
Sodium Flux through the Sodium 
Channels of Axon Membrane Fragments 
Isolated from Lobster Nerves 

F L O R  V. B A R N O L A  and R A I M U N D O  V I L L E G A S  

From the Centro de Biofisica y Bioqufmica, lnstituto Venezolano de Investigaciones 
Cientificas (IVIC), Caracas 101, Venezuela 

A B S TRA C T The  efflux of  Z2Na from vesicles formed by axolemma fragments 
isolated from lobster nerves was studied in the presence and in the absence of  drugs 
having well-known action on the sodium channels.  The  vesicles were equilibrated 
12-14 h at 4°C with 22Na in lobster solution containing 1 mM ouabain.  Afterwards 
the suspension was divided:  one port ion was used as control and the others were 
treated with veratrine (0.025--0.50 mg/ml), tetrodotoxin (1-2,000 nM) in the pres- 
ence of  veratrine,  or  tetrodotoxin alone. After  3 h at 20-22°C, the suspensions were 
diluted into nonradioactive solutions and the 22Na efflux followed by a rapid 
filtration technique. The  results revealed that veratrine increases the efflux rate 
and the addit ional application of  tetrodotoxin abolishes it, e.g. ,  0.50 mg of vera- 
trine/ml increases the rate,  expressed in 10 -z min -1, from 0.59 -+ 0.04 (mean - 
SEM; n = 13) to 0.86 __. 0.05 (n = 13), and the addit ion of  100 nM tetrodotoxin 
diminishes it to 0.48 -+ 0.07 (n = 4). This increase and diminut ion are statistically 
significant (P < 0.005), but this is not the case between the control  and the veratrine 
plus tetrodotoxin values (P > 0.05). 50% of  the diminution is p roduced  by 11.9 +- 
2.4 nM tetrodotoxin.  Tetrodotoxin  alone produces a slight d iminut ion of  the 22Na 
efflux. Batrachotoxin (0.50/~M) has an action similar to veratrine's.  These findings 
are considered evidence of  the presence of  functioning sodium channels in the 
isolated axolemma fragments.  

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

T h e  i so la t ion  o f  t he  a x o n  p l a s m a  m e m b r a n e  ( a x o l e m m a )  f r o m  squ id  (1-3) ,  
l obs t e r  (4, 5), a n d  ga r f i sh  (6) ne rves  has  b e e n  a c c o m p l i s h e d  in r e c e n t  years .  I n  
s o m e  o f  these  a x o l e m m a  p r e p a r a t i o n s ,  as well as in s o m e  a x o l e m m a - e n r i c h e d  
to ta l  n e r v e  p l a s m a  m e m b r a n e  p r e p a r a t i o n s ,  spec i f ic  t e t r o d o t o x i n  r e c e p t o r s  have  
b e e n  d e m o n s t r a t e d  (5, 7, 8). H o w e v e r ,  t he  p r e s e n c e  o f  f u n c t i o n i n g  ionic  c h a n -  
nels  r e m a i n s  to be  s h o w n  s ince  the  p r e c i s e  s t r u c t u r a l  a n d  t o p o l o g i c a l  r e l a t i o n s h i p  
b e t w e e n  c h a n n e l s  a n d  r e c e p t o r s  is u n k n o w n .  

T h e  p u r p o s e  o f  this  w o r k  was to inves t iga t e  the  p r e s e n c e  o f  f u n c t i o n i n g  
s o d i u m  c h a n n e l s  in t he  f r a g m e n t s  o f  a x o l e m m a  i so la ted  f r o m  lobs t e r  wa lk ing - l eg  
ne rve s .  T h e s e  a x o l e m m a  f r a g m e n t s ,  whose  t e t r o d o t o x i n  r e c e p t o r s  h a d  b e e n  
p r e v i o u s l y  c h a r a c t e r i z e d  (5), f o r m  vesicles o f  a r a t h e r  smal l  size. T o  sea rch  fo r  
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the  s o d i u m  c h a n n e l s  in t he  vesicles ,  we essen t ia l ly  fo l l owed  the  m e t h o d o l o g y  
d e v e l o p e d  by  Kasai  a n d  C h a n g e u x  (9) fo r  s t u d y i n g  the  e f f l u x  o f  2~Na f r o m  
vesicles f o r m e d  by  i so l a t ed  e l e c t r o p l a q u e  p l a s m a  m e m b r a n e s ,  a n d  the  a p p r o a c h  
o f  H e n d e r s o n  a n d  S t r i cha r t z  (10) fo r  m e a s u r i n g  the  t e t r o d o t o x i n  ac t ion  in 
b l o c k i n g  the  s o d i u m  f lux  t h r o u g h  the  c h a n n e l s  o f  in tac t  ga r f i sh  a x o n s .  As 
H e n d e r s o n  a n d  S t r i cha r t z  d i d ,  we u sed  v e r a t r i n e  o r  b a t r a c h o t o x i n  to o p e n  
o t h e r w i s e  i nac t iva t ed  s o d i u m  c h a n n e l s  (11-15) .  T o  i d e n t i f y  the  c h a n n e l s  u sed  by 
22Na to cross  t he  a x o l e m m a ,  we have  also r e l i ed  on  the  specif ic i ty  o f  t e t r o d o t o x i n  
fo r  b l o c k i n g  the  s o d i u m  c h a n n e l s  (16, 17). A p r e l i m i n a r y  r e p o r t  o f  this  w o r k  has  
a l r e a d y  b e e n  m a d e  (18). 

E X P E R I M E N T A L  M E T H O D S  

Isolation of the Axonal Plasma Membrane 

The axolemma preparat ions  used in the present  work were obtained from the walking- 
leg nerves of  living lobsters Panulirus argus. The  axolemma was isolated following the 
method described for the squid nerves (I) as adapted  to lobster nerves (5). A detailed 
description of  the method is given in reference 5. At the end of  the isolation procedure ,  
the axolemma fragments (membrane fraction I of  reference 5) were suspended in the 
appropr ia te  solution. When they were observed at the electron microscope, they ap- 
peared as closed vesicles approximately  spherical in shape with a diameter  of  about  0.24 
/xm, bound by a single membrane  (Gloria M. Villegas and the authors of  the present  
article, unpublished results). 

Measurement of the 22Na Efflux from the Axolemma Vesicles 

The  method used to de te rmine  the sodium efflux from the vesicles was essentially that 
described by Kasai and Changeux (9). The  vesicles were first loaded with 2~Na by 
incubating them dur ing  12-14 h at 4°C in lobster physiological solution containing 1 mM 
ouabain (Sigma Chemical Co., St. Louis, Mo.) and a tracer amount  of  22NaC1 (Radiochem- 
ical Centre,  Amersham,  England).  Ouabain was used to inhibit any remaining residue of  
the sodium pump.  The  composition of the lobster solution is NaC! 465 mM; KCI 10 raM; 
MgC12 8 mM; CaCI~ 25 mM; and Tris-HC1 10 raM. The  pH was adjusted to 7.5.The final 
specific activity of  22Na in the loading solution was about 20/~Ci/mmol of  sodium. The  
protein content of  the membrane  suspension, measured by the method of  Lowry et al. 
(19), was adjusted to 2.5-5.0 mg of  membrane  protein per  milliliter for the present 
experiments .  

At the end of  the 12-14-h loading period,  the axolemma suspension was divided into 
different  samples: one for control and the others to be treated with veratrine (Sigma 
Chemical Co., St. Louis, Mo.), with te trodotoxin (Sankyo Chemical Co., Tokyo,  Japan) ,  
or with te trodotoxin in the presence of veratrine.  Veratrine was directly dissolved in the 
lobster physiological solution, while tetrodotoxin was added  from a 0.2 or a 2 mM stock 
solution in 10 mM acetic acid. The  same volume of acid was added  to the control and the 
veratr ine-treated samples. The  pH remained at 7.5 due to the presence of 10 mM Tris- 
HCI. The final veratrine concentrations were between 0.025 and 0.50 mg/ml, and those of 
tetrodotoxin were between 1 and 2,000 nM. Batrachotoxin (a kind gift from Dr. Bern- 
hard Witkop) or batrachotoxin together  with tetrodotoxin were used in some of the 
experiments.  Batrachotoxin was added  to a final 0.50 jzM concentration from a 20 /zM 
stock solution in 10% ethanol.  The same volume of 10% ethanol was added  to the other 
samples, the final concentration being 0.25%. 
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Once the drugs were added, all the samples, including controls, were kept 3 h at 20- 
22°C. At the end of this term, the measurement of the efflux was started by a 50-fold 
diIution of 200 or 250 t~l of the respective sample into a nonradioactive solution, which 
was otherwise identical to the loading solution. At given times, 1.0-ml samples were 
quickly filtered on Millipore filters (HAW P 025 00, 25 ea. HA 0.45 /~ plain white, 25 
mm; Millipore Filter Co., Bedford, Mass.) and washed three times with 3 ml of lobster 
physiological solution. In close agreement with the observation of Kasai and Changeux 
(9), we found that under these conditions 95% or more of the vesicles remains on the 
Millipore. The filters were then dried and soaked in 10 ml of Instagel counting solution 
(Packard Instruments Co., Downers Grove, Ill.). The samples were counted in a liquid 
scintillation spectrometer (Tricarb, model 3320, Packard). The standard deviation in net 
counting was about 2.5%. The 22Na content of the vesicles was estimated by subtracting 
from the total counts in the Millipore, first, the background, and second, the counts due 
to the finite dilution of the suspension of vesicles, i.e., the net number of counts in the 
filter divided by 50, the dilution factor. The background is the radioactivity retained by 
the filter in the absence of vesicles, which depends on the batch of Millipores. 

R E S U L T S  A N D  D I S C U S S I O N  

Efflux of 2ZNa from the Axolemma Vesicles 

The  results obtained in 18 preparat ions of  axolemma were used to characterize 
the kinetics o f  efflux of  22Na f rom control vesicles treated with veratrine (0.50 
mg/ml), and vesicles treated with tetrodotoxin (100 nM) in the presence of  
veratrine (0.50 mg/ml). As described under  Methods, the samples o f  vesicles 
previously loaded with 22Na were diluted into nonradioactive solutions that were 
otherwise identical to the loading media, and the 22Na content  of  the vesicles, as 
function of  time, was followed. The  first measurement  of  the 22Na was always 
made 1 min after dilution, and then either every 2.5 min up to 10 min, or every 
10 min up to 1 h. 

Note that at the end of  the loading term, assuming that the 22Na influx is equal 
to the measured efflux, at least 99% of  the intravesicular sodium should be 
equilibrated with that present in the external solution because the highest half- 
time of  efflux for the control vesicles (Table I, control efflux rate, 0.59 × 10 -2 
min -1) was 1.96 h and the total loading period was always 15-17 h (see Methods). 
Due to the absence o f  active t ranspor t  and to the ionic axotemma permeability, 
in all likelihood, the membrane  potential was zero and the sodium potassium 
concentrations were the same inside and outside the vesicles at the time the 
efflux was measured.  This is suppor ted  by results obtained in live garfish axons 
under  similar experimental  conditions (10). 

Fig. 1 shows the 22Na contents of  the vesicles plotted as a function of  time on a 
semilogarithmic scale. The  time-course of  the 22Na efflux appears to be well 
fitted by two exponentials: a fast one,  cor responding  approximately to the 1-10- 
min period,  and a slow one,  to the 10-60-min term. The  continuous lines are 
least-squares fits to the data. The  experimental  values that form the slow phases 
(which are mean - SEM of 13 samples, except for the experiments  with tetrodo- 
toxin which are mean -+ SEM of  4 samples), were always found  to lie on a 
straight line. The  rates of  efflux of  22Na calculated from these slow phase 
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data,  expressed  in 10 -2 min -~, are: 0.59 _+ 0.04 for  the controls,  0.86 _+ 0.05 for  
the vera t r ine- t rea ted  vesicles, and  0.48 -+ 0.07 for  the verat r ine  plus te t rodo-  
toxin- treated vesicles. T h e  rates of  eff lux of  the fast phases were calculated 
subtracting the contr ibut ion of  the slow phase f r o m  the initial par t  o f  the curve 
(whose values are the mean  -+ SEM of  five samples).  T h e  following rates in 
min -1 were obtained:  0.20 _+ 0.05 for  the controls,  0.30 + 0.07 for  the veratr ine-  
t reated vesicles, and 0.19 + 0.08 for  the vera t r ine  plus te t rodotoxin- t rea ted  
vesicles. All the values given above are summar ized  in Table  I. Since the differ-  
ence between the fast and slow rates is grea ter  than one  o rder  of  magn i tude ,  the 
fast c o m p o n e n t  should not appreciably  affect  the slow rate.  

As will be dealt  with in fu r the r  detail later on, these results reveal that 
veratr ine increases the eff lux rate of  the slow c o m p o n e n t  and  te t rodotoxin  
brings it back to a value similar to the control 's.  T h e  vera t r ine- induced  increase 
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FICURE 1. Efflux of 22Na from axolemma vesicles. C corresponds to controls, V to 
vesicles treated with veratrine (0.50 mg/ml), and V + TTX to those treated with 
tetrodotoxin (100 nM) in the presence of veratrine (0.50 mg/ml). The vesicles were 
previously equilibrated with 22Na lobster physiological solution containing 1 mM 
ouabain, pH 7.5, and the efflux was carried out in a nonradioactive solution which 
otherwise was identical to the loading solution. Values are relative to the 1-min 
measurement. Efflux measured at 20-22°C. For further details see text. 

and the d iminut ion  caused by the addit ional applicat ion of  te t rodotoxin  are both  
statistically significant (P < 0.005), while the control  and  the vera t r ine  plus 
te t rodotoxin  values are not statistically d i f ferent  (P > 0.05). T h e  fastest compo-  
nent  follows the same tendency,  but its changes  are not statistically significant. 
T h e r e  is, there fore ,  little doub t  that  the slow phase is related to the ou tward  
m o v e m e n t  of  22Na f rom inside the vesicles that  have wel l-preserved sodium 
channels and  receptors  accessible to the drugs.  Similar effects to those caused by 
verat r ine  and  te t rodotoxin  on the slow phase were p roduced  by ba t rachotoxin  
and the addit ional  applicat ion of  te t rodotoxin,  i.e, 0.50 ~M bat rachotoxin  
increases the rate,  expressed  in 10 -2 min -t ,  f r om 0.60 to 0.98, and  te t rodotoxin  
diminishes it f r om 0.98 to 0.72 (see Methods).  Since these results are f rom two 
axo lemma  prepara t ions  (four  exper iments) ,  no statistical analysis was made ,  and  
they should be considered to indicate only that  the isolated axo l emma  behaves 
towards ba t rachotoxin  qualitatively like that  of  intact axons.  A larger  a m o u n t  of  
batrachotoxin,  not available at present ,  would be requi red  for more  detailed 
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s tudy .  T h e r e f o r e ,  on ly  d i f f e r e n t  c o n c e n t r a t i o n s  o f  v e r a t r i n e  a n d  t e t r o d o t o x i n  
on  the  slow p h a s e  were  a s say e d  in o r d e r  to q u a n t i f y  t h e i r  ef fec ts  on  the  vesicles '  
c h a n n e l s .  T h i s  will be  dea l t  wi th  be low.  

Effect of Different Veratrine Concentrations on the ~2Na Efflux 

T h e  e f fec t  o f  d i f f e r e n t  v e r a t r i n e  c o n c e n t r a t i o n s  on  the  slow p h a s e  o f  t he  e f f l u x  
cu rve  o f  22Na f r o m  the  vesicles was a n a l y z e d  in 19 p r e p a r a t i o n s  o f  a x o l e m m a .  
T h e  n u m b e r  o f  e x p e r i m e n t s  a n d  the  ra te  o f  e f f l ux  o b t a i n e d  ( m e a n  - SEM) a r e  

T A B L E  I 

CHANGES CAUSED BY VERATRINE AND T E T R O D O T O X I N  
ON T H E  22Na EFFLUX RATES FROM AXOLEMMA VESICLES 

Rates of nNa efflux 

Fast phase Slow phase 

C o n t r o l  

V e r a t r i n e  (0.50 m g / m l )  

Veratrine (0.50 mg/ml) plus 
tetrodotoxin (100 nM) 

min-t  lO-!  min-I 

0.20-+0.05 (5) 0.59-+0.04 (13) 
0.30-+0.07 (5) 0.86-+0.05 (13) 
0.19-+0.08 (5) 0.48-+0.07 (4) 

Values are mean _+ SEM. The number of experiments is given in parentheses. 
Fast and slow phases of curves shown in Fig. 1. Efflux measured at 20-22°C. For 
details see text. 

T A B L E  II  

CHANGES CAUSED BY DIFFERENT VERATRINE 
C O N C E N T R A T I O N S  ON T H E  RATE OF 22Na EFFLUX FROM 

AXOLEMMA VESICLES 

Number of experi- Rate of nNa efflux (slow 
Veratrine concentration ments phase) 

rag lral 10-* rain - l 

19 0.63-+0.02 
7 0.86-+0.05 
4 0.85-+0.03 
8 0.90-+0.07 

13 0.86-+0.05 

0 (controls) 
0.025 
0.10 
0.25 
0.50 

Rate values are mean -+ SEM. 

s u m m a r i z e d  in T a b l e  I I .  T h e s e  resu l t s  a r e  also s h o w n  in F i g u r e  2, w h e r e  t he  
ra tes  o f  e f f l ux  a r e  p l o t t e d  as a f u n c t i o n  o f  the  v e r a t r i n e  c o n c e n t r a t i o n s .  T h e  
c o n t i n u o u s  l ine c o r r e s p o n d s  to a l eas t - squa res  fit to  t he  d a t a  c a l c u l a t e d  on  the  
a s s u m p t i o n  tha t  the  i n c r e m e n t  o f  the  e f f l ux  r a t e  is a r e c t a n g u l a r  h y p e r b o l i c  
f u n c t i o n  o f  the  v e r a t r i n e  c o n c e n t r a t i o n .  V e r a t r i n e  was u s e d ,  even  t h o u g h  it is a 
m i x t u r e  o f  a lka lo id  with d i f f e r e n t  m e c h a n i s m s  o f  ac t ion  (20), so t ha t  o u r  resu l t s  
cou ld  be c o m p a r e d  with  those  o f  H e n d e r s o n  a n d  S t r i cha r t z  (10). T h e  c o n t r o l  
e f f lux  r a t e  is 0.63 -+ 0.02 × 10 -2 m i n  -1, a n d  the  m a x i m u m  ra t e  o f  v e r a t r i n e -  
t r e a t e d  vesicles tha t  can  be  c a l c u l a t e d  f r o m  the  c u r v e  is 0.87 × 10 -2 ra in  -1 
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(plateau of  the curve).  This  is about  40% higher  than  the control  value. This  
percent  increment ,  t hough  lower, is comparab le  to that  found  in veratr ine-  
t reated garfish axons (average 54%, re ference  10), loaded and  equil ibrated like 
the vesicles with 22Na in physiological solution containing ouabain.  However ,  
note that  the m a x i m u m  net increase induced by vera t r ine  is only 0.24 × 10 -2 
rain -I.  A s s u m i n g t h a t  the eff lux of  22Na is balanced by the influx of  nonradioac-  
tive sodium only, this increase of  the eff lux rate,  for  an average vesicle 0 .24/xm 
in d iameter ,  co r responds  to a unidirect ional  sodium flux of  0.08 pmol /cm 2 s. 
This  value is five times smaller  than  that  found  in similarly t reated garf ish axons 
(0.4 pmol /cm 2 s, r e fe rence  10). These  results suggest that  some of  the funct ion-  
ing sodium channels  are lost du r ing  the isolation of  the axo lemma  f r o m  lobster 
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VERATRIN E CONCENTRATION (mg/ml) 
FICURE 2. Rates of 22Na efflux from axolemma vesicles treated with different 
veratrine concentrations. The rates correspond to the slow phase (10--60-min 
period) of the efflux curves. The continuous line is a least-squares fit to the data 
assuming that the increment of the rate is a rectangular hyperbolic function of the 
veratrine concentration. The number of experiments and the represented efflux 
rates (mean ± SEM) are given in Table II. For further details see text. 

nerves,  someth ing  that  could be expected  since the isolation p rocedu re  causes 
unavoidable  dam age  to the axo lemma.  

Effect of Different Tetrodotoxin Concentrations on the 22Na Efflux 

T h e  effect  o f  d i f ferent  t e t rodotox in  concentra t ions  on the slow phase of the 2ZNa 
eff lux curved  in the presence  of  0.50 mg  of  vera t r ine  per  milliliter was studied in 
13 p repara t ions  of  axo l em ma  vesicles. T h e  n u m b e r  o f  exper imen t s  and  the 
results obta ined are s u m m a r i z e d  in Table  I I I .  These  results are also shown in 
Fig. 3 where  the eff lux rates of  22Na in the presence  of  vera t r ine  are plot ted as a 
funct ion of  te t rodotoxin  concentrat ions.  The  cont inuous  line is a least-squares 
fit to the data,  calculated on the assumpt ion  that  the d iminut ion  by te t rodotoxin  
of  the vera t r ine- induced  inc rement  of  the rate is a rec tangular  hyperbol ic  
function of  the te t rodotoxin  concentra t ion,  as descr ibed by the following equa- 
tion: 
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F = F~, - [(F,, - FTTX®)/(1 + K/[TTX])], 

were F is the rate of  22Na efflux in the presence of  veratrine (0.50 mg/ml) at 
different  te trodotoxin concentrations,  Fv is the rate in the presence of  veratrine 
at zero te trodotoxin concentrat ion,  Fvxx® is the rate in the presence o f  veratrine 
as the tetrodotoxin concentrat ion tends to infinity (plateau o f  the curve), [TTX] 
is the tetrodotoxin concentrat ion,  and K is the concentrat ion of  te t rodotoxin 
required to produce  50% of the maximum blocking effect. This equation corre- 
sponds to a model in which one tetrodotoxin molecule binds to a single specific 
site in the axolemma and blocks the sodium flux th rough  the channel  associated 
with that receptor.  Complete blocking of  the tetrodotoxin-sensitive sodium flux 
occurs when all receptors are occupied. 

By means of  the equation given above, it is calculated that the rate of  sodium 

T A B L E  I I I  

CHANGES CAUSED BY DIFFERENT TETRODOTOXIN 
CONCENTRATIONS ON THE ~Na EFFLUX RATE FROM 

VERATRINE-TREATED AXOLEMMA VESICLES 

Number of ex- Rate of ~Na efflux 
Veratrine Tetrodotoxin concentration periments (slow phase) 

mglml nM 10 -~ rain l 

0 (controls) 0 (controls) 13 0.59+-0.04 
0.50 0 13 0.86+-0.05 
0.50 1 3 0.83 -+ 0.08 
0.50 10 4 0.71 +-0.06 
0.50 100 4 0.48+0.07 
0.50 200 2 0.46-+0.07 
0.50 1000 5 0.53+-0.09 
0.50 2000 6 0.50-+0.02 

0 (controls) 0 (controls) 3 0.65+-0.05 
0 100 3 0.50+-0.04 

Rate values are mean + SEM. 

efflux, equal to 0.86 __- 0.05 x 10 -2 min -1 in the presence of  veratrine (0.50 
mg/ml) at zero te trodotoxin concentrat ion,  can be diminished by the addit ion of  
tetrodotoxin to a value as low as 0.48 × 10 -3 rain -1, i.e., a diminut ion of  
approximately 56%. Note that the control value (veratrine-free and tetrodo- 
toxin-free vesicles) is 0.59 +_ 0.04 × 10 -4 rain -1. Observe in the same Table II  that 
the rate of  efflux in the presence of  tetrodotoxin alone also tends to be lower 
than its control.  These findings resemble those obtained by Henderson  and 
Strichartz (10) in similarly treated intact garfish axons. As they point out,  the 
result obtained in the absence o f  veratrine, suggests that even in a depolarized 
axolemma, a very small fraction of  the sodium channels remains open.  

Using the same equation, K, as defined above, was calculated as 11.9 + 2.4 nM 
tetrodotoxin.  This value is about  equal to that which has been found  (12 nM) in 
similarly treated intact garfish axons (10). These values of  K are also closely 
similar to those de termined by Colquhoun  et al. (21) as the apparent  dissociation 
constants for the specific binding of  [nH]tetrodotoxin to intact nerves of  Homarus 
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americanus lobster (10.2 nM) and garfish (10.1 nM). In P. argus lobster intact 
axons, C. Sevcik and the authors  o f  the present article (unpublished results), 
have found  that 5 nM tetrodotoxin reduced by 50% the maximum rate of  rise of  
the action potential, thus suggesting that the dissociation constant should be 
close to 5 nM. The  values given above are comparable to those obtained by 
Barnola et al. (5), Benzer and Raftery (7), and Chacko et al. (8) for the specific 
binding of  [3H]tetrodotoxin to membrane  fragments  isolated f rom P. argus 
lobster and garfish nerves. The  close similarities o f  the K values indicate that the 
sodium channels of  the vesicles blocked by tetrodotoxin behave like those 
characteristic of intact axons, thus suggesting that they are the same. 
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FIGURE 3. Rates of Z2Na efflux from axolemma vesicles treated with different 
tetrodotoxin concentrations in the presence of 0.50 mg of veratrine per milliliter. 
The rates correspond to the slow phase (10-60-min period) of the efflux curves. 
The continuous line is a least-squares fit to the data assuming that the diminution 
by tetrodotoxin of the rate in the presence of veratrine is a rectangular hyperbolic 
function of the toxin concentration. The number of experiments and the repre- 
sented efflux rates (mean + SEM) are given in Table IIl. For further details see 
text. 

Sodium Channels in the Axolemma Vesicles 

The main purpose of  the present work was to investigate the presence of  
funct ioning sodium channels in the vesicles fo rmed by axolemma fragments  
isolated from lobster nerves. Due to the knowledge about  the pharmacological  
effects of  veratrine, batrachotoxin,  and tetrodotoxin on excitable cells, the 
results obtained are good evidence that the vesicles have funct ioning sodium 
channels. The  availability of  these axolemma fragments  with such structures 
may be considered a fur ther  step towards the molecular characterization of  the 
excitable membrane  sodium channels. 
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