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Summary 

~-Bungarotoxin, a snake venom protein (molecular weight 21 000) that 
irreversibly blocks release of acetylcholine from nerve terminals, was purified 
to homogeneity by ion-exchange chromatography and isoelectric focussing. 
Sodium dodecyl sulphate gel electrophoresis under reducing conditions 
resolved two subunits of molecular weight 11 400 and 9000. In the presence 
of deoxycholate, it showed phospholipase activity which was activated by 
Ca ~+ but not Sr 2÷. ~-Bungarotoxin and tityustoxin, a polypeptide that prolongs 
the opening of sodium channels, inhibited choline accumulation by synapto- 
somes purified from rat" cortex. Both toxins also induced release of acetyl- 
choline which was maximal in the presence of Ca 2÷ and showed EDs0 values of 
5 . 1 0  -8 and 10 -6 M, respectively *. Unlike tityustoxin, ~-bungarotoxin also 
induced release of choline and cytoplasmic lactate dehydrogenase from synap- 
tosomes, with similar potency, suggesting that it causes some membrane 
disruption, following its binding to the membrane. The effects of tityustoxin 
on both accumulation and release were antagonised by tetrodotoxin, which 
specifically blocks Na ÷ channels, indicating that it mediates these effects by 
depolarization. Thus, these toxins may prove to be useful probes for chamcteri- 
sation of nerve membrane components involved in triggering transmitter 
release. 

Introduction 

/~-Bungarotoxin and tityustoxin, two of a series of neurotoxins [1] that can 
affect the release of transmitters [2,3] appear to be useful probes for investi- 

* ED50 Is t h e  c o n c e n t r a t i o n  o f  t o x i n  w h i c h  produces 50% of its maximum m e a s u r a b l e  e f f e c t .  
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gating components of the release mechanism. Tityustoxin is purified from the 
venom of the Brazilian yellow scorpion Tityus serrulatus [4]; it increases the 
average time for which potential<lependent Na ÷ channels are open, thereby 
causing depolarization of the membrane [5,6]. This action is also shown by 
toxins from other scorpion venoms [7--10] and is antagonised by tetrodotoxin,  
an alkaloid which specifically and reversibly blocks the ion filter of the Na ÷ 
channel [11]. 

/3-Bungarotoxin [12] and another presynaptic toxin from the venom of 
Bungarus multicinctus, produce a triphasic effect on the spontaneous [13,14] 
and evoked [13,15] release of neurotransmitters in nerve-muscle preparations. 
An initial decrease in release is followed by a transient increase and, eventually, 
complete blockade. Purified preparations of fi-bungarotoxin show a phospho- 
lipase A2 activity in the presence of deoxycholate [15,16]. The importance of 
this activity was examined using enzymically inactive toxins [13--15] or those 
in which the phospholipase activity was inhibited by removal of Ca 2÷ [16--18] 
and its replacement by St2+; the latter can substitute in the process of trans- 
mitter release [19]. In the absence of enzyme activity the toxicity is greatly 
reduced and only the first phase of the toxin's action at the neuromuscular 
junction is observed [13,15,17]. Comparison of the toxicity of fi-bungarotoxin 
with those of snake venom phospholipases shows that it cannot be due solely 
to the enzyme activity [16]. It has been suggested that the first phase of the 
action of #3-bungarotoxin is due to its binding to a component  of the release 
mechanism [17] ; this could account for its specificity for neuronal membranes. 

We report a new method for preparing homogeneous t3-bungarotoxin and 
examine its actions, together with those of tityustoxin, on the accumulation 
and release by synaptosomes of choline and acetylcholine, respectively. Similar 
studies, using the putative neurotransmitters glutamate and ~/-aminobutyric 
acid, have been carried out  in this laboratory [2,20]. 

Materials and Methods 

B. multicinctus venom was obtained from Miami Serpentarium Laboratories, 
U.S.A. [methyl-3H]Choline chloride (specific radioactivity 13 Ci/mmol) was 
supplied by the Radiochemical Centre, Amersham, U.K. Soluene, Bio-lyte 
(pH 8--10) and Ampholine (pH 7--9 and 9--11) carrier ampholytes and egg 
yolk phosphatidylcholine (grade 1) were purchased from Packard, Bio-Rad 
Laboratories, L.K.B. and Lipid Products, Surrey, U.K., respectively. Sodium 
deoxycholate, bee venom phospholipase A2, a~hymotxypsinogen A, cyto- 
chrome c, ovalbumin, myoglobin, tetrodotoxin and veratrine were from Sigma. 
Tityustoxin, purified from the venom of the Brazilian yellow scorpion 
T. serrulatus, and characterised as previously described [4], was kindly 
provided by Dr. C. Diniz. Its LDs0 measured in mice was 0.1 ~g/g body weight. 
All other chemicals used were analytical grade. 

Fractionation o f  B. multicinctus venom. Chromatography on CM-Sephadex 
was performed by a modification of the procedure used by Lee et al. [12]. 

Preparative isoelectric focussing. Final purification of ~-bungarotoxin was 
carried out  by isoelectric focussing in a fiat bed of Sephadex G-75 using an 
LKB 2117 Multiphor apparatus as described by Winter et al. [21]. Focussing 
was performed in a gel containing 1% (w/v) Bio-lyte (pH 8--10) at 8 W constant 
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power for 16 h or, preferably, with 2% (w/v) Pharmalyte (pH 8--10.5) ran at 
10 W constant power for 4.5 h, after preforming the gradient at 8 W for 45 
rain. A print of the bed was prepared and stained for protein. The major band 
was eluted from the resin and the ampholytes removed by dialysis. 

Analytical isoelectric focussing. This was carried out for 4 h at 3 W constant 
power in a horizontal, water-cooled, slab of polyacrylamide (5.4% (w/v) acryl- 
amide, 0.17% (w/v) bisacrylamide) which contained 9.8% (w/v) sucrose and 
1.1% (w/v) of both pH 7---9 and 9--11 ampholytes. Electrical contact was made 
through filter paper wicks soaked in 1% (w/v) pH 9--11 ampholyte solution at 
the cathode and 0.1% (w/v) pH 7--9 ampholyte solution at the anode. Protein 
bands were visualised by precipitation with trichloroacetic acid. 

Polyacrylamide gel electrophoresis. Polyacrylamide gel electrophoresis was 
carried out at pH 4.5 in a fi-alanine/acetate disc system as described by Reisfeld 
et al. [22] and protein bands were stained with Coomassie G-250. Sodium 
dodecyl sulphate polyacrylamide gel electrophoresis was carried out by the 
method of Swank and Munkres [23] using a gel containing 12.5% (w/v) acryl- 
amide, 1.25% bisacrylamide and 8 M urea; samples were run under non- 
reducing and reducing (10% (v/v) fi-mercaptoethanol in sample buffer) condi- 
tions. After fixing in 40% trichloroacetic acid the gel was stained with Coo- 
massie R-250 as described by Swank and Munkres [23]. Ovalbumin, ~-chymo- 
trypsinogen, myoglobin, cytochrome c and CNBr-cleaved fragments of the 
latter were used as molecular weight markers. 

Toxicity and phospholipase assays. Whole animal toxicity was determined 
by intraperitoneal injection of toxin (dissolved in 0.8% NaC1 containing 0.5 
mg bovine serum albumin/ml) into 25--30-g mice. The ability of the toxin to 
block neuromuscular transmission in a frog sartorius nerve-muscle preparation 
[ 15] was also tested. 

Phospholipase activity was assayed using a Radiometer autotitrator as a pH 
stat [15]. Activities were calculated from the initial slope and expressed as 
~ m o l  o f  H ÷ l i b e r a t e d  • min -1 • mg -1 of protein. 

Measurement of choline.accumulation by synaptosomes. Synaptosomes were 
prepared from rat cerebral cortex, by a modification of the method of Gray 
and Whittaker [24], as described by de Belleroche and Bradford [25]. The 
synaptosome fraction from the sucrose density gradient was diluted with an 
equal volume of cold Krebs/phosphate medium (20 mM Na2HPO4, 1.25 mM 
KH2PO4, 125 mM NaC1, 5 mM KC1, 0.74 mM CaC12, 1.3 mM MgSO4 and 10 
mM glucose, saturated with 95% 02/5% COs, adjusted to pH 7.4) instead of 
deionised water. Measurement of rates of lactate production and O2 uptake 
indicated the viability of this preparation [2,20]. The accumulation of [3H]- 
choline by synaptosomes was measured using a filtration assay [26]. [3H]- 
Choline (final concentration 0.5 pM; specific radioactivity 4 Ci/mmol) was 
added to a synaptosome suspension (2--3 mg of protein/ml) in Krebs/phos- 
phate medium. Samples of this suspension were then added to tubes containing 
small volumes of toxin solution or water. At various times, aliquots (100 pl) of 
these suspensions were removed following brief mixing, and placed under suc- 
tion onto glass fibre filters (Whatman GF/C). The filters were then washed 
twice with 2.5 ml Krebs/phosphate medium, dried in air and counted in a tolu- 
ene-based scintillant containing 10% (v/v) Soluene [20]. Controls, containing 
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osmotically lysed synaptosomes were incubated at 4°C and otherwise treated 
similarly. 

Measurement of acetylcholine and choline release from synaptosomes. 
Synaptosomes for experiments on release were preloaded by incubation with 
[3H]choline (1.7 ~M; specific radioactivity 1 Ci/mmol) for 20 min at 37°C in 
a modified Krebs/phosphate medium containing 1.8 mM KCI and 128.2 mM 
NaCl. The synaptosomes were washed twice by centrifugation at 27 000 × g for 
2 rain and resuspension in modified Krebs/phosphate medium; final resuspen- 
sion was in the same medium containing 10 mM eserine sulphate. For experi- 
ments in the absence of calcium, the synaptosomes were preloaded using me- 
dium in which calcium was replaced iso-osmoticaUy by sucrose; subsequent 
washing and final resuspension were in calcium-free medium containing either 
the equivalent concentration of SrCl2 or 5 mM EGTA. Aliquots of the bulk 
pre-loaded suspension were then transferred to tubes containing the requisite 
amounts of toxin solutions and/or KCI and/or the equivalent volume of water; 
KCI was added to a final concentration of 23 raM. In experiments involving 
tetrodotoxin, the toxin solution or the same volume of water was added to the 
bulk synaptosome suspension and preincubated for 5 rain before aliquots were 
transferred to incubation tubes. 

The incubation was terminated after 20 rain at 25°C by centrifugation of the 
tubes at 10 000 × g for 5 rain. Supernatants were diluted with equal volumes of 
formic acid/acetone (1 : 3, v/v) and recentrifuged. Aliquots of the latter super- 
natants were subjected to high-voltage paper electrophoresis to separate choline 
and acetylcholine [27]. The spots were stained with I2 vapour, cut out and 
their radioactivity determined by liquid scintillation counting as noted above. 
Two sets of control incubations were performed; one was terminated at 0 rain 
while the second was incubated for 20 rain; the former was subtracted from the 
values obtained for all other samples. 

Other determinations. Lactate dehydrogenase activity was assayed as 
described by Bergmeyer [28]. Acetylcholinesterase activity was measured by 
the method of Ellman et al. [29]. Synaptosome pellets were digested in 0.31 M 
NaOH and protein was assayed by the method of Lowry et al. [30]. 

Results 

Purification of  {3-bungarotoxin 
Chromatography of B. multicinctus venom on CM-Sephadex C-50 gave an 

elution profile (Fig. 1) similar to that  obtained by Lee et al. [12]. Peak V, 
which contains the material termed ~-bungarotoxin by these workers was 
pooled, desalted on a Sephadex G-25 column and freeze-dried. Polyacrylamide 
gel electrophoresis of  this toxin under native conditions showed two protein 
bands (Fig. 2, upper); analytical isoelectric focussing revealed at least three con- 
taminants. We were unable to prepare homogeneous toxin by a further series of 
CM-cellulose [16] and SP-Sephadex [31] ion-exchange columns or by gel filtra- 
tion on Sephadex G-75. However, preparative isoelectric focussing over a nar- 
row pH range resolved four minor bands from the major component  (Fig. 3). 
The major band, when eluted and dialysed to remove ampholytes,  showed only 
one band on native polyacrylamide gel electrophoresis (Fig. 2, lower) and ana- 
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Fig.  1.  F r a c t i o n a t i o n  o f  B. m u l t i c t n c t u s  v e n o m  b y  i o n - e x c h a n g e  c h r o m a t o g r a p h y .  1 g o f  v e n o m  w a s  
applied t o  a C M - S e p h a d e x  C-50  c o l u m n  (2 .4  X 6 7  c m ) ,  e q u i l i b r a t e d  w i t h  0 . 0 5  M a m m o n i u m  acetate, 
p H  7 .0 ,  a n d  was  e l u t e d  w i t h  a c o n v e x  g r a d i e n t  u s i n g  4 0 0  m l  o f  t h e  l a t t e r  a n d  0 .9  M a m m o n i u m  a c e t a t e ,  
p H  7 .4 ;  4 -ml  f r a c t i o n s  w e r e  co l l e c t ed .  P r o t e i n  was  determined by A 2 8 0  (o)  a n d  a m m o n i u m  a c e t a t e  c o n -  
c e n t r a t i o n  (e )  w a s  c a l c u l a t e d  f r o m  c o n d u c t i v i t y  m e a s u r e m e n t s .  P e a k  V ( 0 . 8 7 - - 0 . 9 5  d m  3)  w a s  p o o l e d .  

lytical isoelectric focussing (Fig. 3); it will be referred to as fl-bungarotoxin. 
This toxin also gave a single protein band on sodium dodecyl  sulphate poly- 
acrylamide gel electrophoresis, under  non-reducing conditions, with a molecu- 
lar weight of  16 800 + 800 (n = 3); it is, therefore,  homogeneous with respect 
to charge and size. 

Under native conditions a molecular weight of  21 000 was found for the 
toxin by gel filtration on Sephadex G-75. After  reduction two protein bands 
with molecular weights of 9000 _+ 300 (n = 3) and 11 400 + 250 (n = 3) were 
separated by sodium dodecyl  sulphate electrophoresis. These latter figures are 
in general agreement with those reported [15,32--34] and were obtained using 
a more comprehensive range of standards than were those which we previously 
reported [2]. The LDs0 in mice was less than 0.01 pg/g body weight; at con- 
centrations of  0.5, 2.75 and 5.0/~g/ml, a complete blockade of neurotransmis- 
sion was produced after 6.9, 4.3 and 1.7 h, respectively, in a frog sartorious 
nerve-muscle preparation, as previously reported [15,16,35]. 

Phospholipase assays on ~-bungarotoxin 
Negligible activity was found in the absence of  deoxycholate  (Table I) as. 

we had previously observed using a conductimetric assay [2]. In contrast, when 
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Fig.  2.  P o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  o f  ~ - b u n g a r o t o x i n .  The  r e so lv ing  gel c o n t a i n e d  15% (w/v)  
a c r y l a m i d e  a n d  0 .1% (w/v)  m e t h y l e n e  b i s a c r y l a m i d e .  S a m p l e s  we re  a p p l i e d  a t  t h e  f i g h t  ( a n o d i c )  e n d  o f  
t h e  gel a n d  e l e c t r o p h o r e s i s  was  c a r r i e d  o u t  a t  p H  4 . 5  in  a ~ - a l a n i n c / a c e t a t e  b u f f e r  s y s t e m  u s i n g  2 5  p g  o f  
t o x i n ;  p r o t e i n  w a s  s t a i n e d  w i t h  0 . 0 4 %  (w/v)  C o o m a ~ i e  G - 2 5 0  in  3 .5% (w/v)  p e r e h l o r l c  ac id .  U p p e r :  
P e a k  V f r o m  C M - S e p h a d e x  c o l u m n  (Fig .  1) .  L o w e r :  Pttre ~ - b u n g a r o t o x i n  o b t a i n e d  f r o m  p r e p a r a t i v e  iso-  
e lec t r i c  f o c u s s i n g  o f  p e a k  V m a t e r i a l .  

the detergent was added appreciable phospholipase activity was observed [15, 
16,18] but its specific activity was much lower than that of  purified bee venom 
phospholipase A~. In the presence of  deoxycholate,  the 15hospholipase activity 
o f  the toxin was greatly reduced when Sr ~÷ was substituted for Ca~÷; moreover, 

~ f t 

Fig.  3 .  I soe lee t r ie  f o c u s s i n g  o f  ~ - b u n ~ a r o t o x i n .  Le f t :  P r e p a r a t i v e  i soe lee t r i e  f o c u s s i n g  o f  p e a k  V (20  rag )  
f r o m  t h e  C M - S e p h a d e x  c o l u m n  (Fig .  1) was  p e r f o r m e d  in  a f i a t  b e d  o f  S e p h a d e x  G - ? 5 .  A f t e r  f o c u s s i n g  
t h e  p H  g r a d i e n t  (e )  w a s  m e a s u r e d  w i t h  a m i e r o e l e e t r o d e  a n d  a p a p e r  p r i n t  o f  t h e  b e d  was  f i x e d  in  10% 
t r i c h l o r o a c e t i c  a c i d  a n d  s t a i n e d  w i t h  0 . 2 %  Coommmie  R - 2 5 0  i n  m e t h a n o l / w a t e r / a c e t i c  a c i d  (5  : 5 : 1,  b y  
vol . )  a n d  d e s t a i n e d  in  t h e  s a m e  so lven t  m i x t u r e .  R i g h t :  I soe lec t r i c  f o c . ~ , i n g  in  a p o l y a c r y l a m i d e  gel u s i n g  
p H  7---9 a n d  9 - - 1 1  a m p h o l y t e s ,  o f  a t o x i n  s a m p l e  ( 6 0  p g )  p u r i f i e d  b y  p r e p a r a t i v e  i soe l ec t r i c  focUSsing (as 
a b o v e ) .  A f t e r  f o c . a a ; ~ g ,  t h e  p H  g r a d i e n t  (8)  w a s  m e a s u r e d  a n d  t h e  p r o t e i n  in  t h e  gel was  p r e c i p i t a t e d  w i t h  
4 0 %  t r l c h l o r o a c e t i e  a c i d ,  w a s h e d  in  1 0 %  t r i e b l o r o a c e t i c  a c i d  t o  r e m o v e  t h e  a m p h o l y t e s  a n d  s c a n n e d  a t  
4 5 0  n m .  



87 

T A B L E  I 

C H A R A C T E R I S T I C S  OF P H O S P H O L I P A S E  A C T I V I T I E S  OF ~ - B U N G A R O T O X I N  A N D  BEE V E N O M  
P H O S P H O L I P A S E  A 2 

Assays were  car r ied  ou t  at  3 7 ° C  using a p H  sta t .  The  r e a c t i o n  m i x t u r e  ( v o lu me  5.5 ml )  co n t a in ed  10 pxnol 
of  d ispersed  egg y o l k  p h o s p h a t i d y l e h o l i n e  a nd  100  m M  NaC1. Add i t i ons  of  10 m M  CaC12, 10 m M  SrCI2, 
0.1 m M  E G T A  and  0 .18  m M  s o d i u m  d e o x y c h o l a t e  w e r e  m a d e  as ind ica ted .  

PhosphoHpase  ac t iv i ty  ~uequiv. • m i n  -1 • m g  -1 of  p r o t e i n )  

~ -Bungaro tox in  Bee v e n o m  phospho l ipase  A 2 

CaCI2 0 .6  326 
CaCI2 + d e o x y c h o l a t e  63 1 3 4 5  
SrCI 2 + d e o x y e h o l a t e  2.6 
E G T A  + d e o x y c h o l a t e  0 0 

~Control  

'~o,~ ~ T s T X + T T X  

E 

~'. ~ , - - - , - - - ~  8 BuTX 

.>_. 
¢) eg 
_o 

cc -r 
% 

, B l a n k  

I I 
0 2 5  5 0  

Time (men) 
Fig. 4. E f f ec t  o f  ~-bungaxotoxin  a nd  t i t y u s t o x i n  on  h igh-af f in i ty  u p t a k e  o f  [3 H]eh o l i n e  b y  s y n a p t o s o m e s .  
T h e  t i m e  course  of  a c c u m u l a t i o n  of  r ad ioac t iv i ty  (+S.D.,  n = 2) b y  s y n a p t o s o m e s  a t  25°C  in K r e b s /  
p h o s p h a t e  m e d i u m  eon ta ln ing  [ 3 H ] e h o l l n e  (0 .5  #M; 4 C | / m m o l )  was m e a s u r e d  b y  a f i l t ra t ion  assay as 
desc r ibed  in Materials  a nd  Methods .  Con t ro l  i nc uba t i on s  (e )  c o n t a i n e d  n o  t o x in  add i t ions  an d  were  
i n c u b a t e d  a t  25°C.  Blanks (o)  were  i n c u b a t e d  a t  4°C an d  c o n t a i n e d  s y n a p t o s o m e s  wh ich  h ad  b e e n  
osmot i ca l l y  lysed  in cold  de ionised  wa te r .  O t h e r  samples ,  i n c u b a t e d  a t  25°C0 c o n t a i n e d  2.3 • 10 -7  M 
~ - b u n g a r o t o x i n  (D); 3 • 10  -6 M t i t y u s t o x i n  (a ) ;  1 .5 • 10 -$ M t e t r o d o t o x i n  (A), an d  3 • 10  -6  M t i tyus-  
t o x i n  + 1.5 • 10  -5 M t e t r o d o t o x i n  (A). T e t r o d o t o x i n  was a d d e d  a t  ze ro  t ime ;  ~-bungaroto]~in an d  t i tyus-  
t o x i n  were  a d d e d  a t  t h e  t ime  ind i ca t ed  b y  the  a r row.  
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it was completely abolished in the absence of  Ca 2÷ and the presence of  0.1 mM 
EGTA. 

Effect of ~-bungarotoxin and tityustoxin on choline accumulation by synapto- 
8 o m e 8  

Under the conditions used in these experiments the synaptosomes showed 
high-affinity uptake of  radioactive choline (Fig. 4) [36]. Nonspecific accumula- 
tion of  radioactivity, as shown by the blank, was relatively low. Both 
~-bungarotoxin and t i tyustoxin decreased the net  accumulation of  radioactive 
choline by synaptosomes;  this action of  t i tyustoxin was antagonised by tetro- 
dotoxin which, on its own, had little effect  on uptake (Fig. 4). It is interesting 
to note that  addition of  ~-bungarotoxin and t i tyustoxin,  2--3 min after resus- 
pension of  the synaptosomes in medium containing radioactive choline, did not  
produce an effect  on accumulation earlier than 15 rain. However,  in a separate 
experiment addition of  either toxin at 15 min was shown to produce an imme- 
diate inhibition of  accumulation of  radioactivity. Under the conditions used in 
these uptake experiments, neither of  the toxins caused a net  decrease in the 
radioactive content  of  the synaptosomes,  indicating that their inhibition of  
accumulation was not  due to gross lysis of  the synaptosomes. 

Effect of ~-bungarotoxin and tityustoxin on the release of acetylcholine and 
choline from synaptosomes 

Synaptosomes,  preloaded with [3H]choline, showed an increased release of  
[3H]acetylcholine when the K ÷ concentration was raised from 3 to 23 mM 
(Table II); K÷-evoked release was dependent  upon the presence of  Ca 2÷ 
(Table II, series a). The amount  of  choline released under the same conditions 
was much smaller and was not  Ca 2÷ dependent.  Enzymic hydrolysis of  acetyl- 
choline did not  contr ibute to the amount  of  choline in the supernatant as 
cholinesterase activity was undetectable in the presence of  eserine sulphate. 
Veratrine also stimulated acetylcholine release; at a concentrat ion of  25 ~g/ml 
it gave a 6--7-fold increase (in 20 rain) over the amount  released by 3 mM K ÷ 
and its action was completely inhibited by 5 • 10 -6 M te t rodotoxin  (data not  
shown). Therefore, this synaptosome preparation exhibits many important  
characteristics of  the physiological release process, fl-Bungarotoxin stimulated 
release of  acetylcholine from pre-loaded synaptosomes (Table II, series b and 
c), exhibiting an EDs0 of 5 . 1 0 - a M  (Fig. 5a). The dose-response curve for 
choline release showed the same EDs0 but  with a smaller increase, fl-Bungaro- 
toxin also produced an increase in acetylcholine release in medium containing 
23 mM K+; this increase was usually less than the sum of those contr ibuted by 
K ÷ and toxin alone (Table II, b and c). Since fl-bungarotoxin possesses phos- 
pholipase activity, the possibility of  lysis of  synaptosomes being responsible for 
the release of  previously accumulated transmitter was investigated by mea- 
suring the release of  lactate dehydrogenase, a cytoplasmic marker (Fig. 5a). The 
dose-response curve for the effect  of  ~.bungarotoxin on lactate dehydrogenase 
release was very similar to that  for its stimulation of  acetylcholine and choline 
release. When Ca 2+ was replaced by Sr ~+ the increase in acetylcholine and 
choline release induced by ~-bungarotoxin was inhibited although that  caused 
by depolarisation with 23 mM K ÷ was enhanced (Table II, series b). Tityustoxin 
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T A B L E  II 

T H E  E F F E C T S  O F  ~ - B U N G A R O T O X I N  A N D  T I T Y U S T O X I N  ON T H E  R E L E A S E  OF A C E T Y L C H O -  
L I N E  A N D  C H O L I N E  F R O M  S Y N A P T O S O M E S  

S y n a p t o s o m e s  w h i ch  ha d  b e e n  p r e loa de d  w i t h  [ 3 H ] c h o l i n e  were  i n c u b a t e d  a t  25°C for  20  rain an d  the 
a m o u n t s  of  [ 3 H ] a c e t y l c h o l i n e  a nd  [ 3 H ] c h o l i n e  released into  the  s u p e r n a t a n t  we re  d e t e r m i n e d  as 
descr ibed  in Materials  a n d  Methods .  The values  arc the m e a n  (± S.D.) of  those  o b t a i n e d  f r o m  t w o  separa te  
i ncuba t ions  using a single s y n a p t o s o m e  p repa ra t i on .  I n c u b a t i o n s  con t a ined ,  as no t ed ,  ~ -bunga ro tox in ,  
t i t y u s t o x i n  or  an  inc reased  K + concentrat ion  of  23 raM. Three  separa te  series o f  e x p e r i m e n t s  were  car r ied  
o u t  in w h i c h  i ncuba t ions  were  p e r f o r m e d  in m o d i f i e d  K r e b s / p h o s p b a t e  m e d i u m  an d  in similar  m e d i u m  
wi th  the  fo l lowing  changes .  Series a: Ca 2+ o m i t t e d  a nd  5 m M  E G T A  added .  Series b :  Ca 2+ rep laced  iso- 
osmot i ca l ly  b y  Sr 2+. Series c: samples  p r e i n c u b a t e d  wi th  5 . 1 0 - 6  M t e t r o d o t o x i n .  Da ta  are  in d p m  
r e l e a s e d / m g  of  p ro te in .  

Acetyl -  Choline Ace ty lcho l ine  Choline  
chol ine  

- -Ca2+ /+EGTA 

S e r i e s a  8 6 ±  46 2 2 ±  12 
Control  1039  272 
23 m M  K + + t i t y u s t o x i n  (10  -$ M) 

23 m M  K + 293  ± 104  60 ± 95 
T i t y u s t o x i n  (10  "~5 M) 672  + 139  171 ± 32 

70 + 124 1 ± 25 
666  + 8 3 2 6  ± 6 

113 + 14  83 +- 20  
568 ± 113 132  ± 60 

----Ca2+/+Sr2+ 

Series b 

Control  417  _+ 61 61 + 4 253 ± 16 39 ± 38 

~ -Bunga ro tox in  (10 -7 M) 882  ± 67 3 7 2  • 33  4 7 3  ± 54 128  ± 58 

23 m M  K ÷ 595  ± 142  90 • 6 776 + 128  1 6 2  ± 34  
23 m M  K + +  ~-Bungaro tox in  (10  -7  M) 1 1 0 5  ± 90  395  • 73 851 ± 161 222  ± 52 

Series c + T e t r o d o t o x i n  

Contro l  2 0 0 ±  147 7 ~  29 9 4 ±  47 7 3 ±  3 
T l t y u s t o x i n  (10  -6 M) 663  ± 17 151 ± 34  184 ± 72 167 ± 21 

f l -Bungaro tox in  (5 • 10 -8 M) 693 ± 1 276 • 11 
T i t y u s t o x i n  (10  -6 M) + 

731 ± 55 226 • 5 
~ - b u n g a r o t o x i n  (5 • 10  -8 M) 

2 3 m M K  + 5 0 4 ±  110  1 4 3 ±  28 6 1 0 ±  50 67 
23 m M  K++ t i tyus tox in  (10  -6 M) 580  ± 80 164  ± 52 576 + 75 156  ± 28 
23 m M  K + + ~ - b u n g a t o t o x i n  (5 • 10 -8 M) 771 ± 84 263  ± 125 

23 m M  K + +  t l t y u s t o x i n  (10  -6  M) + 777 ± 47 196 • 25 
~ - b u n g a r o t o x i n  (5 • 10  -8 M) 

also produced an increase in acetylcholine release from synaptosomes (Table II, 
series a and c); its EDs0 was approx. 10 -6 M (Fig. 5b) and it is therefore con- 
siderably less potent  than ~-bungarotoxin (Fig. 5a). Tityustoxin,  unlike 
~-bungarotoxin, had much less effect on choline than on acetylcholine release 
and furthermore, the dose-response curve appears to be shifted to higher con- 
centrations. In direct contrast to ~-bungarotoxin, it released negligible lactate 
dehydrogenase activity except at very high concentrations (Fig. 5b). Tityus- 
toxin produced an increase in acetylcholine release in the presence of  23 mM 
K ÷ (Table II, series a and c); the increase due to 23 mM K * and t i tyustoxin was 
less than that due to t i tyustoxin alone (Table II, series a and c). The ability of  
t i tyustoxin to induce release o f  acetylcholine, but not  choline, was maximal 
in the presence of  Ca 2÷ (Table II, series a). Likewise, the effects o f  t i tyustoxin 
on release of  acetylcholine only were inhibited by tetrodotoxin (Table II, 
series c). 
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Fig. 5. The  c o n c e n t r a t i o n  d e p e n d e n c e  o f  ~ - b u n g a r o t o x i n  a n d  t i tyus tox in - s t imt f la t ed  release ,  f r o m  synaP-  
t o s o m e s ,  o f  a c e t y l c h o l i n e ,  c h o l i n e  a n d  lac ta te  dehydzogenase .  The  a m o u n t s  of  [ 3 H ] a e e t y l c h o l l n e  (a )  
a n d  [ 3 H ] c h o l i n e  (o) re leased  a f ter  i n c u b a t i o n  of  p re - loaded  s y n a p t o s o m e s  for  20  rain a t  each  t o x i n  
c o n c e n t r a t i o n  were  d e t e r m i n e d  as descr ibed  in  Materials  and  Methods ,  Released  lac ta te  d e h y d r o g e n a s e  
ac t iv i ty  (m), m e a s u r e d  as descr ibed  in  Materials  and  Methods ,  is a percentage  increase  in  the  a m o u n t  
present  in  the  s u p e r n a t a n t  f r o m  c o n t r o l  sample s  i n c u b a t e d  w i t h o u t  t o x i n  add i t i on .  The  va lues  s h o w n  are 
the  m e a n s  (+S.D.) o f  those  o b t a i n e d  f r o m  t w o  separate  i n c u b a t i o n s  us ing  a s ingle  s y n a p t o s o m e  prepara-  
t ion .  It was  prev ious ly  s h o w n  t h a t  re lease  of  b o t h  a e e t y l e h o l t n e  and  c h o l i n e  w a s  l inear  w i t h  t ime ,  f or  40  
rain,  at  the  h ighes t  t o x i n  c o n c e n t r a t i o n s  used.  

The increases in transmitter release caused by tityustoxin and/3-bungaro- 
toxin, in either 3 or 23 mM K ÷, were not additive (Table If, series c). This was 
not due to a maximal rate of release being reached since in the same experi- 
ment, veratrine (at a concentration of 25 pg/ml) released almost twice as much 
acetylcholine over the same incubation period. 

Discussion 

Contrary to published observations [15,16,31,33,34,37] ~-bungarotoxin 
prepared from the venom by ion-exchange chromatography could not be 
further purified by gel filtration or additional ion-exchange steps; this may 
reflect differences in the venom samples or the elution conditions used. How- 
ever, isoelectric focussing in a narrow range pH gradient separated four contam- 
inants (Fig. 3); the resulting toxin was homogeneous on narrow range analytical 
isoelectric focussing (Fig. 3), an essential criterion of  purity. It is possible that 
such contaminants were not previously detected in purified preparations of  
~-bungarotoxin when isoelectric focussing was not used [15,31,37] or steeper 
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pH gradients were employed [16,33,34]. 
It should be also noted that the amino acid compositions of four of these 

preparations are similar [15,32,33,34], so that the species we have separated 
may represent 'isotoxins' similar in composition to the major form. The molec- 
ular weight of the toxin (21 000} obtained by gel filtration [32] is identical to 
that calculated from the amino acid sequence [38] and also agrees with the 
sizes of its subunits measured by urea-sodium dodecyl sulphate electrophoresis 
[15,32--34]. However, for unknown reasons, a somewhat low value was ob- 
served for unreduced toxin with the latter technique; interestingly a molecular 
weight of 18 500 was obtained by equilibrium sedimentation [32]. 

It has now been shown that ~-bungarotoxin stimulates the release, from 
preloaded brain synaptosomes, of radioactive acetylcholine (Table II) [27], 
glutamate [2,20], ~,-aminobutyrate [2,20,26] and noradrenalin [26]. This is 
probably analogous to the increased release during the second phase of the 
toxin's action on the intact neuromuscular junction. Moreover, as in the latter 
case, it may precede the eventual toxin blockade of excitatory (glutamate 
and/or aspartate) transmission observed in slices of rat olfactory cortex and 
dentate gyrus and also at cholinergic synapses in sympathetic ganglion (Halli- 
well, J., Marsh, S., Brown, D. and Dolly, J.O., unpublished results). The increase 
caused by tityustoxin in the release of transmitters from synaptosomes (Table 
II) [2,20] agrees with its observed action on neurotransmission in intact syn- 
apses [6,39--41]. The availability of tetrodotoxin, has enabled the mode of 
action of tityustoxin to be much more easily characterised than that of ~-bun- 
garotoxin for which no such antagonist is yet available. 

~-Bungarotoxin [2,20,26,27,42] and tityustoxin [2,20] both inhibit the net 
accumulation of amino acid transmitters or choline by synaptosomes (Fig. 4). 
It is necessary to establish if these effects represent direct inhibition of the 
high-affinity uptake process or increased release of already accumulated trans- 
mitter. Furthermore, depolarization of the membrane may contribute to these 
effects since it has been reported that uptake of glutamate into brain synapto- 
somes is dependent on membrane potential [43]. Tetrodotoxin has no effect 
on the net accumulation of transmitter [20] or choline by synaptosomes 
(Fig. 4), nor on the binding to the membrane of a scorpion toxin similar to 
tityustoxin [44], but does inhibit tityustoxin-induced depolarization of the 
membrane. Thus, if the effect of tityustoxin on transmitter uptake is a direct 
one due to its binding at a site other than the action potential-sodium channel 
complex, its decrease of transmitter accumulation should not be affected by 
tetrodotoxin. In fact, this was not the case for choline (Fig. 4), 7-aminobutyr- 
ate, or glutamate [20]. It may reasonably be concluded, therefore, that the 
effects of tityustoxin are due solely to membrane depolarization. Although 
effects of ~-bungarotoxin on accumulation and release of transmitters cannot 
be studied separately, some interesting points can be made regarding its precise 
action. The effect of ~-bungarotoxin on transmitter release does not involve 
Na ÷ or K ÷ channels since it is not antagonised by either tetrodotoxin [37,45, 
46] or tetraethylammonium ions [20]. If the mechanism by which ~-bungaro- 
toxin acts does not involve membrane depolarization then its effects might be 
expected to be additive with those of tityustoxin and elevated external K ÷ 
concentration. This is not the case for release of acetylcholine (Table II), 
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y-aminobutyrate  or glutamate [20]. Following early addition of  either 
~3-bungarotoxin or t i tyustoxin to synaptosomes freshly suspended in medium 
containing a high concentrat ion of  radiolabelled choline, a period of  several 
minutes is required before any effect  on the time course of uptake is seen 
(Fig. 4). This suggests that  some labelled choline must  be taken up before the 
apparent decrease in the rate of accumulation is observed and indicates the 
toxins affect, primarily, transmitter release. 

/3-Bungarotoxin possesses a phospholipase activity which is important  for its 
action. This is shown by the fact that  Sr 2÷ cannot substitute for Ca 2÷ in sup- 
porting the toxin's effect  on the release from synaptosomes of acetylcholine 
(Table II), glutamate or ~,-aminobutyrate [20] and at the neuromuscular junc- 
tion [16--18].  Unlike t i tyustoxin,  /3-bungarotoxin releases choline and the 
cytoplasmic marker lactate dehydrogenase in addition to the transmitter acetyl- 
choline; the dose-response curves for all three being very similar (Fig. 5). This 
strongly suggests that  the mechanisms by which 13-bungarotoxin increases 
release of the transmitter substance and the marker enzyme are related and, in 
view of  the phospholipase activity, that  it involves some disruption of the 
membrane.  The action of ~-bungarotoxin does not  result in gross lysis of  the 
nerve terminal as the maximum amount  of lactate dehydrogenase activity 
released is only a fraction of  that  liberated by 2% Triton X-100. Also in uptake 
experiments (Fig. 4), t reatment  with toxin does not  lead to a net  decrease in 
accumulated radioactivity and ultrastructural damage is only observed in the 
electron microscope at very high toxin concentrations [ 27]. 

It appears likely that  the first stage of ~-bungarotoxin action, a transient 
decrease in transmitter  release, is due to the initial binding of  the toxin [17] to 
a protein component  of  the presynaptic plasma membrane [47], probably 
through the B subunit. The second and third phases are due to the phospholip- 
ase activity of the A subunit, possibly at the phase boundary between station- 
ary, annular lipid and the surrounding fluid bilayer [48]. The depolarisation of 
the nerve terminal resulting from disruption of the membrane would produce 
an increased rate of release of transmitter and a decreased net  rate of  re-uptake 
or accumulation of precursor [45]. The effects of /3-bungarotoxin observed 
using synaptosome preparations, or intracellular recording at intact synapses, 
are a consequence of the initial binding of  the toxin and are probably an 
indirect measure of this binding. Eventual blockade of neurotransmission may 
result from energy depletion due to uncoupling of  mitochondria  by free fat ty 
acids [37,49], localised ultrastructural damage [27], or a latent effect  resulting 
from the initial toxin binding to transmitter release sites [13,17,50] or Ca 2÷ 
channels [13]. 
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