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Very low concentrations (5 nM) of ~-toxin from the venom of Naja naja atra produced a characteristic fade 
in muscle compound action potential and tetanus induced by repetitive nerve stimulation which was identi- 
cal to the effects of curare. High concentrations of s-toxin and all concentrations of ~-bungarotoxin reduced 
the response but produced very little fade in comparison to curare. These results suggest that :t-toxins have 

more than one effect at the neuromuscular junction. 
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1. I N T R O D U C T I O N  

Curare-like alkaloids and o~-toxins f rom snake 
venom are competitive antagonists at the muscle 
nicotinic acetylcholine receptor (AChR). Curare 
induces a waning or fade in muscle compound ac- 
tion potential (CAP) and tetanus during repetitive 
nerve stimulation [1]. It has been proposed that 
fade is caused in part  by a presynaptic effect of  
curare [2-8]. Reports that or-toxins do not cause 
fade as does curare [5,6,9,10] and do not bind to 
the presynaptic nerve terminal [11] have been cited 
as support  for this theory [2,5,9]. It has been 
reported that unlike curare, the or-toxin f rom 
Laticauda semifasciata does not cause a fade in 
end-plate currents [5], nor does it bring about  
tetanic fade in the isolated rat diaphragm [6]. 
Similarly, it has been reported that a,-bungarotoxin 
f rom Bungarus multicinctus does not cause tetanic 
fade in the tibialis anterior muscle of  the 
anaesthetized cat [9,10]. In contrast, it was 
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reported that the o~-toxin f rom Naja naja atra pro- 
duced fade in surface recordings f rom the triceps 
surae muscle in anaesthetized rats [12]. In the past 
it has been assumed that there is a normal run- 
down in the release of  ACh during high-frequency 
nerve stimulation and that the addition of  AChR 
blockade by curare induces failure of  
neurotransmission [13]. Another theory [3] sug- 
gests that in addition to postsynaptic AChR block, 
curare blocks a presynaptic AChR which normally 
functions to facilitate ACh release during 
repetitive stimulation (positive feedback). This 
pre-synaptic effect could account for curare- 
induced fade in end-plate potentials during 
repetitive stimulation. A related theory [8] suggests 
that  a presynaptic AChR normally functions to 
reduce ACh release during repetitive stimulation 
(negative feedback). The action of  curare on this 
putative AChR would be initially to increase the 
quantal  content followed by a decrease which is a 
direct consequence of the initial increase. The 
decrease in ACh release would result in fade 
because of the additional postsynaptic AChR 
block by curare. Here, we provide evidence that 
the a- toxin f rom N. naja atra does not produce 
much fade at high concentrations, which supports 
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the f indings  o f  o thers  [5,6,9,10]. However ,  it was 
f o u n d  tha t  very low concen t ra t ions  o f  a,- toxin 
(<  10 nM) d id  p r o d u c e  a d r ama t i c  fade  which was 
ident ica l  to the effects  o f  curare .  This  curare- l ike  
fade  was not  p r o d u c e d  by  ce-bungarotoxin  at any  
concen t ra t ion .  

A B 

2. M A T E R I A L S  A N D  M E T H O D S  

A special  a p p a r a t u s  was used to  measure  the 
C A P  and  te tanus  s imul taneous ly  in the  i so la ted  ra t  
d i a p h r a g m  [14]. The  d i a p h r a g m  was dissected 
f r o m  200 g male  rats  to give a 2 - 3  m m  str ip o f  
muscle  with the phrenic  nerve intact .  The  muscle  
was a t t ached  ver t ica l ly  to a s t ra in  gauge  in a glass 
c h a m b e r  conta in ing  oxygena ted  buffer .  The  
t e m p e r a t u r e  was ma in ta ined  at 30°C. The  nerve 
was s t imula ted  s u p r a m a x i m a l l y  at  100 Hz  with a 
1 s t ra in  o f  square-wave  pulses o f  0.2 ms dura t ion .  
The  muscle  C A P  was measu red  with a p l a t i n u m  
e lec t rode  which m a d e  con tac t  with the whole  mus-  
cle 2 m m  below the top  t endon .  Before  s t imula t ing  
the  nerve,  the ba th ing  so lu t ion  was r ap id ly  
w i thd rawn  f rom the chambe r  to  a level be low the 
e lec t rode  and  be low the nerve inser t ion.  The  solu- 
t ion  in the ba th  ac ted  as a f luid e lec t rode  in the 
measu remen t  o f  the  C A P .  The  fluid level was ad-  
ju s t ed  unt i l  a max ima l  b iphas ic  C A P  was ob t a ined  
and  the muscle  was s t re tched until  it genera ted  
m a x i m a l  twitch tens ion  to  a single nerve s t imula-  
t ion.  The  f luid level was quickly  re tu rned  to the  
n o r m a l  level af ter  each measurement .  Con t ro l  
measu remen t s  could  be made  over  a 6 h pe r iod  
wi thou t  s ignif icant  change  in the  ampl i tude  o f  the  
C A P  and  te tanus .  The  venom f rom N. naja atra 
was ob t a ined  f rom the M i a m i  Se rpen ta r ium and  
the a - t o x i n  was pur i f ied  to homogene i ty  by  ion- 
exchange  and gel c h r o m a t o g r a p h y  [15]. Pur i f i ed  o~- 
b u n g a r o t o x i n  was ob ta ined  f rom Sigma.  

3. R E S U L T S  

Cura re  induced  a character is t ic  fade  in the  mus-  
cle C A P  and  con t rac t ion  at  100 H z  s t imula t ion  
f requency  ( f ig . l ) .  The  fade  became  s teeper  as the 
curare  concen t ra t ion  was increased.  In  add i t ion ,  
the  fade  increased as the s t imula t ion  f requency  was 
ra ised as r epor t ed  in [16]. The  fade consis ted  o f  
several  t ime cons tan ts .  The  C A P  first decreased  to 
a m i n i m u m  at a b o u t  100 ms and then  increased 

1 
Fig.1. The effects of 400 nM d-tubocurarine on the 
compound action potential (top) and tetanus tension 
(bottom) of rat diaphragm after phrenic nerve 
stimulation for 1 s at 100 Hz. The bath solution was 
composed of 135 mM NaC1, 5 mM CaCI2, 1 mM 
MgC12, 1 mM NazHPO4, 15 mM NaHCO3, 11 mM 
glucose (pH 7.4) and bubbled with 95070 02 and 5°/0 COz. 
The temperature was controlled at 30°C. (A) Control 
stimulation. (B) After 400 nM curare for 20 min. 
Calibration bars: compound action potential, 

40 mV/400 ms. Tetanus tension, 100 g/400 ms. 
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Fig.2. The effects of 100 nM c~-toxin on compound 
action potential (top) and tetanus tension (bottom) of rat 
diaphragm after phrenic nerve stimulation for 1 s at 
100 Hz. (A) Control stimulation. (B) After 100 nM ce- 
toxin for 20 min. (C) After 100 nM toxin for 40 min. 
(D) After 2 h washout. Calibration bars: compound 
action potential, 40 mV/400 ms. Tetanus tension, 

100 g/400 ms. 
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briefly again before fading to its final value. The 
fade was mirrored in the decline of  the muscle 
tetanus recording. However, 100 nM a-toxin had a 
completely different effect on the CAP at the same 
stimulation frequency. The CAP and tetanus were 
measured every 5 min after the addition of  100 nM 
or-toxin to the bath and at all times there was only 
slight evidence of  fade as the CAP and tension ap- 
proached zero (fig.2B,C). When the ce-toxin was 
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Fig.3. The effects of 5 nM c~-toxin from N. naja atra on 
compound action potential (top) and tetanus tension 
(bottom) of rat diaphragm after phrenic nerve 
stimulation for 1 s at 100 Hz. (A) Control stimulation. 
(B) After 5 nM ce-toxin for 4 h. (C) After 5 nM or-toxin 
for 5 h. Calibration bars: compound action potential, 

40 mV/400 ms. Tetanus tension, 100 g/400 ms. 

washed out of  the bath the response recovered very 
slowly and as the initial CAP increased in 
amplitude, the total response began to exhibit ex- 
actly the same type of  fade which had been ob- 
served in the case of  curare (fig.2D). Similar 
examples of  fade could be produced by incubating 
the muscle with very low concentrations of  a-toxin 
(5 nM) for 4 -5  h (fig.3). In fact, the fade produc- 
ed by 5 nM a-toxin after 4 h incubation (fig.3B) 
was virtually identical to that produced by 400 nM 
curare (fig.lB). The slow onset of  fade after low 
doses of  a-toxin may be due in part to slow diffu- 
sion of  the high-Mr a-toxin into the end-plate 
region. The same results were observed when the 
stimulation frequency was reduced to 50 and 
30 Hz but the fade became more pronounced as 
the nerve stimulation frequency was increased [16]. 
The average results for the fade produced by both 
curare and o~-toxin before and after washout are 
summarized in fig.4. 

Similar experiments using a-bungarotoxin at a 
wide range of  concentrations produced only the 
lesser degree of  fade which was observed at high 
concentrations of  a-toxin. A curare-like fade was 
never observed at any concentration of  a-  
bungarotoxin. Fig.5 shows the effects of  5 nM a,- 
bungarotoxin after 5 and 6 h incubation. At all 
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Fig.4. The effects of different concentrations of a-toxin 
and d-tubocurarine on the CAP. The nerve was 
stimulated for 1 s at 100 Hz. The average maximum 
decrement of the 10th CAP of the train as compared to 
the first CAP and the standard error of the mean are 
shown (N = 4). In the case of 100 nM or-toxin, the 
average decrement is also shown after the toxin has been 

washed out for 1 h* and 2 h**. 
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Fig.5. The effects of 5 nM o~-bungarotoxin from 
Bungarus multicinctus on compound action potential 
(top) and tetanus tension (bottom) of rat diaphragm 
after phrenic nerve stimulation for 1 s at 100 Hz. (A) 
Control stimulation. (B) After 5 nM ce-bungarotoxin for 
5 h. (C) After 5 nM a-bungarotoxin for 6 h. Calibration 
bars: compound action potential, 40 mV/400 ms. 

Tetanus tension, 100 g/400 ms. 

concen t ra t ions  and incuba t ion  t imes oL- 
b u n g a r o t o x i n  never p r o d u c e d  a decrement  grea ter  
t han  50070 even when the first  C A P  o f  the t ra in  was 
reduced  by  more  than  80°70. The  effects were 
a lmos t  comple te ly  i rreversible.  The  decrement  p ro-  
duced  by  d i f ferent  concen t ra t ions  o f  o~- 
b u n g a r o t o x i n  and  washou t  t imes are summar i zed  
in fig.6. The  average m a x i m u m  decrement  af ter  
t r ea tmen t  with 100 nM ce-bungarotoxin  was in- 
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Fig.6. The effects of different concentrations of ce- 
bungarotoxin on the CAP. The nerve was stimulated for 
1 s at 100 Hz. The average maximum decrement of the 
10th CAP of the train as compared to the first CAP and 
the standard error of the mean are shown (N = 5). In the 
case of  100 nM oe-bungarotoxin, the average decrement 
is also shown after the toxin has been washed out for 

2 h* and 3 h**. 

c reased  af ter  3 h washou t  (43 vs 36°7o) but  this 
change  was no t  s ta t is t ical ly  s ignif icant .  

4. D I S C U S S I O N  

The  results  show tha t  curare  and very low con-  
cen t ra t ions  o f  or-toxin p roduce  a s imilar  type  o f  
fade  at  the  neu romuscu l a r  j unc t ion .  A t  high con-  
cen t ra t ions  o f  ce-toxin and  at  all concen t ra t ions  o f  
o~-bungarotoxin,  very l i t t le fade  was observed.  The  
fade  increased s igni f icant ly  when a high concent ra -  
t ion  o f  or-toxin was r ap id ly  reduced  by  washing  out  
bu t  the  effects o f  ce-bungarotoxin  were essent ial ly  
unchanged  af te r  washout .  These  results c on f i rm  
repor t s  in the  l i te ra ture  tha t  ce-toxins do  cause a 
fade  [12] and  do  not  cause a fade  [5,6]. Our  results 
show tha t  these conf l ic t ing results  can now be ex- 
p l a ined  as a concen t r a t i on -dependen t  effect .  Low 
concen t ra t ions  o f  a:-toxin cause a curare- l ike  fade  
bu t  h igh concen t ra t ions  do  not .  The  lack o f  fade in 
c o m p a r i s o n  to  curare  which we observed  in the 
presence  o f  a range o f  o~-bungarotoxin concent ra -  
t ions  conf i rms  o ther  repor ts  in the  l i te ra ture  [9,10]. 

o~-Toxins appears  to have an  add i t i ona l  effect ,  
not  shared  by  curare ,  the re fo re  it is poss ible  that  
they  m a y  act at  an add i t i ona l  b ind ing  site. In  fact ,  
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binding studies with the reversibly acting ce-toxin 
f rom N. naja siamensis have revealed two separate 
rates of  dissociation f rom Electrophorus AChR 
[17]. There is evidence that the agonist site on the 
AChR can be converted to a high-affinity desen- 
sitized state [18] or that these sites exist in- 
dependently [17,18]. Raftery and colleagues 
[19,20] claim that a low-affinity site for ACh opens 
the ion channel and binding to a separate high- 
affinity site appears to block ion flux or induce 
desensitization [19,20]. This group has claimed 
that  agonists can still bind to the low-affinity sites 
after the high-affinity sites on the AChR have been 
blocked by curare or covalently labeled with 
bromoacetylcholine [21]. It has been reported that 
al though the a,-toxin f rom N. naja siamensis has 
two binding sites on the AChR (one on each of  the 
two ce-subunits), the a- toxin f rom Dendroaspis 
viridis has four binding sites on the AChR [22]. 
The possibility of  more than two ACh activation 
sites per AChR is supported by reports that the 
Hill coefficient is between 2 and 3 for AChR ac- 
tivation of frog [23] and rat [24] AChR. Hess and 
colleagues [25] have recently presented evidence 
for a new site on the AChR which causes complete 
inactivation by ACh (isosteric regulation) in the 
1 ms time range. This site, which they call the 
isosteric regulation site, was found to be distinct 
f rom the ACh-binding sites for channel activation 
and for desensitization. The binding process (1 ms) 
was also much faster than desensitization, which 
occurred in the 100-300 ms range, ce-Toxin, like 
curare and many other drugs, may have a non- 
competitive blocking activity, leading to enhanced 
stabilization of  desensitized states of  the AChR. 
However,  high concentrations of  ce-toxin and all 
concentrations of  o~-bungarotoxin do not cause 
such fade. One possibility is that there might be an 
additional toxin site which is bound irreversibly by 
ce-bungarotoxin and also by high concentrations of  
a- toxin.  Binding to this site might completely inac- 
tivate the AChR thus reducing the response but 
masking the use-dependent fade caused by binding 
to the desensitization site. Further binding studies 
will be required in order to determine which of  the 
binding sites for ACh are involved in these com- 
plex effects of  the o~-toxins. 

Open channel blocking by curare has also been 
suggested as a use-dependent process which might 
help to explain the fade in response to high- 

frequency nerve stimulation [26]. Given the above 
results, if channel blocking by curare causes fade, 
then or-toxin f rom N. naja atra must also be a 
channel blocker. However,  there is no evidence 
that or-toxin is a channel blocker. 

Others have suggested that the binding site in- 
volved in the production of  fade could be a 
presynaptic AChR [2-8]. In evaluation of  our data 
it is important  to underscore the fact that all ef- 
forts to detect interaction or binding of  o~-toxins to 
putative presynaptic ACh receptors of  any type 
have been unsuccessful [11]. The inevitable conclu- 
sion is that low concentrations of  a,-toxin and 
curare have identical effects and therefore must 
produce fade by acting at the postsynaptic AChR. 
They may convert the AChR to a desensitizable 
state thus promoting desensitization by ACh dur- 
ing a stimulation train and thereby causing fade. 
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