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Analysis  of the spike flow s t ruc tu re  of min ia ture  end-plate  potentials  (ME PP),  ref lect ing spontaneous 
secre t ion  of t r a n s m i t t e r  in the neuromuscu la r  junction [7, 9], could contr ibute to our  understanding of the 
mechan i sms  of t r a n s m i t t e r  r e l ea se  (exocytosis) through the presynapt ic  membrane .  On the basis of the quan- 
t u m - v e s i c u l a r  hypothesis  and assuming a sufficiently chaotic cha rac t e r  of movement  of the vesic les  in the 
cytoplasm and the random c h a r a c t e r  of the i r  in teract ion with the presynapt ic  membrane ,  it can be postulated 
that  deviations of the MEPP flow from the Poisson  ch a rac t e r  may  be evidence of  some degree  of organizat ion 
of the interact ion s i tes  ( t ransmi t te r  r e lease ) .  

The object  of this investigation was to analyze the t ime flow of M E P P  and assess  the distr ibution of 
MEPP amplitudes in o r d e r  to obtain evidence of the ch a r ac t e r  of r e l ease ,  the course  of  which was de l ibe r -  
ately modified by the action of ouabain, an inhibitor of Na, K-ATP ase, which produces  an increase  in the f requency 
of MEP P  through the abolition of e lec t rogenic  cation t r anspo r t  [3], of tetanus toxin which blocks t r a n s m i t t e r  
exocytosis  through the presynapt ic  membran e  and thus reduces  the f requency of  MEP P  [1], and of 4 -amino-  
pyr idine,  which inhibits the t r ansmembrane  flow of  potassium ions and changes the ch a r ac t e r  of r e l ea se  of 
the synaptic t r a n s m i t t e r  [2]. 

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

Trac ings  of  M E P P  were  obtained by in t race l lu la r  record ing  of  synaptic activity in an isolated p r epa ra -  
tion of the phrenic ne rve  and a s t r ip  of diaphragm musc le  ( tempera ture  35~ Ouabain and 4-aminopyridine 
were  added to the external  solution in concentra t ions  of 1" 10-4M and tetanus toxin (2 �9 104 MLD for  mice)  was 
injected into the diaphragm 3 h before  isolat ion of the prepara t ion .  

A s ta t is t ical  study was made of deviations of the t ime flow of MEP P  from the Poisson distribution. For  
this purpose f i r s t - o r d e r  h i s tograms of in terspike intervals  (ISI) were  plotted. The hypothesis  of an exponential 
distr ibution of tSI was tes ted  by the ch i - square  c r i t e r ion  of goodness of fit. The expected number  of  events 
falling in the i- th bin of the his togram,  with width At, is: 

( ( (i--l) ht { iht ,, 

where  k is the number  of h is togram bins, N the total  number  of in tervals ,  Mix] the mean  interval .  The number  
of degrees  of  f reedom of the ch i - square  distribution is k -  2. 

To de te rmine  the p rec i se  form of deviation of the ~ I  distr ibution f rom exponential ,  the value of Sherman ' s  
s ta t is t ic  [5] was calculated: 
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where X i (i = 1 . . . . .  N) is the ISI sequence. 

According to the null hypothesis of exponentiality of the ISI distribution [11] M [ ~ ] - - 1 / e  ~ 0.368, 

0,05908 0,07145 
D[r ] --  N - - - - - - ~  - - @ 0 ( I / N 3 ) "  

When c0 N <M[w N ] the empir ical  se r ies  contain an excess  of intervals  of close to the mean lengths but a de- 
ficiency of those considerably g rea t e r  o r  much shor te r  than the mean. When w N > 1VI [WN] the empir ical  se r ies  
contains an excess  of both long and short  intervals.  In the f i rs t  case,  the distribution is called "concentrated,"  
in the second case "diffuse" [12]. To determine the prec i se  form of the distribution the logari thm of the r e -  
liability function is constructed.  The rel iabil i ty function: 

R (x) = 1 - F (x), 

( '1 where F(x) is the distr ibu~on function, for  an exponential distribution has the form exp - -  ~ :, andtts log- 

t ar i thm I n  R (x)  - -  - -  M[x] " The shape of the curve of  the Iogari thm of the rel iabil i ty function is known for  var ious 

types of distributions generated by r e c o v e r y  p rocesses ,  etc. [4, 5]. 

To analyze the amplitude distribution of MEPP, h is tograms of amplitudes were plotted and means  and 
s tandard deviations were calculated~ Conformity to the normal  distribution was assessed .  Two charac te r i s t i c s  
were  chosen as cr i ter ia ;  the coefficient of a symmet ry  and the coefficient of excess .  

E X P E R I M E N T A L  R E S U L T S  

Steadiness of the MEPP flows was assessed .  The null hypothesis concerning steadiness of lSI dis t r ibu-  
tion was tested, the competing hypothesis being the presence  of a t rend  of the type k (t) = e c~ + f i t  where k (t) is 
the intensity of the Poisson  flow. In that case, the value: 

~_~ t i / ( N -  1) - -  to~2 
U =  

to J / I T S  (N - 1) 

where t i denotes moments  of appearance of events, t o the total t ime of observation,  N the total number of 
events, is distr ibuted normal ly  with zero mean and unitary dispers ion [5]. For  the samples tested, a s s e s s -  
ment  of the value U is distr ibuted approximately normally if the null hypothesis indicates absence of a trend. 
Asses smen t s  of U agree  sufficiently well with the null hypothesis at a 5% level of significance. 

In the absence of pharmacologic intervention, test ing conformity of the ISI distribution (Fig. la) to ex- 
ponential revea led  a significant difference between these distributions,  with a level of significance a < 0.05. 
The size of the sample was N = 708, the mean  interval X = 0.39 sec, the standard deviation ~ = 0.39 sec, and the 
mean frequency X = 2.56 sec -1. The curve of the logari thm of the rel iabil i ty function was concave in its initial 
par t s  and its appearance changed sharply at approximately x i = 1.8 sec,  evidently indicating a mixed type of 
ISI distribution. The appearance of the curve  of the logari thm of the reliabil i ty function, incidentally, c o r r e -  
sponded nei ther  to the appearance of the In R(x) curve of a branched Poisson p rocess ,  which has been suggested 
as the p rocess  of t r ansmi t t e r  re lease  [12], nor  to that of the In R(x) curve for the model of per iodic  t r ans -  

mit ter  re lease  [8, 12]. 

Three ser ies  of ISIwere  investigated durtngthe action of ouabatn: 1) N = 361, x =30.42 msec,  a =30.79 msec  
X =22.87 see- l ;  2) N=382,  =~=32.40 msec,  ~ =32.31 msec,  ~ =30.86 see- l ;  3) N =499, =~=24.20 msec  
a = 22.73 rnsec,  X =41.32 see -~. F o r  samples  2 and 3, deviation 02 the ]SI distribution (Fig. 113) f rom exponen- 
t ial  was significant ( a < 0.05). A low value of Sherman ' s  s tat is t ic  w N was obtained, compared  with M [WN], with 
a level of significance of a < 0.01 for  three samples ,  evidence of the "concentrat ion" of the ~ I  distribution. 
The curve  of the logari thm of the rel iabil i ty function is concave, s imi lar  to the shape of the initial par t  of 
the In  R curve in the absence of pharmacologic  intervention. 

4-Aminopyrid[ne,  N = 280, X= 0.61 sec, ~ = 0.64 sec,  X = 1.64 sec -1. The hypothesis of the exponential 
cha rac t e r  of the ISI distribution (Fig. 1C) also is re jec ted  with a level of significance of a < 0.05. The shape 
of the curve of  the logari thm of the rel iabil i ty function indicates a change in ISI distribution. The initial l inear  
region of  the in R curve  suggests  an exponential distribution of short  and average intervals ,  and the terminal  
par t  of the In R curve is convex. 
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Changes in c h a r a c t e r  of  dis t r ibut ion of 
in te rva l s  and ampl i tudes  of  M E P P  in single m u s c l e  
f ibe r s  under  var ious  influences.  F requency  h i s -  
t o g r a m s  of ampl i tudes  {black columns) and in t e r -  
vals  (unshaded columns) fo r  no rma l  s ta te  {A), 
ouabain (B), 4 -aminopyr id ine  (C) and te tanus toxin 
(D). Absc i s sa ,  ampli tude or  duration of interval ;  
ordinate ,  probabi l i ty  of  appearance  of ampli tudes  
o r  in te rva l s  of cor responding  magnitude,  r a t  
phrenic  n e r v e - d i a p h r a g m  prepara t ion ,  35~ f) 
Frequency of MEPP; n) number of MEPP, 

A 8 C D 

U 
Fig.  2. Change in c h a r a c t e r  of spontaneous synaptic ac -  
t ivi ty  under  the  influence of 4-axninopyridine.  A) Before ,  
B, C, and D) 100 sec a f t e r  addition of 4 -aminopyr id ine  
(1 • 10-4M) to Tyrode  solution.  Longitudinal t r ac ing  r e p -  
r e s e n t s  t r a n s m e m b r a n e  potential ,  t r a n s v e r s e  r e p r e s e n t s  
alternatLqg component  (ME PP) with high amplif icat ion.  
Cal ibra t ion  below, for  longitudinal t rac ing:  ampli tude 
40 mV, t ime  100 msec ;  fo r  t r a n s v e r s e  t rac ing:  ampli tude 
1 mV, t ime  10 m s e c .  Ar row indicates  appea rance  of 
spontaneous act ion potential .  Rat  phrenic  n e r v e - d i a -  
ph ragm prepara t ion ,  35~C. 

Tetanus  Toxin.  N = 277, ~ =  1.41 see,  ff = 1.49 sec ,  X ~ 0.71 see -1. The hypothesis  of  the exponential 
c h a r a c t e r  of  the ISI distr ibution (Fig. 1D) is r e j ec t ed  with a level  of  s ignif icance a < 0.05. The curve  of the 
logar i thm of the re l iabi l i ty  function has  an initial l inear  and final convex region.  

731 



Investigation of s ta t is t ical  independence of the lengths of IBI by construct ing ser ia l  c o r r e l o g r a m s  showed 
that the intervals  a r e  not s ta t is t ical ly  independent, but the ch a r ac t e r  of this  dependence is not c l ea r .  

The distribution of amplitudes of  MEPP  under normal  conditions and during all fo rms  of pharmacologic  
intervent ion has a posi t ive coeff icient  of a symmet ry ,  significantly different  f rom zero ((~< 0.01). Normal ly ,  
(Fig. 1A), and under the influence o f  ouabain (Fig. 1B),the coefficient  of excess  is posi t ive (a < O.01), i .e . ,  the 
distr ibution has a m o r e  pointed peak than the Gauss[an, evidence of a l a r g e r  number  of n ea r - av e rag e  ampl i -  
tudes .  Normal ly  "g ian t '  MEPP are  ve ry  r a r e l y  observed .  Under the influence of tetanus toxin (Fig. 1D),the 
s tandard  deviation was approximately  twice the normal  v~lue and the coeff ic ient  of excess  was negative and 
significantly different  f rom zero (a < 0.01), i .e . ,  the distr ibution has a f l a t t e r  peak than the normal  distribution.  
"Giant" ME PP  a re  observed .  Under the influence of 4-aminopyridine (Fig. 1C), the s tandard deviation was 
about five t imes  g r e a t e r  than normal ly .  The distr ibution of amplitudes has a long "taft" at its r ight  end. 

Ea r ly  at tempts  at s tat is t ical  analysis of the MEPP flow revea led  its random, close to Poisson,  cha r ac t e r  
[5, 6 ] ,bu tmore  r ecen t  studies have shown deviations of the MEP P  flow f rom the s imples t  type,  evidence of 
the g r e a t e r  o rde r l i ne s s  of the p rocess  of t r a n s m i t t e r  r e l e a se  [8]. These  facts have led to the concept of pe r i -  
odic l iberat ion of t r an smi t t e r  through a l imi ted number  of si tes [7, 8], and of p r io r i ty  o r  "dead" t ime  af te r  
each re lease ,  It is cons idered  that deviations f rom the Poisson distribution are  due to the grouping of events 
("giant" MEPP,  "burs t s"  of spikes) and, ult imately,  to the absence of independence between events [10, 12]. 
These  data agree  well with the model of a branched Poisson  process ,  where each random p r i m a r y  r e l ea se  of 
t r a n s m i t t e r  is followed with a cer ta in  probabil i ty by additional r e l ea se  f rom the same site [12]. 

In the presen t  investigations, as has a l ready been stated, significant deviations of the r e l ea se  p rocess  
f rom the Poisson distr ibution were  found in pract ica l ly  all exper imental  situations. Meanwhile, depending 
on the cha rac t e r  of deviations of  the  ]BI distribution f rom exponential,  the flows can be divided into two groups: 
1) normal  and ouabain; 2) tetanus toxin and 4-aminopyridine.  Nolunally, in the region of shor t  and average  
lengths of ISI the number  of  in tervals  of approximately equal length is g r e a t e r  than is assumed fo r  the ex-  
ponential  distr ibution.  With an approximately  tenfold inc rease  in the intensi ty of the MEP P  flow under the 
influence of  ouabain, this o rde r l i nes s  becomes even m o r e  m a r k e d  in cha rac t e r .  It can be tentat ively suggested 
that  i t  r e f l ec t s  a definite organizat ion of  the presynapt ic  membrane .  In both cases ,devia t ions  in the amplitude 
of distribution f rom Gauss[an a r e  in the same direct ion (Fig. 1A, B). However,  these  deviations do not con t ra -  
dict the hypothesis  of the quantum cha rac t e r  of r e l e a se .  

The c ha r a c t e r  of distribution of  BI  of the second group (tetanus toxin and 4-arninopyridine) is evidence 
of the m o r e  complex  s t ruc tu re  of the p roces s  determining spike activity: Start ing out f rom the assumption 
of  branched p roc e s se s ,  this  may  be a question of modificat ion of the type of branching, and even the p resence  
of two sufficiently independent p roce s se s ,  differing in the i r  organizat ion,  cannot be ruled out. These  deviations 
found at the c r i t ica l  point of the p rocess  may  perhaps help to explain i ts  t rue  s t ruc ture .  In this r e sp ec t  it is 
Interes t ing to note that  it is in this group that m o r e  substantial  deviations of the amplitude cha rac t e r i s t i c s  of 
MEPP,  not in harmony with views on the s tandard size of the quantt, rn, a r e  found (Fig. 1C, D). They  a re  pa r -  
t icu lar ly  noticeable in the case of 4-aminopyrldine [2], when the polymodal  type of distr ibution curve 
is well  marked, somet imes  shifted into the region of lower values,  and "giant" MEPP, capable of evoking 
an action potential,  a re  obse rved  on the t rac ings  (Fig. 2). More  recent ly ,  the idea has been developed that 
under  normal  conditions the s tandard s ize  of the quantum response  (the MEPP)  is de termined  by the syn-  
chronous r e l ea se  of a re la t ive ly  constant  number  of subquanta of t r a n s m i t t e r  by the "active zone" of the p r e -  
synaptic membrane  [10, 13]. The effects  of tetanus toxin and 4-aminopyridine found in t h e  p resen t  exper iments  
agree  with this view if  it is assumed that the s tandard cha rac t e r  of spontaneous synchronizat ion is dis turbed 
in one r e spec t  o r  o ther  by the action of the agents used. 
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