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During prolonged r eco rd ing  of e l ec t r i ca l  act ivi ty  of the r a t  d iaphragm,  a fall  in ampli tude 
of the r e s p i r a t o r y  volley was  obse rved  af ter  injection of 2 �9 105 MLD tetanus toxin into the 
musc le .  In t race l lu la r  r eco rd ing  of synaptic  e l ec t r i ca l  act ivi ty  in n e r v e - m u s c l e  p r e p a r a -  
t ions of the d iaphragm isola ted  3-3.5 h af ter  injection of the toxin revea led  a dec rea se  in 
spontaneous sec re t ion  of media tor ,  as  shown by a shift  of the m a x i m u m  of dis tr ibut ion of 
myoneura l  synapses  with r e s p e c t  to mean  f requenc ies  of minia ture  end-pla te  potent ials ,  
f r o m  3-7 to 0.1-0.4 sp ikes / sec .  E l e c t r o n - m i c r o s c o p i c  invest igat ions  showed no change in 
the ce l lu lar  s t ruc tu re  of the myoneura l  junction under these  c i r cums t ances ,  but the num- 
be r  of synaptic ve s i c l e s  in the axon t e r m i n a l s  was  significantly inc reased .  It is concluded 
that  the sec re t ion  of med ia to r  is d is turbed by the act ion of the toxin. 

The p a r o x y s m a l  syndrome in te tanus is due to the cen t ra l  action of te tanus toxin [3-6, 10, 12, 14]. 
The toxin has  been  known for  a long t ime  to act  on the pe r iphe ra l  myoneura l  appara tus  [15, 16] and, in 
pa r t i cu la r ,  f ea tu res  of a denerva t ion  syndrome  havebeen  obse rved  in musc le  due to the act ion of te tanus  
toxin [16, 19]. The w r i t e r s  have desc r ibed  the development  of a block to neu romuscu la r  t r a n s m i s s i o n  un- 
der  the influence of the toxin [4-8], but the m e c h a n i s m s  of this  d is turbance  have not been  explained. In the 
invest igat ion desc r ibed  below the s ta te  of the myoneura l  synapses  in the r a t  d iaphragm,  poisoned local ly  
with te tanus  toxin, was  inves t igated by m i c r o e l e c t r o d e  and e l e c t r o n - m i c r o s c o p i c  methods.  

EXPERIMENTAL METHOD 

Experiments were carried out on male August rats weighing 100-200 g. In long-term experiments 
the respiratory electrical activity of the diaphragm was recorded with surface electrodes [i]. The elee- 
tromyogram (EMG) of the diaphragm and its integral characteristics also were recorded by means of 
special units of the Disa electromyograph. 

Synaptic electrical activity was recorded intracellularly in nerve-muscle preparations isolated from 
the rat diaphragm and placed in a thermostatically controlled (36-37~ chamber through which Tyrode so- 
lution saturated with carbogen (95-96% 02 + 4-5% CO2) was passed. The transmembrane potential differ- 
ence (TMD) of the muscle fibers in the region of the synaptic endings of the phrenic nerve ventrally to its 
entry into the muscle was detected with glass microelectrodes filled with 2.5 M KCI solution and recorded 
by means of a matching system [ii] on a Disa-Indicator oscilloscope. Details of the method were de- 
scribed previously [9]. 
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Fig. 1. Changes in na tura l  e l ec t r i ca l  act ivi ty  of the d iaphragm af te r  
injection of te tanus  toxin. A: EMG (bottom record)  and its integrated 
c h a r a c t e r i s t i c s  (top record)  be fo re  injection (1) and 3.5 h (2) and 7 h 
(3) a f t e r  injection of toxin (2 �9 105 MLD) in cupola of d iaphragm;  B: 
dec rea se  in max imal  ampli tude of r e s p i r a t o r y  vol ley a f te r  injection 
of toxin. Absc i ssa ,  t ime  af ter  injection (in h) ; ordinate ,  ampli tude 
of vol ley (in MV). Resul t s  of th ree  expe r imen t s  in which initial a m -  
pli tudes we re  c lose ly  s imi l a r  in absolute magnitude a r e  i l lus t ra ted .  

Fig. 2. Changes in level  of spontaneous sec re t ion  of med ia to r  in myo-  
neura l  junctions of musc le  poisoned with te tanus toxin. Continuous line 
shows dis t r ibut ion of synapses  by mean  f requency of MEPP  in ne rve -  
musc le  p r epa ra t i on  isola ted 3-3.5 h af ter  injection of 2 �9 105 MLD te t a -  
nus toxin into d iaphragm;  broken  line shows analogous dis t r ibut ion for  
n o r m a l  p repa ra t ion .  Ordinate,  f requency of o c c u r r e n c e  (in ~o), absc i s sa ,  
d i scharge  in te rva l s  on logar i thmic  scale ;  bo t tom scale  g ives  absolute  
va lues  of mean MEPP f requenc ies  ( sp ikes /see) ,  top scale  gives  values  
of the i r  na tura l  loga r i thms .  T e m p e r a t u r e  of medium 36-37~ Time of 
observa t ion  1-2 h. Each h i s t o g r a m  plotted f r o m  r e su l t s  for  not l e s s  
than 200 synapses .  

Material for electron-microscopic investigation was fixed in situ or in the chamber with buffered 
formol- sucrose solution, and fixation was completed in cold formol- sucrose and then in osmium tetrox- 
ide. The material was embedded in Araldite. Sections were shadow-cast with uranyl acetate and lead ci- 
trate and examined in the JEM 7A electron microscope. 

Dried  toxin (batch 9, f r o m  native toxin of batch 285, s t r a in  471 MIV~,  containing 104 MLD for  mice /  
mg,  was  diluted (100 mg/ml) in phosphate buffer  (0.005 M, pH 7.2). L a p a r o t o m y  was  p e r f o r m e d  on a r a t  
under  e ther  anes thes ia ,  the toxin was  injected in a smal l  volume (0.2 ml equals 2 �9 105 MLD) into the dia-  
p h r a g m  dorsa l ly  to the point of ent ry  of the nerve ,  and the incision was  then c losed.  Control  expe r imen t s  
we re  c a r r i e d  out on healthy an ima l s  or  on an imals  injected with inact ivated toxin. 

EXPERIMENTAL RESULTS 

Respiratory EMG of the Diaphragm. After injection of the toxin (2 �9 10 5 MLD) the EMG showed a 
progressive decrease in amplitude of the respiratory volley in the poisoned diaphragm (Fig. I). No changes 
were observed in the character of the respiratory electrical activity itself. The animals usually died 7-9 
h later with signs of paralysis of the respiratory musculature. 

Synaptie activity in the myoneural junctions of the diaphragm was investigated 3-3.5 h after injection 
of the toxin, wi~en the amplitude of the respiratory volleys was significantly reduced by comparison with 
that in the conh'ol animals at the same time. 

Spontaneous Synaptic Activity in Muscle Fibers. The state of neurosecretory system in the muscle 
synapses was judged from the spontaneous synaptic activity characteristic of an active myoneural junction. 
The level of spontaneous activity of the single synapse was evaluated from the mean frequency of miniature 
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Fig. 3. U l t r a s t r u c t u r e  of myoneura l  junction in r a t  d iaphragm.  P r e -  
f ixation with f o r m o l - - s u c r o s e  in situ. Fixation with osmium te t roxide .  
Shadow-cast ing with uranyl  aceta te  and lead c i t ra te .  A) Genera l  ap-  
pea rance  of synapse  in poisoned musc le  (2 �9 10 5 MLD toxin 3 h before  
fixation) : MA myel ina ted  axon; TA axon t e rmina l ;  SC Schwann cell; 
N fundamental  nucleus;  MF myof ib r i l s .  State of ves i cu la r  appara tus  
of t e r m i n a l  axon in no rma l  musc le  (]3) and in myoneura l  junction poi-  
soned with te tanus toxin (C), ma rked  inc rease  in number  of synaptic 
ve s i c l e s  in poisoned synapse:  TA axon t e rmina l ;  SS synaptie space;  
M mitochondr ia ;  SV synaptie ves i c l e s .  Straight line co r responds  to 
1 ~  for  A and 0 .1~  f o r B a n d C .  

end-pla te  potent ia ls  (MEPP) of the musc le  f iber .  An impor tan t  c r i t e r ion  of the state of the synaptic appa r -  
atus of the whole musc le  as  a ce l lu la r  organizat ion is  the law of distr ibution of myoneura l  synapses  by the 
level  of the i r  spontaneous act ivi ty,  as r e f l ec ted  by the h i s t o g r a m  of the musc le  f ibers  with r e s p e c t  to the 
mean  MEPP frequency.  Compar i son  of such h i s t o g r a m s  for  the intact  isolated p repara t ion  and fo r  the 
p repa ra t ion  isola ted 3-3.5 h a f te r  injection of the toxin showed (Fig. 2) that  the level  of spontaneous synap-  
t ie act ivi ty was  sharp ly  reduced  in the poisoned musc l e s :  the pr incipal  m a x i m u m  of the h i s t o g r a m  was 
displaced into the reg ion  of lower  f requenc ies  (the modal  d i scharge  in terva l  in the exper imenta l  s e r i e s  was 
0.1-0.4 s p [ k e / s e c  and in the control  s e r i e s  3-7 sp [kes / sec ) .  No significant changes in shape of the r e co rded  
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MEPP or  magnitude of the TMP at r e s t  w e r e  found. The control  t e s t s  showed that injection of inact ivated 
toxin does not give r i s e  to d i s tu rbances  of neu rosec re t ion  of the type observed .  

U l t r a s t ruc tu re  of the MyoneuraI  Junction.  The r e s u l t s  of the e l e c t r o n - m i c r o s c o p i c  invest igat ion 
showed (Fig. 3) that the myoneura l  synapse  in the poisoned musc l e s  was  unchanged in s t ruc tu re .  Changes 
were  d i scovered  only in the s t r u c t u r e s  of the axon t e r m i n a l .  In some ca se s  the mi tochondr ia  were  swol- 
len, the i r  ma t r i x  t rans lucent ,  and occasional ly  the i r  c r i s t a e  des t royed .  In some sect ions  the presynapt ic  
m e m b r a n e  was i l l -def ined in p laces .  The mos t  significant change was  an inc rease  in the number  of syn-  
aptic ves i c l e s ,  which in some ca se s  f i l led all the f r ee  space of the axon t e rmina l .  No changes were  found 
in subsynaptic s t r uc tu r e s .  

The fac t s  obse rved  cal l  for  comment .  

1. Absence of EMG changes c h a r a c t e r i s t i c  of the cen t ra l  effects  of the toxin ("spontaneous"  or  
af teract ivi ty)  obse rved  in ce r t a in  m u s c l e s  of many spec ies  of an imals  [5] and, in pa r t i cu la r ,  in the dia- 
p h r a g m  [17], and a lso  r e s u l t s  indicating movemen t  of the toxin along ne rve  f i be r s  [4-6] suggest  that  the 
pe r iphe ra l  e f fec ts  of the toxin were  evaluated at  the chosen t i m e s  (3-3.5 h a f t e r  injection). 

2. The changes in c h a r a c t e r  of the synaptic p r o c e s s e s  obse rved  immedia te ly  a f te r  injection of the 
toxin (depress ion  of med ia to r  secretion) were  apprec iab ly  intensif ied during the stay of the p repa ra t ion  
in the chamber  (for 2 h). The h i s t o g r a m  of mean  MEPP f requencies  was  the re fo re  plotted f r o m  es t ima te s  
of the unsteady state of the p r epa ra t i on  f r o m  this point of view. Besides  the developing effect  of the toxin, 
other f ac to r s  connected with isolat ion of the p repa ra t ion  may  also be r e l evan t :  1) d is turbance of com-  
municat ion between the n e u r o s e c r e t o r y  appara tus  of the axon t e rmina l  and the t rophic  cen te r  of the cell  
(the neuron body) ; 2) the absence  of nervous  impulses ,  with the i r  evident substant ia l  e f fec t  on the level  of 
spontaneous secre t ion,  to the synaptic endings; 3) the nonidentity of the surrounding medium (Tyrode so-  
lution) with the internal  medium of the o rgan i sm.  The intact  p repa ra t ion  is r easonab ly  r e s i s t an t  to these  
f ac to r s ,  but they evidently can potent iate  the effects  of developing injury.  

3. Some of the changes d i scovered  in synapse u l t r a s t r uc tu r e ,  such as swelling of the mitochondria ,  
a r e  evidently nonspecif ic  for  the effect  of the toxin for  they a re  obse rved  during the action of a wide va-  
r ie ty  of f ac to r s  and even in no rm a l  p repa ra t ions ;  they a re  pe rhaps  the r e su l t  of h is to logica l  t r ea tmen t .  
The following in teres t ing fact  was  obse rved  with r e s p e c t  to the ves i cu l a r  appara tus :  in the poisoned myo-  
neura l  junction the addition of fo rma l in  (fixation in the chamber)  led to the secre t ion  of only a few quanta 
of media tor ,  whe rea s  under  no rma l  conditions this s i tuat ion evokes  the d ischarge  of s eve ra l  thousand of  
quanta (judging f rom the sudden inc rease  in f requency of the MEPP) [2]. It is t he re fo re  difficult to decide 
whether  the e l e c t r o n - m i c r o s c o p i c  p ic ture  r e f l ec t s  a preceding  change (accumulat ion of med ia to r  in the 
synaptic ve s i c l e s  before  fixation) or  whether  it is connected with the fact  that the action of tetanus toxin 
on the p resynap t ic  m e m b r a n e  p reven t s  formaldehyde  f r o m  exhibiting i ts  pha rmaco log ica l  effect .  

The changes  d i scovered  in the synaptic  appara tus  in the musc le  poisoned with toxin affect  p r e synap -  
t ic  s t ruc tu re s .  The combinat ion of s t ruc tu ra l  and functional changes in the injured myoneura l  junction 
sugges ts  that  inhibition of neu rosec re t ion  is the r e su l t  of in te r fe rence  with the l ibera t ion  of media to r  f r o m  
the t e r m i n a l s  and not of i ts  exhaust ion.  F r o m  this standpoint it is in te res t ing  to compare  the effects  of 
te tanus toxin and of a -bungaro tox in ,  which a lso  blocks neu romuscu la r  t r a n s m i s s i o n  by i ts  action on p r e -  
synaptic s t ruc tu res .  During the action of ~-bungarotoxin,  when the marked  act ivat ion of l ibera t ion  of the 
media to r  is quickly followed by its exhaustion, the e l e c t r o n - m i c r o s c o p i c  p ic ture  r e f l ec t s  exhaustion of r e -  
s e r v e s  of the media to r :  the number  of synaptie ve s i c l e s  in the t e r m i n a l s  is reduced  or they may d isap-  
pea r  comple te ly  [13]. 

When conduction in the inhibitory synapses  of the cen t ra l  nervous  s y s t e m  is blocked by tetanus toxin, 
it is  the presynapt ic  component  which is affected also [14]. Resu l t s  indicating specif ic  binding of the toxin 
by the b r a in  t i s sue  f rac t ion  containing t e rmina l  m e m b r a n e s  [18] may  point to local izat ion of the injury in 
th is  p r o c e s s  in the m e m b r a n e s .  Centra l  and pe r iphe ra l  synaptic ef fec ts  of the toxin can be a s sumed  to be 
s imi l a r  in type:  they a re  a ssoc ia ted  with d is turbance of the l ibera t ion  of med ia to r  through the p re synap-  
t ic m e m b r a n e ,  and the chemica l  nature  of the media to r  evidently does not play a decis ive  ro le  in this  
p r o c e s s .  
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