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In experiments  on albino ra ts  the diaphragm muscle was frozen in a rest ing state and also 
during br ief  (1, 10 sec) repetit ive (50 Hz) indirect  stimulation, after  which it was fixed in 
formaldehyde and osmium tetroxide for e lec t ron-microscop ic  study of the myoneural  junc-  
tions. The technique used gave reasonably  adequate presentat ion of the s t ruc tura l  elements 
of the myoneural  junction and it revealed  some distinctive features of the localization of 
the synaptic vesicles:  an even distribution along the axon terminal  in a res t ing state and 
a decrease  in the number and redistr ibution of the vesicles during stimulation. The most  
significant difference was the d iscovery  of vesicles  in the synaptic space.  

It is only in recent  years  that investigations of the u l t ras t ruc ture  of the myoneural  junction have 
shown that the changes ar is ing in the neu rosec re to ry  apparatus of the axon terminal  in various functional 
s tates,  induced by stimulation of the nerve or  by factors  acting on the presynaptie  membrane (a di rect  
cur ren t ,  the ion concentration,  and so on) are concerned predominantly with the number ,  distribution, and 
size of the synaptic vesicles [2, 5-7]~ At the same time, the changes observed by no means always c o r -  
re la ted with the physiological  a s sessment  of the State of the presynapt ic  s t ruc tures  [4]. One reason for 
this d isagreement  could be the inadequacy of the usual methods of fixing mater ia l  in functional and m o r -  
phological investigations of synapses.  For  example, electrophysiological  investigation of fixation of the 
myoneural  junction with formaldehyde has shown that under these c i rcumstances  there is a powerful 
(several  thousand quanta) and asynchronous discharge of mediator  [1]. In the investigation descr ibed 
below, the method of p re l iminary  feeding of the tissue was used to study u l t ras t ruc tura l  changes in the 
neu r osec r e to ry  apparatus of the myoneural  junction during its function. 

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

Myoneural junctions in the diaphragm of August ra ts  weighing 100-120 g were anesthetized with 
ether  and par t  of the diaphragm in the synaptie zone was frozen in situ through an incision in the abdominal 
wall by applying a large copper cylinder with one end shaped into a truncated cone, previously  cooled in 
liquid ni trogen.  The frozen piece of t issue was quickly excised and placed in fo rmo l - suc rose  solution, 
cooled to between 0 and -2~  and then fixed with osmium tetroxide and embedded in araldi te.  Sections 
were examined in the JEM-7A electron microscope .  The diaphragm was frozen a short  time (20 rain) 
after unilateral  division of the phrenic nerve in the neck and also 1 and 10 sec af ter  the beginning of 
stimulation of the per ipheral  segment  of the divided nerve at a frequency of 50 Hz. 

Electron Microscopy Group, Labora tory  of Pathophysiology of Toxico-Infect ions,  Institute of Normal 
and Pathological Physiology, Academy of Medical Sciences of the USSR, Moscow. (Presented by Academi-  
cian of the Academy of Medical Sciences of the USSR A. M. Chernukh.) Transla ted f rom Byulleten' Eksper i -  
mental 'noi  Biologii i Meditsiny, VOlo 73, No. 3, pp. 112-116, March, 1972. Original ar t icle  submitted 
October 19, 1971. 

�9 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15.00. 

344 



Fig. 1. Myoneural junction from rat  diaphragm frozen during 
indirect repetitive stimulation. TA) axon terminal; SC) pro- 
cess of Schwann cell; MF) muscle fiber. 

EXPERIMENTAL RESULTS 

The method of fixation used preserves the main features of structure of the myoneural junction 

described when ordinary methods are used (Fig. i). No significant damage was found to its ultrastrue- 

tural elements, and destructive changes were observed only in some of the axoplasmic mitochondria~ 

Synaptic vesicles at rest were distributed all along the axon terminal uniformly, especially between 

the mitoehondria (Fig. 2a). 

During stimulation of the nerve the number of synaptic vesicles in some of the terminals was re- 

duced, in some cases considerably. Redistribution of the vesicles also was found: the remaining vesicles 
were arranged along the presynaptic membranes (Fig~ 2b). It is interesting to note that terminals with 

different numbers of vesicles could be observed even in the same motor end-plate. 

A constant difference between the terminals of the working and resting muscle was a considerable 

change in the number of complex vesicles. After stimulation their number was considerably increased, 

especially in terminals in which the number of synaptie vesicles was reduced (Fig. 2b). 

The most significant feature distinguishing myoneural junctions fixed by the preliminary freezing 

methodwasthatvesieular structures corresponding in size to vesicles in the terminals were found in the 

synaptic space both of the resting and of the stimulated synapses (Fig. 3). Some of them had normal elec- 

tron density and a distinct three-layeredmembrane. At the same time other vesicles were found whose 

membrane was only partially preserved or was very indistinct. Furthermore, circular structures in which 
no membrane could be distinguished were found in the synaptic space. As a rule vesicles with a clearly 

defined membrane lay near to the presynaptic membrane. The patterns of interaction between vesicles 

and presynaptie membrane observed in these cases (Fig. 3) can be interpreted as a process of extrusion 

of the vesicles into the synaptic space, indistinct vesicular structures were found close to the postsynaptic 
membrane, sometimes in a position suggesting interaction with that structure (Fig. 3). 

Vesicles in the synaptie space were found in approximately equal numbers indifferent sections through 

the same terminal, from which it could be concluded that they are more or less uniformly distributed there. 
The number of distinct vesicles in the synaptic space varied from ito 8 per axon terminal outlined. Com- 

parison of the number of vesicles in the synaptic space of the myoneural junctions frozen in a resting state 
and during stimulation of the nerve revealed no significant difference. An attempt was made to find a dif- 
ference between the number of vesicles interacting with the presynaptie membranes. However, in this 

case also counting gave inconstant results in the different terminals and no obvious difference could be 
found. 
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Fig. 2. State of neu rosec re to ry  s t ruc tures  at r e s t  (A) 
and during stimulation of phrenic nerve (B). TA) axon 
terminals ;  SV) synaptic vesicles;  CV) complex vesicles;  
M) mitochondria; SS) synaptic space; NF) neurofibri ls ;  
SF) synaptic folds. 

The method of p re l iminary  freezing thus revealed fresh details of the u l t ras t ruc tura l  state of the 
myoneural  junction associa ted  with its function. F i r s t  of all, the resul ts  indicate that different functional 
s tates of the synapse are charac te r i zed  by different localization of the synaptic vesicles  in the axoplasm 
of the terminal .  

As has a l ready been mentioned, one new resul t  of great  fundamental importance obtained by the 
method of p re l iminary  freezing was the d iscovery  of vesicles in the synaptic space.  It is par t icu la r ly  
difficult to explain their p resence  in the synaptie space of rest ing synapses .  If the synaptic vesicles  
immediately  join the receptor  membrane during spontaneous secret ion f r o m  the terminal ,  the probabili ty 
of their d iscovery in an ultrathin section when the frequency of spontaneous secret ion was 4-10 pu l ses / see  
would be ex t remely  small .  Their  presence  in the synaptic space in re la t ively large numbers  suggests that 
in the res t ing  synapse vesicles  do not all join the postsynaptic membrane,  nor  do they do so immediately,  
and it is therefore neces sa ry  to make a f resh  evaluation of the role of the synaptic space in synaptic p ro -  
cesses .  Usually in descriptions of the conduction of excitation f rom nerve to muscle the l iberation of 
mediator  by some means or other is considered to be pract ica l ly  equivalent to its binding with the sub- 
synaptic membrane~ Yet, so far  as the myoneural  junction is concerned,  even if the binding takes place 
on the other side of the space,  the mediator  must cover  a distance equal to twice the diameter  of the 
synaptie ves ic les .  If cholinergie recept ion takes place in the synaptic folds, this distance is increased  
many t imes over .  

The r e s e r v e s  of mediator ,  es t imated f rom functional tes ts ,  can be divided into two fract ions:  "read-  
ily access ib le"  (the small fraction),  which is replenished f rom the much la rger  "not eas i ly  access ib le"  
fract ion.  It has been suggested that the "easi ly access ible"  mediator is contained in the synaptic vesicles 
in direct  contact  with the presynaptte  membrane in the axon terminal  [3]. However, counting the vesicles 
in this zone has shown that factors  which increase  the "readily access ib le"  r e se rves  reduce the number of 
vesicles  in this zone, while factors  acting in the opposite manner increased  the number of vesicles  [4]. 

It may be assumed that vesicles  lying in the synaptic space also contain this "easily access ib le"  
supply of mediator ,  for on the basis  of these experimental  resul ts  even the roughest  calculation shows that 
they must  number severa l  hundreds per  terminal  and 1000-2000 per  motor  end-plate.  It can also be 
assumed that the number of vesicles  in the synaptic space is continually being replenished by secret ion 
through the presynapt ic  membrane,  and that collision between these vesicles  and the postsynaptic membrane 
leads to the spontaneous generation of miniature end-plate potentials.  The a r r iva l  of a spike in a terminal  
leads to the appearance of ionic cur ren ts  and to a change in the ionic situation on both sides of the p re -  
synaptic membrane .  The e lec t r ic  field generated in the synaptic space synchronizes  the movements  of the 
vesicles  or  par ts  of them lying in it toward the postsynaptic membrane .  The possibil i ty likewise cannot 
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Fig. 3. Different localization of ves icular  s t ruc tures  (1- 
11) in the region of synaptic contact:  1-4) interaction with 
presynapt ic  membrane;  5-8) in synaptic space; 9-11) hypo- 
thetical interaction with postsynaptic membrane.  Arrow 
indicates presynapt ic  membrane ,  two a r rows  indicate pos t -  
synaptic membrane .  

be ruled out that under these c i rcumstances  the state of the substance in the space,  a polysaccharide gel, 
also is charged.  Interaction between the mediator  and the postsynaptic membrane and the ionic cur ren t s  
generated stop the movements  of the vesicles  in this area .  The spike arr iving along the nerve must  also 
activate the re lease  of synaptic vesicles  into the synaptic space,  as is shown by a decrease  in their num- 
ber  in some terminals  of the st imulated synapses .  This las t  phenomenon shows that the terminals  en t e r -  
ing a motor  end-plate may liberate mediator  a l ternately,  although the mechanism of organization of this 
alternation is not c lea r ,  especial ly  if it is cons idered  that the spike reaches  all terminals  forming a given 
end-plate a t the  same time. 

This hypothesis explains the d iscovery  of vesicles in the synaptic space after  neurosecre t ion  has 
been rapidly blocked by p re l iminary  freezing of the t issue (although the possibi l i ty cannot be completely 
ruled out that the method used may i tself  cause displacement of the vesicles.)  It also to some extent e l imi-  
nates,  as has a l ready been mentioned, the cont radic tory  findings obtained in experiments  conducted With 
the o rd inary  methods of fixation, which evidently activate interaction between vesic les  in the synaptic 
space and the postsynaptic membrane .  In that case the decrease  in the number  of synaptic vesicles in 
the zone of the axon terminal  near  the presynapt ic  membrane,  after  the action of factors  which are  shown 
by function tests  to increase  the "easily access ib le"  rese rve  [4], can be explained by the extrusion of some 
of these vesicles  f rom the terminal  into the synaptic space.  Conversely,  accumulation of vesicles  in the 
presynapt ic  zone as a resul t  of p rocedures  reducing this r e se rve  can be induced by delaying the expulsion 
of synaptie vesicles  f rom the axon terminal .  
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