NaAsp KAsp CaC12 MgCl2 Glycine K2TES KH2PO4 

Normal Na (20 raM) 20 300 0 3 354 5 10 
High Na (100 raM) 100 200 0 3 or 10 a 354 50 0 
Low Na (2-3 a raM) 0 300 0 3 354 50 0 
Very low Na (85 /XM) 0 300 0 3 433 50 0 

a See legends to the figures for specific values; exact [Na] in low Na solutions was contributed by NaCN alone or NaCN plus Na 
pyruvate. 

in squid giant axons, and by Forbush (1979) to study Na fluxes in 
Myxicola axons. After beginning the dialysis with fluid contain- 
ing 22Na, a minimum of 15 min was allowed before making mea- 
surements of Na efflux; this was done to allow equilibration of 
the dialysis fluid with the cellular compartment. Equilibration 
times in excess of 15 rain appear blank in the figures that follow 
(total equilibration time = 15 rain + blank time), unless other- 
wise accounted for in the legends to the figures. 

MEASUREMENT OF MEMBRANE POTENTIAL 

In cases where the resting membrane potential was measured 
and monitored during the period of Na efflux measurements, 
measurement was via a calomel electrode inserted into the aque- 
ous system in contact with the dialysis effluent. Since the poly- 
ethylene dialysis tubing used was a perfect insulator for our pur- 
poses, measurement of electrical potential was confined to the 
porous region of the dialysis capillary, which is assumed to be 
equipotential with the axoplasm in that region. The difference in 
electrical potential between the axon interior and the external 
solution was obtained by measuring the potential difference be- 
tween the calomel electrode within the capillary system and a 
calomel electrode placed in the central external solution sur- 
rounding the axon. The potential difference was measured with a 
high-input-impedance Grass P16 D.C. Amplifier and a digital 
voltmeter. In practice, the Grass amplifier was set to a gain of 
10x, and the D.C. voltage at its output was measured with the 
digital voltmeter set to an appropriate range. Measurements of 
electrical potential difference were accurate to within +0.5 inV. 
The possible influence of asymmetry potentials in the potential- 
measuring circuit was checked by shorting the two solution pools 
with which the calomel electrodes were in contact, by use of a 
3M KCI salt bridge. This procedure produced a reading of 0.0 mV 
at the digital voltmeter. A small junction potential between axo- 
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Fig. 1. ATP concentration in effluent dialysate during washout 
of ATP with ATP-free dialysis fluid containing metabolic inhibi- 
tors. External media were LiSW containing ouabain (10 4 M), 
and 2 mM NaCN during dialysis. The high Na (100 raM) ATP-free 
dialysis fluid containing metabolic inhibitors was used (2 mM 
NaCN, 1 mM arginine, 1 mM pyruvate, and 5 txg/ml oligomycin). 
Three different capillary protocols were used: (O) a porous glass 
capillary; (A) a plastic capillary pretreated at 20~ for 2 hr in 2N 
HNO3 and then deacetylated for 20 hr in 50 mM NaOH; and (• a 
plastic capillary pretreated at 40~ for 2 hr in 2N HNO3 and then 
for 14 hr in 50 mM NaOH. The latter type of capillary was used in 
all other experiments in this study. Capillaries were 0.141-0.143 
i.d. and all axons were about 500 k~m in diameter. Washout was 
allowed to proceed for 15 min before taking samples of the dialy- 
sate 

plasm and the interior of the dialysis capillary is not ruled out, 
however, which could affect the absolute values of Era. This 
junction potential would not be expected to change during the 
experiment as only the value of [ATP] was changed in dialysis 
fluid. 
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Fig. 2. Anomalous  effect of  reduction in 
[ATP]i on Na  efflux in Myxicola giant axons  
in ASW. [Na +] was 20 mM ("Norma l  Na" )  
throughout .  [ATP] in the dialysis fluid was I 
m ~  at the beginning of the exper iment  and 
upon subsequent  restorat ions of ATP to the 
fluid. Ouabain (10 4 M) was added after a 
significant increase in Na efflux was produced 
by the removal  of  ATP from the dialysis fluid; 
it caused a temporary  reduction of Na efflux 
before resumpt ion  of the previously produced 
increase in the efflux. Composi t ion of  dialysis 
fluid: normal  Na solution (additional details: 
internal, 3 mM MgCIz, 1 mM EGTA,  with or 
without 1 mM ATP; external ,  with or without 
10 .4 M ouabain).  Axon  diameter  was 743 txm 

R e s u l t s  

The first experiments performed were for the pur- 
pose of verifying that the dialysis technique used in 
our laboratory was adequate for our purposes. 
These experiments were aimed at demonstrating 
the following in two groups of experiments: (i) the 
efficiency of the lowering of [ATP]i levels when 
Myxicola axons are dialyzed with ATP-free solu- 
tions; and (ii) the stability of the axon preparation, 
as well as the reproducibility in the dialyzed axons 
of results previously obtained by microinjection 
(Abercrombie & Sjodin, 1977). The first concern is 
dealt with in Materials and Methods and the results 
are summarized in Fig. 1. The second set of results 
is not detailed here, but is summarized as follows. 
Sodium efflux in axons internally dialyzed with 
normal (high Na) dialysis fluid containing 1 mM 
ATP showed a sensitivity to [K]o (K-free effect 
averaged 40% reduction in dialyzed axons vs. 50- 
60% in intact axons), and a percent inhibition by 
ouabain (range = 60-70%), that were within the 
range of the effects previously observed in this labo- 
ratory in microinjected Myxicola axons (Abercrom- 
bie & Sjodin, 1977) and in internally dialyzed axons 
in another laboratory (Forbush, 1979). Axons dia- 
lyzed with normal dialysis fluid also showed a Ca- 
dependent Na efflux that was in good agreement 
with results previously obtained in microinjected 
axons (Sjodin & Abercrombie, 1978). It was evident 
to us, therefore, that the present investigation was 
made using an adequate internal dialysis technique. 

The first experiments in the area of ATP effects 
were performed by dialyzing Myxicola axons inter- 
nally with normal dialysis fluid containing ATP (1 

mM) for a period long enough to ensure a stable 
baseline for 22Na efflux. In practice, axons were 
dialyzed with the normal dialysis fluid containing 
22Na ions for a period of 15 to 30 rain prior to the 
taking of efflux samples. Efflux samples were then 
taken for a period of at least 30 min. If the baseline 
22Na efflux was reasonably stable during this period, 
the axon was used in the experimental program, 
which at this point consisted of dialysis with an 
ATP-free medium followed by reintroduction of 
normal ATP levels. The results of a typical experi- 
ment are shown in Fig. 2. Approximately 20 min 
after the beginning of dialysis with the ATP-free 
medium, Na efflux began to rise. After 50 rain of 
dialysis with the ATP-free medium, dialysis with 
the initial ATP-containing medium was resumed. A 
prompt restoration of Na efflux values to near the 
initial baseline values occurred. A second period of 
ATP withdrawal was effected. The Na efflux again 
increased; and finally, 10 .4 M ouabain was applied 
externally. A rapid inhibition of Na efflux followed 
addition of ouabain. After maximal inhibition of the 
Na pump, as could be expected after 30 min in oua- 
bain, the Na efflux resumed its rise at approxi- 
mately the rate noted before addition of ouabain. 

The experiment of Fig. 2 and others like it are of 
major consequence to the problem of unfueling the 
Na pump in Myxicola giant axons. The experiment 
shows clearly that lowering the internal ATP level 
in Myxicola giant axons leads to an increase in the 
Na efflux by some as yet unknown mechanism op- 
erating at values of [ATP]/ well above those that 
would be required to unfuel the Na pump. The in- 
crease in Na efflux usually begins at around 25 rain 
after beginning dialysis with an ATP-free medium. 
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Fig. 3. The anomalous effect occurs in the absence of external 
Na and in the presence of  cyanide. The external medium was 
LiSW containing 10 -4 M ouabain and 2 mM KCN. Composition 
of dialysis fluid: high Na (100 mM) solution (3 mN MgC12, with or 
without 1 mM ATP). Starting [ATP] in the fluid was 1 mM (prepa- 
ration had been allowed to stabilize for 2�89 hr before t = 0 in the 
graph). Axon diameter was 600 ~m 
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Fig. 4. Effect of  metabolic inhibitors applied externally or inter- 
nally on the anomalous increase of  Na efflux induced by de- 
creased [ATP]i. Entire experiment was carried out in ASW con- 
taining CN (2 mM) and ouabain (10 4 M). The dialysis fluid 
contained Na at a concentration of  3 mM (low Na) and either 
contained ATP (! mM) or was ATP-free and contained CN (2 
mM, as KCN),  arginine (1 raM), pyruvate (1 mM) and oligomycin 
(5 mg/ml) 

At this time, [ATP] in the collected dialysate sam- 
ples is in the range 10 to 20/xM. The actual concen- 
tration of ATP at the inner plasma membrane sur- 
face at this time may, of course, be considerably 
beyond this range (Forbush, 1979). The point is that 
a large and steady increase in the Na efflux is in 
progress at the lowered value of  [ATP]i at a time 
when considerable ouabain sensitivity of Na efflux 
still exists. Therefore,  it can be concluded that still 
lower ATP levels inside the axon would be required 
to unfuel the Na pump. 

In the squid giant axon it has been shown that 
at [ATP]i ~- 1 /XN no measurable pumped Na efflux 
occurs, whereas with [ATP]; = 12 /XM a small but 
measurable pumped Na efflux of a few pmol/cm ~ �9 
sec occurs (Mullins & Brinley, 1967). Assuming 
that the Na pump in Myxicola axons is similar to 
that in squid axons,  [ATP]i would have to be low- 
ered to around 1/XM to insure a completely unfueled 
condition. It can be seen from Fig. 1 that the dialy- 
sate in MyxicoIa giant axons dialyzed with an ATP- 
free medium reaches a value below 2/XM after l hr 
of dialysis. Given the rates of  diffusional equilibra- 
tion of  small molecules in axoplasm, an additional 
hour of  continuous dialysis would be expected to 
produce an unfueled condition. The data in Fig. 3 
show that continuing the ATP washout for a second 
hour of  dialysis results in a continuation of the rise 
in Na efflux. Thus the expected unfueled effect on 

Na efflux via the pump is not seen even when dialy- 
sis with an ATP-free medium has been continued to 
the point where it can be safely concluded that 
[ATP]i is uniformly 1 /XM or lower. Figure 3 also 
demonstrates that external Na is not required for 
the anomalous rise in Na efflux to occur. 

The rise in Na efflux occurring at lowered val- 
ues of [ATP]i clearly would obscure any effect of 
unfueling on the Na pump. The increased Na efflux 
obtained at low [ATP]i apparently has nothing to do 
with any normal operational mode of the pump, as it 
occurs in the presence of  10 -4 M external ouabain in 
the same manner  as in the absence of ouabain; the 
results shown in Fig. 4 were obtained in the pres- 
ence of 10 -4 ouabain and are seen to be similar to 
results in the absence of ouabain (Fig. 2). The 
results in Fig. 2 and in Fig. 4 also demonstrate that 
the effect can be reversed by restoring ATP to the 
dialysis medium; reversibility occurs whether or 
not external ouabain is present.  Reversibility was 
the rule rather than the exception and other cases 
will be described subsequently. 

Some experiments were performed in which ax- 
ons were dialyzed with solutions containing lower 
than normal but non-zero values of [ATP]. These 
experiments were performed for the purpose of at- 
tempting to determine a threshold for the anoma- 
lous ATP effects previously described. In the ex- 
periment illustrated in Fig. 5, an axon was first 
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Fig. 5. Threshold effects of dialysis with low non-zero concen- 
trations of ATP on Na efftux. External medium was ASW. [ATP] 
of  internal dialysis fluid was initially 4 mM and then decreased to 
200 txM and finally 40/xM; restoring [ATP] to 200/XM arrested the 
increase in Na efflux. The dialysis fluid, except  for [ATP], was of  
the same composit ion as used in Fig. 2. Axon diameter was 830 
/xm 

dialyzed with high Na dialysis fluid with [ATP] = 4 
mM, and subsequently dialyzed with solutions with 
[ATP] = 200/~M and [ATP] = 40/.ZM, respectively. 
The rationale for these choices was the hope that a 
certain low value of [ATP]i might satisfy the ATP 
requirement for preventing the anomalous effect 
and yet permit at least some observation of the clas- 
sically expected unfueling effect. The behavior of 
Na efflux during dialysis with 200//.M ATP differed 
from that occurring in both normal dialysis and dial- 
ysis with an ATP-free medium. After the usual de- 
lay to permit concentration changes at the mem- 
brane, Na efflux fell by almost 50% before 
beginning a steady rise. 

The initial drop in Na efflux might be attributed 
to partial unfueling of the axon--this unfueling 
would take place at [ATP]g less than 1 mM but 
higher than 200 IXM (there is no difference between 
effects at 4 mM and 1 mM ATP), since washout of 
ATP to its new level of 200 /XM would take some 
time to complete. However, the subsequent, seem- 
ingly spontaneous rise in the Na efflux suggests that 
at some intermediate [ATP]i the anomalous effect is 
triggered (or significantly augmented) so that Na ef- 
flux rises instead of declines. Again, this occurs at 
some undetermined [ATP]; greater than 200/XM but 
less than 1 mM, but certainly less than the level at 
which unfueling is first observed in this preparation. 
When the initial Na efflux value was reached, the 
dialysis fluid level of [ATP] was changed to 40/XM in 
the hope that the nearly constant, positive slope of 
the Na efflux curve could be altered significantly. 

The results of Fig. 5 show that the rate of rise of 
the Na efflux continued unabated during dialysis 
with the 40 /~M ATP solution, suggesting that the 
anomalous effect is a threshold phenomenon that 
is fully in action at an [ATP]i not less than 200/XM; 
during the 1-hr period of dialysis with this medium 
the [ATP]i level inside the axon could not have 
fallen below the 40 /XN level. The conclusion 
reached is that essentially the same anomalous ef- 
fect on Na efflux is observed when [ATP]i is low- 
ered to values not less than 40 /&M as is observed 
at near 200 /XM. When experiments (data not 
shown) were performed with dialysis fluids contain- 
ing ATP at values higher than 200/xM, results were 
much like those obtained during normal dialysis 
with [ATP]i = 1 mM. Therefore, the threshold for 
the anomalous effect may be said to be greater than 
but close to 200 /zM ATP. Since this limiting con- 
centration is some 40 times greater than the ATP 
concentration required to unfuel squid giant axons, 
it becomes clear why present and previous (For- 
bush, 1979) efforts have failed to demonstrate the 
unfueling effect of low [ATP]i in Myxicola giant ax- 
ons. After 1 hr of dialysis with 40 /XM ATP, the 
dialysis fluid was changed once again to one con- 
taining 200/ZM ATP. Though the leveling off of Na 
efflux toward the end of the experiment (around t = 
165 min) does coincide with a change in [ATP] in 
the dialysis fluid from 40 to 200 /XM, it cannot be 
stated that the change in [ATP] is the cause. Two 
reasons justify this view: (i) Actual changes in 
[ATP]~ only gradually reflect changes in [ATP] of 
the dialysis fluid, and as can be seen in Fig. 5 the 
onset of the leveling off may actually precede the 
modification of the dialysis fluid; and (ii) If given 
enough time, preparations showing an anomalous 
increase in Na efflux will eventually show a leveling 
off in Na efflux (e.g., Figs. 4, 7, 9, and 10), even if 
no further modifications of internal or external flu- 
ids are made. Whether or not the initial decline in 
Na efflux observed after initiation of dialysis with 
200/XM ATP represents the beginning time course 
of a true unfueling effect remains problematical. 
However, the results in Fig. 5 suggest the interest- 
ing possibility that a narrow range of [ATP]i exists 
within which unfueling can be discerned, perhaps 
because a threshold of [ATP]i value exists below 
which the anomalous rise in Na efflux is triggered 
(i.e., the Na efflux does not overtake the unfueling 
effect until [ATP]~ reaches a low enough level), or 
possibly because the rise in Na efflux is activated to 
a lesser extent at certain [ATP]; than at lower con- 
centrations (see Discussion). 

Another possibility that was considered was 
that a less specific nucleotide requirement for pre- 
vention of the anomalous rise of Na efflux existed 
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Fig. 6. CTP does not  prevent  the rise in Na efflux caused by 
removing ATP from the dialysis fluid. Dialysis fluid initially was 
low Na (2.15 mM Na) 1 mM ATP solution; the ATP was then 
subst i tuted with I mM CTP for a period of about 1�89 hr, and the 
ATP subsequent ly  restored.  External  solution was ASW, 10 4 
mM ouabain,  and 0 or 2 m g  CN (as KCN).  Axon  diameter  was 
396/xm 

that could be satisfied by other nucleotides. In this 
case, axons could be unfueled by lowering of ATP 
levels and the anomalous rise of Na efflux pre- 
vented by use of an appropriate nucleotide substi- 
tute. In this event, the effect of unfueling axons of 
ATP should be observed as a lowering of Na efflux. 
The nucleotide CTP and the nonhydrolyzable ana- 
log of ATP, AMP-PNP, were used. The results are 
shown in Figs. 6 and 7 and indicate that neither CTP 
nor AMP-PNP had any detectable ATP-like effect. 
The Na efflux increased during dialysis with an 
ATP-free medium in the presence of each of the 
ATP substitutes, just as in the previously described 
experiments in which no other nucleotides were 
present. When ATP was resupplied to the axon in- 
terior late in the ATP-free dialysis period, prompt 
reversal of Na efflux towards normal values ensued 
in each case. This is consistent with the nucleotide 
requirement being most likely specific for ATP, the 
normal hydrolyzable substrate. It can be noted in 
Fig. 7 that a maximum Na efflux was reached during 
dialysis with the ATP-free medium before readmis- 
sion of ATP to the dialysis medium--the Na efflux 
had increased about 15-fold before the leveling off 
occurred. There is also some evidence for a decline 
in the rate of rise of Na efflux seen in Fig. 6 to a rate 
below the apparently linear rate of rise measured 
earlier in the dialysis with the ATP-free medium. 
Such tendencies of Na efflux to level off were seen 
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Fig. 7. AMP-PNP does not  prevent  the rise in Na efflux caused 
by removing ATP from the dialysis fluid. As in Fig. 6, the dialysis 
fluid was initially 1 mM ATP;  the ATP was then replaced with 1 
mM AMP-PNP for a little more  than 2 hr, and the ATP subse-  
quently restored.  Internal dialysis fluid was 2 mM Na (low Na) 
and 4 mM Li. The Li was introduced because  the AMP-PNP was 
in the form of the tetraLi salt. External  solution was ASW with 
the inhibitors indicated in the graph (10 .4 mM ouabain and 2 mM 
CN as KCN).  Axon  diameter  was 495/xm 

only after the Na efflux had increased several-fold; 
the significance of this is unknown but a suggested 
possibility is that the presumably enzymatic Na 
transport process unleashed by low [ATP]i levels 
has a definite gmax (see Discussion). 

In the course of the experiments, [Na § in the 
dialysis fluid was varied by design to determine the 
influence of [Na+]i on the results. Experiments were 
initially with [Na +] in the dialysis fluid set to a value 
of 20 mM, near the normal physiological value for 
Myxicola giant axons (Abercrombie & Sjodin, 
1977). Subsequently, [Na+]i was varied between 85 
tZM and 200 mM (data for some of the values not 
shown). In this entire range of [Na+]i, the graphs of 
experimental data looked qualitatively the same and 
differed only in the absolute magnitude of the Na 
efflux, which appeared to be approximately linearly 
related to [Na+]/. The main features of this work, 
i.e., increases in Na efflux during dialysis with 
ATP-free and low-ATP media, and recovery toward 
normal Na efflux values upon readmission of ATP 
to dialysis media, were unchanged by changing the 
[Na+]i level. In Figs. 2-7, the particular value of 
[Na § used in each case is stated in the legends. 
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Fig. 8. Na efflux increases in external Na-free medium substi- 
tuted with Li if ATP is removed from dialysis fluid. ATP was 
removed from dialysis fluid for a period of 45 rain in LiSW 
containing ouabain (10 -4 M); the axon was then placed in ASW, 2 
mM KCN. Dialysis medium was very low Na (85/x~), demon- 
strating that low [Nail also does not appreciably affect the occur- 
rence of the anomalous effect. Axon diameter was 650/xm 

Some experiments were also performed using K- 
free external solutions. 

Two other possibilities were examined, namely, 
that the increased Na efflux occurring at lowered 
[ATP]i values represents an increased rate of Na/ 
Na exchange or an increased rate of Na/Ca ex- 
change. Experiments similar to those already re- 
ported were performed with [Na]o replaced by [Li]o 
(see Figs. 3 and 8) and in the absence of external Ca 
ions (data not shown). The results obtained in Li 
solutions were qualitatively similar to those in Na 
media in that increased Na efflux still occurred at 
lowered values of [ATP];. In one experiment, how- 
ever, going from LiSW to Na seawater (ASW) gave 
a prompt and large increase in Na efflux after 1 hr of 
dialysis with an ATP-free solution (Fig. 8). Remov- 
ing Ca ions from the external solutions did not alter 
the outcome of the experiments. There is, thus, 
some evidence that the major external monovalent 
cation is of importance in the anomalous, low-ATP 
effect. To further investigate this hypothesis, some 
experiments were performed in Mg mannitol solu- 
tions containing neither K, Na, nor Ca ions (see 
Abercrombie & Sjodin, 1977; Sjodin & Abercrom- 
bie, 1978). The results are shown in Figs. 9 and 10. 
Dialysis with an ATP-free solution led to about a 
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Fig. 9. Na efflux increases if external Na is replaced with Mg 
mannitol and ATP is removed from dialysis fluid. ATP initially at 
2 mM was removed from the dialysis fluid when Mg mannitol was 
substituted for Na in the external medium (0 Ca, Mg mannitol). 
Dialysis fluid was normal Na (20 mM Na) and contained KCN (2 
raM). Axon diameter was 675 txm 

70% increase in the Na efflux even in a solution 
nominally free of any monovalent cation. Unlike in 
the previous experiments, resupplying ATP by dial- 
ysis failed to restore the Na efflux to initial values 
(data not shown). However, replacing the Mg man- 
nitol external medium with a buffered and osmoti- 
cally matched NaC1 solution brought about a large 
(approximately threefold) increase in Na efflux. Re- 
turning to the Mg mannitol solution again lowered 
the Na efflux. It seems clear that, though some ele- 
vation of Na efflux at lowered [ATP]; still occurs in 
Li and in Mg mannitol solutions, the increase is 
considerably higher if external Na ions are present. 
It seems safe to conclude that, whatever is the fun- 
damental basis for the anomalous ATP effect in 
Myxicola giant axons, the effect predominates to a 
greater extent if external Na ions are present. 
Though this suggests at least the partial involve- 
ment of a Na/Na exchange in the anomalous ATP 
effect, further investigation would be required to 
prove this. 

As external K ions are normal activators of the 
Na pump and the affinity of pump sites for external 
K is a function of internal ATP levels (Beauge & 
DiP�9149 1981), it seemed important to determine 
any influence of [K]o on the effects being reported. 
The anomalous increase in Na efflux in ATP-de- 
pleted axons was observed in K-free media and in- 
creasing the value of [K]o had no apparent effect on 
the results. 

From the nature of the results presented, it does 
not seem likely that the increase in Na efflux occur- 
ring at low [ATP]/ levels represents an effect on 
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Fig. 10. The anomalous efftux is reversibly increased by external 
Na. Axons in Mg mannitol (10 .4 ouabain) and dialyzed with fluid 
containing no ATP (showing a modest "anomalous" increase in 
Na efflux) were made to show a large increase in Na efflux upon 
immersion in ASW (10 -4 ouabain); this increase could be re- 
versed to a large extent by reimmersion in Mg mannitol. Subse- 
quent return to the ASW once again caused a large increase in 
the anomalous Na efflux. Dialysis solution was normal Na (20 
raM) throughout. Axon diameter was 550/zm 

electrodiffusional or passive Na efflux. For exam- 
ple, even if low ATP levels led to severe depolariza- 
tion of the fibers and passive Na efflux increased 
several-fold, the results presented would not be ex- 
pected because the electrodiffusional component of 
Na efflux is normally such a low fraction of the total 
Na efflux. Membrane depolarization, however, 
could lead to a lower energy barrier for Na extru- 
sion so that Na efflux could become increased. It 
seemed important, therefore, to examine the behav- 
ior of the membrane potential during dialysis with 
ATP-free media. The results of a typical experiment 
are shown in Fig. 11. The resting membrane poten- 
tial shows the usual decline in negativity that occurs 
during prolonged dialysis. The point that Fig. I 1 
demonstrates, however, is that during the time in- 
terval in which Na efflux is experiencing a large 
increase, a fourfold increase in the interval from 50 
to 70 rain, the membrane potential curve is fairly flat 
and cannot explain the large increase in Na efflux 
that occurs. 

Discussion 

It was previously noted that the sensitivity of Na 
efflux in Myxicola giant axons to reduced internal 
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Fig. 11. Axon membrane potential is largely independent of the 
anomalous Na efflux. The membrane potential was monitored 
together with 22Na efftux during an experiment to determine if 
the anomalous Na efftux was accompanied by commensurate 
large changes in the membrane potential. The membrane poten- 
tial declined steadily with time, as is usually observed in dialyzed 
axons, but did not show any perturbations that could be ascribed 
to the presence or absence of ATP in the dialysis fluid. Na efflux 
increased anomalously as expected with respect to [ATP]. Cal- 
cium was alternately added and removed from the external solu- 
tion at intervals of 7-12 min throughout the experimental period 
starting at t = 11 min and ending at t = 85 min, without any 
demonstrable effect on either Na efflux or the membrane poten- 
tial. Experiment was performed in LiSW. Axon diameter was 
575/xm 

levels of ATP is quite unlike that observed in squid 
giant axons (Forbush, 1979). In the cited previous 
work, it was not possible to demonstrate a depen- 
dence of active or pumped Na efflux on [ATP]i in 
the sense expected if ATP were the immediate en- 
ergy source for the pump. In the present work it 
was likewise impossible to demonstrate that ATP is 
the major energy source of the Na pump in Myx- 
icola giant axons. During dialysis with an ATP-free 
medium, at about the time that a decline in Na ef- 
flux due to the beginning of unfueling could be ex- 
pected, the Na efflux increased. If it were simply a 
matter of nothing happening to Na efflux during di- 
alysis with an ATP-free medium, one could advance 
the hypothesis that [ATP] at the plasma membrane 
in Myxicola giant axons does not follow closely 
changes in [ATP] in the bulk of the axoplasm. For- 
bush (1979) has propounded effective arguments 
opposing this hypothesis. In our work, the Na efflux 
responds to a change in [ATP] in dialysis fluid at 
just about the time one would expect the change to 
be felt at the plasma membrane, arguing that the 
[ATP] level at the membrane really does respond to 
changes in [ATP] in the dialysis medium. The ef- 
fects are specific for ATP as shown in experiments 
with either CTP or AMP-PNP as substitutes for 
ATP. One then has to consider possible explana- 
tions for the anomalous direction of the change in 
Na efflux. 
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One possibility that has to be examined is that 
internal stores of ATP, or internal sources of ATP 
production, are concentrated at the inner plasma 
membrane surface in Myxicola giant axons and that 
these stores or sources liberate ATP near the Na 
pump sites in response to a drop in ambient [ATP]. 
Two factors argue against this hypothesis. One ar- 
gument is that the anomalous effect occurred after 
prolonged exposure to metabolic poisons that 
should have inactivated any such putative pro- 
cesses. Thus, this would appear an effective argu- 
ment, unless considerable amounts of ATP were 
stored in a bound form from which free ATP could 
be liberated at a high rate for quite some time when- 
ever a deficit of free ATP occurs in the cell, or if 
ATP could be regenerated biosynthetically by a pro- 
cess intractable to the metabolic poisons that were 
used; alternatively, the argument would not hold if 
a significant quantity of ATP were sequestered in 
compartments that were in effect physically or bio- 
chemically isolated from the dialysis fluid and its 
constituents, including metabolic inhibitors. A 
stronger argument comes from the observation that 
increasing [ATP]/above the normal value of about I 
mM does not increase the Na efflux above the nor- 
mal value seen in microinjected axons (Abercrom- 
bie & Sjodin, 1977). However, even this argument 
can be countered if one assumes that the putative, 
ATP storage compartments are tightly annexed to 
the membrane sites of the Na pump, so that the 
compartments themselves prevent direct access of 
ATP in the dialysis fluid to at least some of the 
pump sites (see similar arguments made by For- 
bush, 1979). 

An alternative explanation is that it is the pas- 
sive or electrodiffusional Na efflux that increases in 
response to reduced [ATP]/. For example, low val- 
ues of [ATP]i could lead to increases in [Ca2+]~, 
which in turn could activate channels that conduct 
Na ions. The problem with this explanation is that 
large increases in Na influx would also be expected 
to occur were this the case, and such increases in 
Na influx have not been observed (Forbush, 1979). 
A variant of this hypothesis is that even though new 
Na channels are not generated, membrane depolar- 
ization leads to a large increase in the passive Na 
efflux through normally existing channels. This hy- 
pothesis was rejected earlier. The normal passive 
Na efflux is too low to produce the observed ef- 
fects, even with a large increase in its value due to 
depolarization, and, moreover, the needed depolar- 
ization simply does not occur. 

Another possible explanatory argument is that 
the rise in Na efftux is caused by a rise in the extra- 
cellular potassium ion concentration due to periax- 
onal K accumulation. Two facts argue against this 
possibility. The anomalous effect on Na efflux was 

not influenced by K-flee conditions in the external 
solution and a considerable anomalous effect was 
observed in the presence of ouabain, which inhibits 
activation of the Na pump by external K. 

Ruling out these explanations leaves possible 
only one general conclusion: the aberrant behavior 
observed at low [ATP]i must represent an activation 
of a Na transport process, possibly even an activa- 
tion of the Na pump, making it operate in a highly 
abnormal mode. Some hint that this may be the case 
can be seen in Fig. 2. Here a ouabain-sensitive Na 
efflux was demonstrable during dialysis with an 
ATP-free medium and during a period of rapid rise 
of the Na efflux. Cardiac steroid sensitivity of Na 
efflux after prolonged dialysis with an ATP-free me- 
dium (containing CN) was also observed by For- 
bush (1979). It can be seen in Fig. 2, that after ATP 
has been removed from the dialysis fluid and oua- 
bain added to the external medium, Na efflux de- 
creases steadily and then resumes its rise again at a 
rate very close to that seen just before the ouabain 
was added. If one assumes that two separate and 
independent mechanisms are concomitantly in op- 
eration in this behavior of the Na efflux, that is, the 
Na efflux is made to rise through one process that 
depends on low ATP levels inside the cells, while 
Na efflux is made to decrease by the inhibition of a 
separate mechanism, namely the Na pump, then the 
relevant region of the curve in Fig. 2 being dis- 
cussed can be viewed as the algebraic summation of 
these two concurrent processes, with the ouabain- 
sensitive component being gradually reduced until 
30 rain have elapsed and no further reduction is 
possible. Such an algebraic approach (using graph 
distances from Fig. 2) leads to the conclusion that 
the ouabain-sensitive Na efflux is greater in magni- 
tude than the entire normal Na efflux, which is pre- 
sumably almost entirely via the Na pump in the first 
place. One would have to conclude on this basis, 
that the ouabain-sensitive pump rate had to have 
increased over its normal value, along with the rest 
of Na efflux, in response to the lowered value of 
[ATP]i. But if this were the case, the steep, positive 
slope for Na efflux seen in Fig. 2 after ATP deple- 
tion, but before the addition of ouabain, would have 
to be much steeper than that which is seen after the 
resumption of the increase in Na efflux that occurs 
about 30 rain after the addition of ouabain. As the 
two slopes in question are about equal in magni- 
tude, one must conclude that the anomalous pro- 
cess giving rise to increased Na efflux under these 
conditions is not independent of the Na pump itself, 
i.e., that the two countervailing processes overlap 
at least in part. On the basis of these considerations, 
it would seem that the action of low [ATP]I values 
would have to be, at least partially, on the Na pump 
itself. 
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Beyond what has already been said, it is diffi- 
cult to explain the anomalous effect of low [ATP]i 
levels on Na efflux in Myxicola giant axons. The 
effect seems likely not to be on Na channels, but at 
least in part on the Na pump itself. Evidence has 
been presented here that Na/Na exchange, which is 
not very significant in normal axons (Abercrombie 
& Sjodin, 1977), may form a significant part of the 
increased Na efflux observed at lowered [ATP];. 
The anomalous effect may be regulatory in nature. 
When the value of [ATP]~ declines at the membrane, 
mechanisms to compensate for the anticipated un- 
fueling may be set into play to maintain Na pump- 
ing. The putative regulatory mechanisms may in- 
volve one or more of the following: (i) increased 
turnover rate of the pump, (ii) release of ATP from 
stored forms, and (iii) shifting of some of the Na 
efflux to Na/Na exchange to conserve energy. Of 
these mechanisms, only the second, notwithstand- 
ing the aforementioned difficulties, would account 
for the fact that Na efflux cannot be shut off by 
prolonged dialysis with ATP-free media when 
[ATP]i in the bulk of the axoplasm can be expected 
to have fallen to values of 1/xM or below. Whatever 
the mechanism, it merits further study, since it may 
represent a unique, heretofore unknown, adaptive 
response to losses of cellular energy. Unfortu- 
nately, the question of alternate energy sources for 
the Na pump in Myxicola giant axons remains unre- 
solved as does the question of compartmentaliza- 
tion of intrafibrillar ATP near the membrane in this 
preparation. Further work is required to provide 
firm answers to these questions. 
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