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Abstract The timing of transmitter release from nerve end-
ings is considered nowadays as one of the factors determining
the plasticity and efficacy of synaptic transmission. In the
neuromuscular junction, the moments of release of individual
acetylcholine quanta are related to the synaptic delays of
uniquantal endplate currents recorded under conditions of
lowered extracellular calcium. Using Bayesian modelling,
we performed a statistical analysis of synaptic delays inmouse
neuromuscular junction with different patterns of rhythmic
nerve stimulation and when the entry of calcium ions into
the nerve terminal was modified. We have obtained a statisti-
cal model of the release timing which is represented as the
summation of two independent statistical distributions. The
first of these is the exponentially modified Gaussian distribu-
tion. The mixture of normal and exponential components in
this distribution can be interpreted as a two-stage mechanism
of early and late periods of phasic synchronous secretion. The
parameters of this distribution depend on both the stimulation
frequency of the motor nerve and the calcium ions’ entry
conditions. The second distribution was modelled as quasi-

uniform, with parameters independent of nerve stimulation
frequency and calcium entry. Two different probability densi-
ty functions for the distribution of synaptic delays suggest at
least two independent processes controlling the time course of
secretion, one of them potentially involving two stages. The
relative contribution of these processes to the total number of
mediator quanta released depends differently on the motor
nerve stimulation pattern and on calcium ion entry into nerve
endings.

Keywords Neuromuscular junction . Quantal release of
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Abbreviations
TCS Time course of secretion
EPC Endplate current
EMG Exponentially modified Gaussian
[Са2+]out Extracellular calcium concentration
[Mg2+]out Extracellular magnesium concentration
4-AP 4-aminopyridine
QU Quasi-uniform process

1 Introduction

The neuromuscular junction, a specialized area of contact be-
tween the axon terminal of a motor neuron and a muscle fibre,
has been the subject of a wide range of neurophysiological
studies. The mechanisms underlying neurosecretion are com-
mon to those of the fast chemical synapses of the central
nervous system (Tarr et al. 2013). Under normal physiological
conditions, the arrival of the action potential at the nerve end-
ing triggers the secretion of up to several tens of quanta of
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acetylcholine in the process known as phasic synchronous
release (Katz 1996). In the period between nerve action po-
tential and the moment of release of the individual synaptic
vesicle, which is called a synaptic delay (or latency), a com-
plicated multistage process takes place in the active zone in-
volving several molecular complexes that are bound to both
the presynaptic membrane and to the synaptic vesicle (Lin and
Farber 2002; Pang and Sudhof 2010).

The duration of this process determines the latencies of
single release events, and their distribution is the time course
(or kinetics) of secretion (TCS) (Katz andMiledi 1965; Barrett
and Stevens 1972; Nikolsky et al. 2004; Bukharaeva et al.
2007; Minneci et al. 2012). In the neuromuscular junction,
phasic quanta release is started through 0.3–0.5 ms after the
nerve action potential. It lasts several milliseconds and is not
absolutely synchronous (Van der Kloot 1988b; Chang and
Mennerick 2010).

Then the so-called delayed asynchronous secretion of neu-
rotransmitter is observed after the nerve action potential and
phasic quanta release. It has a duration of tens to hundreds of
milliseconds and a rate about 1–5 % of that of phasic secretion
(Rahamimoff and Yaari 1973; Atluri and Regehr 1998). It has
been suggested that delayed asynchronous secretion is associ-
ated with the accumulation of calcium ions in the axoplasm,
particularly at high firing frequencies (Hagler and Goda 2001;
Feldchyshyn and Wang 2007; Smith et al. 2012).

There is also the intermediate component of quantal release
which is observed 3–8 ms after the action potential (Chen and
Regher 1999; Gilmanov et al. 2008). This component is re-
ferred to as the late phasic release (Barrett and Stevens 1972;
Bukharaeva et al. 2007) since these quanta can still take part in
the formation of the integral endplate current (Van der Kloot
1988a, b). We have previously shown that, at the mouse neu-
romuscular junction, a decrease in the concentration of extra-
cellular calcium results in the desynchronization of the neuro-
secretion process, due to the increased number of quanta re-
leased in the late period of phasic secretion (Bukharaeva et al.
2007).

Although both the phasic and delayed asynchronous secre-
tion processes have been studied for a long time at different
synapses (Rahamimoff and Yaari 1973; Goda and Stevens
1994; Atluri and Regehr 1998; Wen et al. 2013; Kaeser and
Regehr 2014), precise mechanisms determining the timing of
these release components and their dependence on calcium
metabolism into nerve endings are not yet fully understood.
There is a competition between the phasic and asynchronous
release in developing hippocampal autaptic synapses (Otsu
et al. 2004). Studies of excitatory autaptic currents evoked
by single or repetitive stimulation from island cultures of hip-
pocampal neurons have shown that phasic depression corre-
lates with increased asynchronous quanta release (Chang and
Mennerick 2010). Recently we found that at the neuromuscu-
lar junction of infant rats (6 and 10 days after birth) there is a

marked asynchronous phase of quantal release, along with a
reduced number of quanta compared to the synapses of adults
(Khuzakhmetova et al. 2014). The intensity of delayed asyn-
chronous release in infants increased with the frequency of
stimulation more than in adults. A blockade of the ryanodine
receptor in the endoplasmic reticulum which can contribute to
the formation of delayed asynchronous release in adults had
no effect on the kinetics of delayed secretion in the infants
unlike synapses of adult rats (Khuzakhmetova et al. 2014).

Thus, evidences has accumulated which suggests that pha-
sic synchronous and delayed asynchronous release events are
controlled by different mechanisms (Chung and Raingo 2013;
Wen et al. 2013; Kaeser and Regehr 2014). However, it is
unclear whether these processes are dependent or independent
of each other.

In this connection, methods of statistical modelling can
serve to describe the temporal parameters of the neurosecre-
tion process because, in contrast to exact mathematical
models, they do not require a detailed description of the pro-
cess as a chain of biochemical reactions, a description that is
not always possible due to the lack of experimental data.

Stevens (1968), and subsequently Bennett and Kearns
(2000), applied this approach to analyse the distribution of
real synaptic delays of release events forming the multiquantal
response. The model suggested by these authors described
well the temporal parameters of phasic secretion from extend-
ed amphibian and crayfish synapses at low ambient tempera-
ture, whereas delayed asynchronous secretion was not taken
into consideration at all.

The purpose of the present study was to choose a statistical
model to describe as well as possible the distribution of the
real synaptic delays of uniquantal endplate currents (EPCs)
recorded at the mouse neuromuscular junction in 50 ms time
frames following the stimulation artefact. The modelling
aimed to provide answers to the following questions: (i) is
the distribution of synaptic delays uniform or compound?
(ii) if several components are involved in this distribution,
are they mutually dependent? (iii) how do the parameters of
the distribution(s) depend on the pattern of nerve firing and the
various conditions governing the entry of calcium ions into
the nerve terminal (namely, the gradient of Ca2+ concentra-
tion, the blocking of calcium channels, and the modification of
the shape of the action potential)?

2 Material and methods

2.1 Electrophysiology

Experiments were performed on isolated mice phrenic nerve–
diaphragm preparations. Mice (BALB/c strain) of both sexes
of 20–25 g body weight were euthanized in accordance with
the regulations of the European Community Council Directive
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(September 22, 2010; 2010/63/EEC). The animal experiments
were approved by the Ethical Committee of the Kazan State
Medical University. The neuromuscular preparation, having
been pinned to the bottom of the recording chamber, was
continuously rinsed with the solution containing (all in
mM): 150.0 NaCl, 5.0 KCl, 0.2–0.5 CaCl2, 5.0 HEPES, 5.0
MgCl2, and 11 glucose, with a pH of 7.3–7.4. Since the anal-
ysis of real synaptic delays reflecting the timing of secretion
requires the selection of uniquantal EPCs only (Katz and
Miledi 1965), a modified Ringer’s solution with extracellular
calcium concentration [Са2+]out reduced to 0.2–0.5 mM, and a
magnesium concentration enhanced to 5 mM was used.

All experiments were performed at a temperature of 20.0±
0.3 °C, and maintained using Peltier elements. The suction
electrode was used to stimulate the motor nerve with
supramaximal rectangular impulses of 0.2 ms duration and
with stimulating frequencies of 0.5, 4, 10, and 15 Hz. The
motor nerve action potentials and endplate currents were reg-
istered extracellularly with Ringer-filled glass micropipettes
of tip diameter 2–3 μm and resistance 1.0–3.0 MΩ. The du-
ration of the data frames was 50 ms, beginning from the onset
of the stimulation artefact.

From 300 to 500 uniquantal events were recorded, digi-
tized at the sampling frequency of 3 μs, and analysed off-
line using software developed in our laboratory.

To exclude multiquantal responses from consideration, his-
tograms of EPC amplitudes were drawn up, and only signals
forming the first peak of the histogram were selected for sub-
sequent analysis of the real synaptic delays, as previously
described (Bukсharaeva et al. 1999; Bukharaeva et al. 2002).

The synaptic delays were estimated as the time intervals
from the nerve sodium spikes to the early (20 % of maximum
amplitude) phase of the EPC (Bukсharaeva et al. 1999;
Bukharaeva et al. 2007). Following that delay, histograms of
the uniquantal EPCs were plotted. The mean value of the
shortest 5 % of synaptic delays in each series was taken as
the minimal synaptic delay (Barrett and Stevens 1972).

In addition to [Са2+]out variation (ranging from 0.2 to
0.5 mM), the blocker of voltage-sensitive Ca2+ channels
2.5 μM cadmium chloride (Dudel et al. 1991) and the potas-
sium channels blocker 5 μM 4-aminopyridine (Muller 1986)
were used to modify the conditions of calcium ion entry into
the nerve endings.

All chemicals were purchased from Sigma.

2.2 Statistical modelling

The standard procedure of Bayesian modelling, well de-
scribed in the literature (Matzke et al. 2013; Gelman et al.
2014), was used to model the probability density function of
the synaptic delays of uniquantal EPCs.

Different two-component mixture distributions (with com-
ponents corresponding to the main peak and background) and

three-component mixture distributions (with main peak, sec-
ond peak, and background) were considered. The components
were selected on the basis of the form of the histogram of the
experimentally obtained latencies, and of previously reported
data testifying to the three phases of secretion varying by rates
of release (Chen and Regher 1999).

Normal, log-normal, shifted gamma, and exponentially
modified Gaussian (EMG) distributions were tested as the
main peak distributions, while distributions that were uniform,
exponentially decaying, and with density inversely propor-
tional to time were used to describe the background process.

The rjags program (Plummer 2012) and the R package
R2jags (Su and Yajima 2012) were used for the model fitting.
Calculations were performed in five independent realizations
(chains) with randomly selected initial parameters. Four thou-
sand steps were taken to initialize the distribution, followed by
another two thousand steps to obtain the sample of the model
parameters. Each fifth value was included in the sample to
avoid autocorrelation. Thus, the size of the total sample of five
chains was 2000 values for each model parameter. According
to the convergence criteria, the parameter distributions should
be the same for all chains, which suggested that the results
tended toward the stationary distribution. In theory, such dis-
tribution should asymptotically approach the true distribution
of the model parameters fitting the experimental data.

3 Results

3.1 Electrophysiological studies

Under control conditions ([Са2+]out=0.5 mM, [Mg2+] out=
5 mM), nerve stimulation (0.5 Hz) evoked nerve action po-
tentials, followed by EPCs (of mean quantal content 0.47±
0.05) with significantly varying latencies of the uniquantal
responses (Fig. 1a, inserts). The majority of EPCs had short
delays of up to 3ms after the peak of the sodium component of
nerve action potential, corresponding to the phasic synchro-
nous release (Katz and Miledi 1965; Goda and Stevens 1994;
Augustine 2003). Significantly fewer EPCs occurred in the
next 47 ms of recording; these were events characterized as
delayed asynchronous secretion (Rahamimoff and Yaari
1973; Chen and Regher 1999). Correspondingly, the distribu-
tion histogram of real synaptic delays had a marked peak
formed by quanta released in the first 3 ms (synchronous
release) and an extended Btail^ made up of long-latency
events – delayed asynchronous release (Fig. 1a). Higher stim-
ulation frequencies resulted in increased intensity of both syn-
chronously and asynchronously released quanta (Fig. 1b–d).

When the level of extracellular calcium (and, correspond-
ingly, the concentration gradient) has decreased from 0.5 to
0.3 and 0.2 mM, the calcium current through voltage-sensitive
channels should diminish. As a result, the total number of
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quanta secreted was lower, though to different extents
for release events that occurred with small latencies (in
the synchronous phase) and for delayed releases (in the
asynchronous phase following the main mode of distri-
bution) (Fig. 2a and c).

Higher stimulation frequencies at lower calcium levels also
resulted in greater release intensities. However, a direct com-
parison of the delay histograms does not allow accurate esti-
mation of the changes in intensities of both synchronous and
delayed asynchronous secretions (Fig. 2b and d).

When voltage-sensitive calcium channels were blocked by
cadmium ions, the number of secreted mediator quanta was
also reduced, compared to the control [Ca2+] out=0.5 mM, due
to the lower calcium entry (Fig. 2e and f).

The application of the potassium channel blocker 4-AP
(Muller 1986) led to a prolonged depolarization phase of
nerve action potential, and consequently, to enhanced Ca2+

entry into the nerve endings. Under these conditions, the num-
ber of synchronously released quanta increased to a greater
degree (Fig. 2g and h; these experiments were performed at
[Ca2+]out=0.3 mM, and therefore were compared to record-
ings made at this calcium level).

Thus, an analysis of release timing made on the basis of the
conventional separation of uniquantal EPCs into synchronous
(occurring 3 ms after nerve action potential) and delayed asyn-
chronous (from 3 to 50 ms after nerve action potential) events
suggested that the intensity of these processes depends in dif-
ferent ways on the stimulation frequency and on the manner of
modulation of calcium entry into the nerve endings.

The statistical model of the distribution of synaptic delays
was developed to quantitatively estimate changes in TCS in-
duced by experimental manipulations and to separate specific
components (e.g., the early and delayed-release events) that
form the resulting secretion.

3.2 Statistical model

The results of Bayesian simulation of the mixture distribution
of synaptic delays show that only the most trivial two-
component mixture model based on the EMG distribution
for the main peak and quasi-uniform background distribution
(for EPCs with latencies longer that the value of the main
mode of the histogram) appeared to be numerically sta-
ble across the whole body of experimental data and to
fit them well. All other models appeared to be numeri-
cally unstable.

The probability density function for the EMG distribution
was modelled as convolution:

f tjμ;σ;λð Þ ¼ λ

σ⋅
ffiffiffiffiffiffiffi
2⋅π

p
� �

⋅e−
μ−tð Þ2
2⋅σ2

� �
* e−λ⋅t
� �

; ð1Þ

where μ is the mean of the Gaussian, σ2 is the variance
of the Gaussian, and λ is the rate of exponential com-
ponent decay.

All attempts to replace EMG by other density func-
tions, or to add one more distribution to simulate the
Bintermediate^ process corresponding to latencies of 3

Fig. 1 Kinetics of quantal release
under different frequencies of
nerve stimulation. a Histograms
of real synaptic delays
distribution of EPCs and 10
randomly selected trails (insert)
recorded at 0.5 Hz nerve stimula-
tion ([Са2+] out=0.5 mM), the to-
tal number of EPCs is 4785; b at
4 Hz, the total number of EPCs is
5226; c at 10 Hz, the total number
of EPCs is 5719; d at 15 Hz, the
total number of EPCs is 6447.
Total number of stimuli is 10000
in 8 synapses
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to 8 ms (Chen and Regher 1999), made the model nu-
merically unstable because of the small Bpackage^ of
latencies found in each record; these were close to each
other for the particular synapse, but different from one
experiment to another (under the same recording condi-
tions, such as [Ca2+]out, pattern of nerve firing, drug
applications, etc.).

The model probability density function f(ti,j,k) of the ob-
served latencies ti, j,k (where k is the index number of the la-
tency recorded in the jth experiment with the ith set of param-
eters), is represented as:

f ti; j;k
� � ¼ pi;1⋅ f 1 ti; j;k jμi; j;σ;λi; j

� �

þ pi;2⋅ f 2 ti; j;k jxmin; xmax; ν a0; a1; ti; j;k
� �� �

; ð2Þ

This provided the best fit to the experimental data in
the context of both the reproducibility and the likeli-
hood function.

Here, f1(ti, j,k|μi, j,σ,λi, j) is the probability density function of
the EMG distribution with mean μi, j, standard deviation σ (in
our model, a constant parameter equal to 121.274 μs), and the
rate λi, j, describing the distribution of the fast (early) latencies
of the synchronously released mediator quanta in the jth ex-
periment with the ith set of parameters.

Next, f2(ti, j,k|xmin, xmax,v(a0,a1,ti,j,k)) is the probability func-
tion of the second distribution, which is almost uniform on
[xmin,xmax], with density dependent on time. The latter is pre-
sented as f 2 ti; j;k jxmin; xmax; ν a0; a1; ti; j;k

� �� � ¼ 1
Z ⋅

1
ν a0;a1;ti; j;kð Þ,

where Z is a normalizing factor. Z ¼ 1
a1
⋅ln ν a0;a1;Xmaxð Þ

ν a0;a1;Xminð Þ
� �

, and

in the range [xmin,xmax]=[400,50000], Z is equal to 260.
Furthermore, v(a0,a1,ti,j,k) is the dependence of the mean

time interval between adjacent pulses on the time since
the stimulation artefact. In particular, in our model, v(a0,
a1,ti,j,k)=a0+a1It, where a0=123.845 (s.d. = 10.671), a1=
3.077I10−3 (s.d. = 0.282I10−3); pi,1, pi,2 are mixing prob-
abilities (pi,1+pi,2=1).

Figure 3 compares the total experimental histogram of the
latencies obtained in eight neuromuscular junctions stimulated
at 0.5 Hz ([Ca2+]out=0.5 mM) with the sample from the dis-
tribution with the fitted parameters. Although the mixture of
two distributions described above sufficiently closely
matched the experimentally obtained data, some patchy
deviations were nonetheless observed; these may be
accounted for by the heterogeneity of experimental
material.

The model assumed that the parameter μij includes a con-
stant part that is invariant across all experiments and under all
conditions, and a variable component that depends on the

Fig. 2 Kinetics of quantal release under modified calcium entry into the
nerve ending. Histograms of distribution of real synaptic delays of EPCs
recorded under modified calcium entry into nerve ending. a [Ca2+] out=
0.2 mM, 0.5 Hz nerve stimulation, the total number of EPCs is 1203; b
[Ca2+] out=0.2 mM, 15 Hz nerve stimulation, the total number of EPCs is
1617; c [Ca2+] out=0.3 mM, 0.5 Hz nerve stimulation, the total number of
EPCs is 3017; d [Ca2+] out=0.3 mM, 15 Hz nerve stimulation, the total

number of EPCs is 3566; e in presence of 2.5 μM cadmium, 0.5 Hz nerve
stimulation, the total number of EPCs is 1534; f in presence of 2.5 μM
cadmium, 15Hz nerve stimulation, the total number of EPCs is 1672; g in
presence of 5 μM 4-AP, 0.5 Hz nerve stimulation, the total number of
EPCs is 3151; h in presence of 5 μM 4-AP, 15 Hz nerve stimulation, the
total number of EPCs is 3957. Total number of stimulus is 10000 in 8
synapses for each series

J Comput Neurosci (2015) 39:119–129 123



particular recording and its condition. Interestingly, the loga-
rithm of this parameter turned out to be linearly dependent on
the stimulation frequency, so the following equation was used
in the simulation:

ln μi j

� �
¼ μ0 þ βm ið Þ þ γ⋅Freq ið Þ; withγ ¼ γ0 þ γm ið Þ; ð3Þ

where μ0 is the constant component, βm(i) is the contribution
of the particular experimental condition m(i), and γ is a coef-
ficient related to the contribution of the stimulation frequency
Freq(i), involving constant (γ0 ) and experimentally deter-
mined (γm(i)) parts. These components are different from zero
when the influence of experimental conditions is significant.

Similarly, it was suggested that

λi; j ¼ λ0 þ δm ið Þ þ τ0 þ τm ið Þ
� �

⋅Freq ið Þ; ð4Þ

with corresponding coefficients indicating the contribution of
experimental conditions and stimulation frequencies to the
rate λij. This parameter itself was linearly dependent on stim-
ulation frequency.

For all the models but this one the Gelman-Rubin conver-
gence diagnostic (Gelman and Rubin 1992) indicates lack of
convergence (statistical values substantially above 1, up to an
order of magnitude for some model parameters), and parame-
ter distribution graphs display different forms for distinct
chains.

We sampled from the modelled latency distributions ob-
tained from the 0.5, 4, 10, and 15 Hz stimulations and at three
different calcium levels ([Ca2+]out at 0.5, 0.3, and 0.2 mM for
each frequency). For each stimulation frequency we also

modelled the changes in the histogram in the presence of
cadmium which is known to diminish Ca2+ entry into nerve
endings, and in the presence of 4-AP to extend the period of
calcium entry due to repetitive channel opening. The calcium
concentration of 0.5 mM was selected as the reference condi-
tion for the estimation of statistical significance of experimen-
tal impacts. All pairwise differences were significant at the
95 % level.

The pooled results for the different recording conditions
and stimulation frequencies related to μ and τ (decay time
constant of the exponential part of EMG, τ =1/λ) are given
in Table 1 and in Figs. 4 and 5. Note that the parameter μ
defines the total shift of latencies on a temporal scale, whereas
τ is responsible for the proportion of events that markedly
exceed the mean value of the main mode of the histogram.

Our statistical model permitted us to evaluate the contribu-
tion of each of the described processes in the total number of
release events, and the dependence of this proportion on the
recording conditions. Our calculations have shown that the
proportion of the first (EMG) process in the pool of all laten-
cies depended strongly on calcium concentration in the nerve
ending (Fig. 6) and weakly on the stimulation frequency. Each
rectangle in Fig. 6 corresponds to the 25 to 75 % range of
latencies, with horizontal bars indicating mean values and
error bars related to the 2.5 to 97.5 % range of all events. As
can be seen from Fig. 6, the attenuation of the intensity of the
two-stage EMG process that occurred at decreased calcium
entry into the nerve endings was achieved in different ways
(decreased [Ca2+]out or by cadmium blocking the calcium
channels). At the same time, enhanced calcium entry under
conditions of elevated extracellular [Ca2+]out or in the

Fig. 3 Experimental and model
distributions of synaptic delays.
Experimental (black columns)
and model (gray columns)
histograms of real synaptic delays
of EPCs at 0.5 mM [Ca2+] out and
0.5 Hz stimulation frequency. a
Linear time scale (note the break
on the abscissa axis between 13.5
and 37.5 ms); b logarithmic time
scale for better representation of
the main peak
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presence of 4-AP (prolonging the presynaptic action potential)
resulted in an increase of this process’s contribution to the
pool of all release events. The averaged calculated number
of EPCs in each of two main components, EMG and quasi-
uniform (QU), under different experimental conditions are
given in Table 2.

4 Discussion

The analysis of neurotransmitter secretion timing has attracted
increasing attention from many researchers in recent years
(Hagler and Goda 2001; Neff et al. 2009; Chang and
Mennerick 2010; Wen et al. 2013; Kaeser and Regehr
2014). The kinetics of quantal release at chemical synapses
is critical for determining synaptic efficacy because it modu-
lates the amplitude and the temporal characteristics of
multiquantal postsynaptic signals (Fesce 1999; Sabatini and
Regehr 1999). The fluctuations in EPC delays, defined as the
time interval between nerve stimulation and the beginning of
the response, are due to the statistical nature of presynaptic,
time-dependent, probabilistic processes governing evoked
quantal release (Katz and Miledi 1965; Barrett and Stevens
1972). Apart from this, the detailed study of temporal

parameters of the release process allows us to suggest the
existence of at least three modes of quantal secretion: sponta-
neous, evoked synchronous, and evoked delayed asynchro-
nous (Wen et al. 2013; Kaeser and Regehr 2014). The physi-
ological role of synchronous neurotransmitter release is clear
enough, while the significance of spontaneous and delayed
asynchronous secretion is not fully understood. At most syn-
apses, the asynchronous secretion is smaller than the synchro-
nous one, but it becomes more prominent with repetitive stim-
ulation (Atluri and Regehr 1998; Lu and Trussel 2000; Hefft
and Jonas 2005).

The conventional direct method of evaluation of the secre-
tion time frames based on the comparison of histograms of
real synaptic delays (Katz and Miledi 1965; Barrett and
Stevens 1972) does not allow precise estimation of the char-
acter of the change in the release kinetics under varying ex-
perimental conditions. Moreover, the distribution of real syn-
aptic delays is not Gaussian, which means it would be improp-
er to use the mean value as an estimate.

Table 1 Dependence of model parameters (Eqs. 3 and 4) on
stimulation frequency and experimental conditions ([Ca2+]out=0.2–
0.5 mM). Values of τ, λ and δ are in 1/μs; values β, γ and μ0 are on
log time scale; μ0 =6.7

Substance βm(i)
(1) γ0

(1)+γm(i)
(1) λ0

(1)+δm(i)
(1) τ0

(1)+τm(i)
(1)

4-AP 0.0519 0.00376 0.00270 0.0000188

[Ca2+]out=0.2 −0.0532 −0.00108 0.00338 −0.0001077
[Ca2+]out=0.3 −0.0646 0.00411 0.00239 0.0000011

[Ca2+]out=0.5 −0.0723 0.00874 0.00321 0.0000142

Cadmium −0.0654 0.00580 0.00285 −0.0000522

Fig. 4 Dependence of the parameter μ on the stimulation frequency at
modified calcium entry conditions

Fig. 5 Dependence of the parameter τ(1/λ) on the stimulation frequency
at modified calcium entry conditions

Fig. 6 Dependence of EMG contribution to the total number of
responses on experimental conditions. Each rectangle shows the range
from 25 to 75% of all the signals, the horizontal bar within each rectangle
is related to the mean value, error bars show the range from 2.5 to 97.5 %
of all signals
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In the present study, we performed statistical modelling to
quantitatively characterize the distributions of synaptic delays
of uniquantal EPCs recorded inmouse neuromuscular junctions
under different experimental conditions. The statistical model
answered some questions on the nature of the processes that
determine the timing of the release of mediator quanta from
nerve endings following presynaptic action potential arrival.

The non-physiological, low calcium concentration was
used for a special purpose to detect different mechanisms of
neurotransmitter release. In vertebrate neuromuscular junc-
tions fast synchronous release of neurotransmitters dominates
at the physiological calcium level (Van der Kloot 1988b).
Special mathematical tools have to be applied to evaluate the
moments of single quanta secretion (Van der Kloot 1988a;
Gainulov et al. 2002). However, our early studies showed that
even at the physiological calcium level the release was not
fully synchronous, and the delayed asynchronous release de-
clined but did not disappear (Bukharaeva et al 2007). Since
the delayed asynchronous release does not participate in ECP
formation but plays some other roles (e.g., modulatory one),
then even a few delayed quanta can be important for synapse
functioning (Kaeser and Regehr 2014). Moreover, during nat-
ural activity, e.g., at 20–100 Hz synapse activation, the con-
tribution of asynchronous release may be increased.

The statistical analysis of the synaptic delays distribution
by Bayesian modelling showed that the secretion process is
made up of at least two independent mechanisms following
essentially different stochastic laws. Notably, one of these
processes involves two components, as it can be described
as the convolution of Gaussian and exponential probability
density function (EMG). The first component of this process
is accounting for the main peak of the latency histogram, equal
to approximately 1 ms (specifically, 0.82±0.02ms, depending
on the individual properties of the neuromuscular prepara-
tions) and can be mostly described by the normal probability
density function. This component can be considered as the
early period of the synchronous phasic release, as has been
suggested previously (Barrett and Stevens 1972; Goda and
Stevens 1994; Wen et al. 2013). During this period, neuro-
transmitter quanta are released with low temporal dispersion.

The parameter μ in the EMG is related to the shift of syn-
aptic delays on the time scale, i.e., to the mode of the

histogram, and includes an invariant part μ0 (see Eq. 3).
According to our model calculations, μ0 provides a delay
0.67±0.02 ms. One would assume that μ0 is the so-called
minimal synaptic delay (Katz and Miledi 1965; Bukharaeva
et al. 2007). The experimentally estimated minimal synaptic
delay in our experiments equals 0.63±0.02 ms (n=32), and
does not depend on the extracellular [Ca2+]out value (Barrett
and Stevens 1972; Bukharaeva et al. 2007). However, the
prolongation of the repolarization phase of the presynaptic
membrane in the presence of 4-AP resulted in an increase of
the minimal synaptic delay up to 0.71±0.03 ms (paired t-test,
p<0.05, n=30) in experiments with enhanced stimulation fre-
quency (15 Hz) and [Ca2+]out=0.5 mM. Therefore, μ0 cannot
be fully equated to the minimal synaptic delay which actually
depends slightly on a number of experimental conditions.

Figure 4 shows that at 0.5 Hz nerve stimulation parameter
μ is practically the same for different calcium concentrations
and in the presence of cadmium blocking the entry of calcium
into the nerve ending. But the statistical model revealed the
significant increase of μ for high frequency stimulation con-
ditions. This manifested itself most vividly at enhanced calci-
um entry into the nerve terminal in the presence of 4-AP
([Ca2+]out=0.3 mM). The increase of μ by 12 % was revealed
for this condition. Possible explanations of such an increase
can be the elevation of calcium entry after blocking of potas-
sium channels and activation of distant calcium channels by
broad action potential (Vyshedskiy and Lin 2000). Moreover,
according to the other data, the rate parameters of calcium
channel activation and inactivation are assumed to be
voltage-dependent (Bennett et al. 1997; Delcour et al. 1993).
Therefore, even the initial part of the latency distribution can
follow the changes in the shape of the presynaptic spike and,
as in the case of 4-AP, may be different from control condi-
tions. Varying Ca2+ influx when release is probed with broad
action potential permits detection of changes in synaptic delay
resulting from even small variations in local [Ca2+]in (Lin and
Farber 2002; Vyshedskiy and Lin 2000).

When, in contrast, calcium entry was reduced by the
voltage-sensitive calcium channel blockage by cadmium ions
and at the decreased (down to 0.2 mM) level of extracellular
Ca2+, this dependence on stimulation frequency was attenuat-
ed (Fig. 4). The change in μ at enhanced motor nerve

Table 2 Most likely number of
EPCs in each of two main
components, EMG and
quasiuniform (QU), under
different experimental conditions,
data are calculated as the product
of corresponding probabilities
and total amount of EPCs in a
particular set of experiments

Experimental protocol 0.5 Hz 4 Hz 10 Hz 15 Hz

EMG QU EMG QU EMG QU EMG QU

4-AP 145 65 151 63 152 77 169 94

[Ca2+]out=0.2 73 143 71 108 93 135 124 185

[Ca2+]out=0.3 91 110 96 100 107 108 119 119

[Ca2+]out=0.5 171 111 196 87 209 124 229 141

Cadmium 111 109 103 101 132 133 139 139
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stimulation frequency testifies to the extended interval be-
tween the peak of the sodium component of the action poten-
tial and the time when the maximal number of quanta are
released.

The second phase of the EMG process following the expo-
nential law with decay time constant τ =1/λ also depends on
both the stimulation frequency and the calcium level (Table 1).
Fig. 5 shows that an increase in the stimulation frequency
resulted in a twofold increase of τ under conditions of de-
creased [Ca2+]out (to 0.2 mM) and when calcium channels
were blocked by cadmium. This coincides with the experi-
mentally observed increase in the asynchrony of the late peri-
od of secretion at high frequency firing in both the central and
peripheral synapses (Atluri and Regehr 1998; Lu and Trussel
2000; Hefft and Jonas 2005).

Thus, two components of the evoked release process fol-
lowing EMG distribution correspond to the early and late
periods of phasic synchronous secretion with parameters de-
pending on both nerve stimulation frequency and the condi-
tions of calcium ion entry into the nerve ending. Both compo-
nents contribute simultaneously to the total distribution of
release latencies, and are associated directly with calcium en-
try in the proximity of the active zone of secretion, with local-
ization of calcium channels in the active zone, and with mech-
anisms maintaining the intracellular calcium level at a high
frequency of firing. It can be suggested that these components
reflect the interaction of calcium entering the terminal with
proteins coupled to ready-to-release synaptic vesicles docked
close to the calcium channels which are activated by mem-
brane depolarization. Three key factors are required to trigger
synchronous release: vesicles that can be quickly released af-
ter Ca2+ entry; fast opening presynaptic voltage-gated Ca2+

channels with minimal delay upon arrival of the nerve action
potential; close and rapid interaction between synaptic vesicle
and Ca2+ sensor to trigger exocytose (see rev. Kaeser and
Regehr 2014). Each of these factors can have its own depen-
dence on the pattern of stimulation of the motor nerve and
conditions of entry of calcium ions and thereby determine
the early and late phases of secretion. According to Parnas’s
calcium-voltage hypothesis, depolarization of the presynaptic
terminal has two functions (Parnas and Parnas 2010). First, in
common with the calcium hypothesis, the Ca2+ conduc-
tance is increased, thereby permitting Ca2+ entry.
Second, a conformational change is induced in a mem-
brane molecule that renders it sensitive to Ca2+, and
then binding of Ca2+ to this active form triggers release
of neurotransmitter molecules. This hypothesis focuses
attention on the initial 4-5 ms of the release process
only (synchronous phase) since it is a period of changes
in membrane potential induced by nerve activation.
However, it can be used for the explanation of some
our results, especially those relating to the early phase
of release (EMG process).

The statistical model revealed the background process with
its parameters to be practically independent of experimental
conditions (calcium entry and stimulation frequency). It may
be suggested that the events attributed to this distribution are
not triggered directly by calcium entry into the nerve ending
from the synaptic cleft; instead they reflect the so-called de-
layed asynchronous quantal release (Rahamimoff and Yaari
1973; Atluri and Regehr 1998). Our model data does not show
the dependence parameters of this release from calcium entry
and stimulation frequency.

Studies of the Ca2+ dependence of vesicle fusion as written
in the review by Kaeser and Regehr (2014) suggest that spe-
cialized Ca2+ sensors can mediate the asynchronous release.
At the crayfish neuromuscular junction, a linear relationship
between the frequency of quantal events and presynaptic Ca2+

levels was revealed when the Ca2+ concentration was less than
600 nM; a much steeper dependence on Ca2+ was found for
higher levels of Ca2+ (Delaney and Tank 1994). At cerebellar
granule cell synapses, a component of asynchronous release
lasting hundreds of milliseconds was linearly dependent on
Ca2+, and a component lasting tens of milliseconds was more
steeply dependent on Ca2+ (Atluri and Regehr 1998). These
findings suggest that asynchronous release is mediated by a
specialized Ca2+ sensor with a linear dependence on Ca2+.. A
model of release with multiple Ca2+ sensors successfully ac-
counts for asynchronous release at the crayfish neuromuscular
junction (Pan and Zucker 2009).

The comparison of the fraction of release events making up
the first (two-stage) process and the second quasi-uniform
process under the conditions promoting calcium ions entry
into the nerve ending (elevated [Ca2+]out, extended presynap-
tic action potential) indicates an increased contribution from
the first (EMG) process (Fig. 6). That corresponds to the con-
ventional experimental results demonstrating intensified pha-
sic synchronous secretion at elevated calcium ion levels
(Dodge and Rahamimoff 1967; Sabatini and Regehr 1999;
Neher and Sakaba 2008; Dudel 2009). However, according
to our experimental data, the proportion of release events
governed by the EMG process was attenuated when the nerve
stimulation frequency was increased. This indicates the in-
creased contribution of the second (quasi-uniform) process,
and is in agreement with the behaviour of the delayed asyn-
chronous release demonstrating a reciprocal relation with syn-
chronous release (Hagler and Goda 2001; Otsu et al. 2004;
Neff et al. 2009).

However, the possibility that the uniquantal events
associated with the uniform distribution were, in fact,
spontaneously released miniature EPCs must not be
ruled out. To check this hypothesis, an additional com-
parison of the distributions of the interstimulus intervals
of spontaneously occurring miniature and evoked
uniquantal EPCs recorded at the same synaptic contact
would be required.
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