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Abstract

Results of recent studies dedicated to the mechanisms of neurotransmission at a single inhibitory synaptic terminal in cultured

neurones support the hypothesis that multiple quanta of neurotransmitter are released during excitation of inhibitory and excitatory

central synapses. This is an important consideration as previous less direct measurements have suggested that a synapse can release no

more than one quantum. Neurotransmitter release during long stimuli may occur at certain times with maximal probability, keeping

the mean inter-release interval constant. This interval is not determined directly by vesicle depletion and moreover, each release event

is independent of previous ones. The recent data also suggest that constant Ca2 + influx is an important determinant of neuro-

transmitter release. It is speculated that the neurotransmitter release is regulated by a superposition of two processes: a continuous

homogeneous process, (i.e. background Ca2 + influx), and a periodic process that acts as a synchronizing factor of the release at definite

moments.
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1. Introduction

Communication between neurones within the brain,

achieved through synaptic transmission, is fundamental to

the ability of the brain to process and store information.

Such communication relies upon the release of chemical

signals, known as neurotransmitters. In this review, we will

dwell on mechanisms of multiquantal release of g-amino-

butyric acid (GABA) in the inhibitory synapses. The

inhibitory postsynaptic currents (IPSC) activated by GABA

arise from the opening of Cl � -selective ionic channels

associated with GABAA receptors (Edwards et al., 1990).

GABAA receptors are the major inhibitory receptors in the

central nervous system and their functional properties have

been extensively studied in the somatic membrane of

neurones in culture and in acute brain slices with the patch

clamp technique (Edwards et al., 1990; Fedulova et al.,

1999, 2000; Vautrin et al., 1993a,b). However, the precise

statistical analyses of quantal GABA release in single

central synapses have been complicated by technical lim-

itations. Some difficulties specific for central neurones,

such as widely distributed inputs of neurones, difficulties

with identification of pre- and postsynaptic cells, noise of

various origin, a very high probability of transmitter

release, etc. (Bekkers, 1994; Isaacson and Walmsley,

1995; Korn and Faber, 1987, 1991; Tong and Jahr, 1994)

have precluded reliable recording and analyses of data. In

the present paper, we will focus on recent experimental

results that unveil new insights in the mechanisms of

quantal release of GABA in central synapses.

It is generally accepted that the initial event, which

triggers neurotransmitter release, is associated with Ca2 +

influx through the voltage-gated Ca2 + channels, which

begins within 200 As after the arrival of the action potential

at the synaptic terminal (Dell Castillo and Katz, 1954).

Vesicle fusion is evoked by localized elevation of Ca2 +

concentra-tion near a synaptic active zone (Llinas and

Moreno, 1998; Augustine et al., 1991). The quantity of

neurotransmitter released from each presynaptic nerve

terminal is directly proportional to the increase in intra-

terminal Ca2 + concentration evoked by each invading

action potential.
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2. Multivesicular release at cultured central neurones

2.1. Techniques

Themodern experimental approach to investigate synaptic

transmission at the level of a single presynaptic terminal in

cultured central neurones (Prange andMurphy, 1999; Liu and

Tsien, 1995; Vogt et al., 1995; Forti et al., 1997; Tong and

Jahr, 1994; Fedulova et al., 1999, 2000; Kirischuk et al.,

1999a,b; Fedulova and Veselovsky, 2001) allows direct

investigation of neurotransmitter release mechanisms. Inves-

tigations in cultured neurones have an important advantage

such as precise visual control of presynaptic terminal and

postsynaptic neurones. Several laboratories recently suc-

ceeded with visualization of single nerve terminals using

low-density (35,000 cells/cm2) primary cultures of rat hippo-

campal neurones (Fedulova et al., 1999; Kirischuk et al.,

1999a,b). To obtain the best possible control of the intra-

cellular potential and to reduce ‘‘dendritic filtering’’, the

IPSC recordings were performed only from the terminals

located on, or close to, the soma of postsynaptic neurone (not

farther than 10–20 Am ). The stimulus-evoked IPSCs

reversed at the Cl � equilibrium potential and the voltage–

current dependence of IPSCs was linear. Therefore, by

controlling voltage on the postsynaptic membrane, dendritic

filtration can be avoided, resulting in a sufficient voltage

gradient on the postsynaptic membrane and in accurate

description of the IPSC kinetics (Fedulova et al., 1999).

To achieve precise control over transmitter release from

single presynaptic terminals, local electrical stimulation can

be used to great advantage. Regenerative action potentials

can be excluded by constantly bathing the preparation in 1

AM tertrodotoxin, allowing gradual control over the presy-

naptic membrane potential. After establishing a whole-cell

recording from a postsynaptic neurone, a single synaptic

terminal innervating this neurone can be precisely defined

(Fig. 1).

2.2. Quantal properties of IPSC

Visual control of investigated neurones and nerve termi-

nals requires high optical magnification, usually around

1000� (Fedulova et al., 1999; Kirischuk et al., 1999a,b).

Optical resolution of such systems at the visible spectrum

wavelength (650 nm) is approaching 350 nm that is suffi-

cient to identify different types of nerve terminals. Usually,

only two to three neurones can be seen in the field of

observation (diameter—200 Am) and visual identification of

single synaptic connections is not difficult. Evoked IPSCs

(eIPSC) recorded under voltage-clamp conditions are

revealed as a response to short extracellular depolarizing

voltage pulses in close vicinity to a single presynaptic

terminal. The eIPSC amplitudes vary from a measurable

minimum of about 7–8 pA to more than 200 pA when the

cell is held at � 75 mV (Fig. 2A, inset). The stimulus-

evoked IPSCs fluctuates with regard to the discrete aliquot

values of peak amplitude (Fedulova et al., 1999). Amplitude

distributions reveal clearly distinguished, regularly spaced,

multiple peaks (Fig. 2A). Fitting histograms with several

Gaussian curves, assuming independent superposition of

quantal events, results in equally spaced (quantal) succes-

sive peaks. Assuming that the space between the peaks is

one quantum (or quantal unit) of an integral IPSCs

(Edwards et al., 1990), the mean value of one quantum

equals f 20 pA at the holding potential of � 75 mV. To

adequately describe a random process, which is the principal

feature of spontaneous and evoked transmitter release,

Poisson statistics can be successfully applied (Dell Castillo

and Katz, 1954; Bekkers, 1994; Isaacson and Walmsley,

1995; Korn et al., 1993).

Poisson statistics describe the accidental number of the

appearance of a given event at a given time at a given place.

The probability P(x) that a given event is observed exactly x

times in a package of N observations or the probability P(x)

that a given response is made up of 1, 2, 3, . . .x quantal

components is given by P(x) = e� mmx/x!, x = 0, 1, 2,. . ..The
mathematical expectation of Poisson statistics has to be a

constant value, m. m is the average number of units

responding to one impulse, or the mean quantal content.

This description implies a low probability of the event P(x)

(less than 0.1) and a large number of N observations in a

package (Dell Castillo and Katz, 1954; Isaacson and Walms-

ley, 1995; Korn and Faber, 1987, 1991). To use Poisson

statistics for the analysis of experimental data arising from

single-terminal experiments, the continuous amplitude dis-

tribution should be converted to a discrete distribution of

quantal units. To construct the distribution of the number of

quantal units in each response, a single quantal response

(quantal unit) has to be distinguished from multiquantal

events. The distribution of eIPSC amplitudes gives the value

Fig. 1. Local extracellular stimulation of individual terminal. Phase contrast

image of a hippocampal neurone showing axo-dendritic synapses. Upper

pipette is for local electrical stimulation of the single presynaptic terminal,

whereas the lower one is for recording postsynaptic currents.

S.A. Fedulova, N.S. Veselovsky / European Journal of Pharmacology 447 (2002) 163–171164



of one quantum, equal to 20 pA. To construct a Poisson

distribution, we took the bin size as, equal to the value of

one quantum (20 pA). The range for an event consisting of

one quantum was between 8 and 28 pA, two quanta ranged

between 28 and 48 pA and so on. The dependence of the

number of quantal units on the number of their realizations

in each multiquantal event is shown in Fig. 2B.

To test the applicability of Poisson’s law, the m value

should be calculated in two ways.

The first:

m ¼ mean amplitude of IPSC

=mean value of one quantum:

The mean amplitude was obtained as the algebraic sum

of all amplitudes divided by total number of traces.

The second way can be obtained from Poisson’s law for

x = 0 or failure of response

m ¼ lnðnumber of observations N

=number of failures in the package N0Þ;

where the number of N observations is the total number of

traces, so

mean amplitude of IPSC=mean value of one quanta

¼ lnðN=N0Þ:
The graphic representation of this equation should be

satisfactorily fitted by a linear function with a slope of 45j,
as the criterion of applicability of Poisson statistics for

random processes. Poisson statistics adequately described

the amplitude distributions of IPSCs evoked by release from

a single presynaptic terminal without artificial lowering of

the probability of release by pharmacological agents (Isaac-

son and Walmsley, 1995).

The basic idea of the quantal model is that neurotrans-

mitter is released from presynaptic terminales in discrete

units thought to be equal to the amount of neurotransmitter

packaged within a single presynaptic vesicle (Katz, 1969).

Each vesicle contains one quantum (several thousand mol-

ecules) of transmitter. The vesicles fuse to the inside surface

of the presynaptic terminal at specific release sites. The

membrane opens transiently to allow the vesicle to extrude

its entire contents into the extracellular space of the synaptic

cleft. The number of release sites associated with an axon

has been identified with the total number of releasable

vesicles, the number of terminals, and the number of active

zones (Jack et al., 1981; Korn and Faber, 1987, 1991; Neale

et al., 1983; Pierce and Lewin, 1994; Pierce and Mendell,

1993; Pun et al., 1986; Redman, 1990; Redman and

Walmsley, 1983; Schikorski and Stevens, 1997; Walmsley,

1991; Walmsley et al., 1985; Zucker, 1973).

The number of morphologically distinguishable active

zones in one terminal of central neurones is defined as one,

sometimes two (Forti et al., 1997; Schikorski and Stevens,

1997) and rarely three (Schikorski and Stevens, 1997) in

contrast to the neuro-muscular junction with high quantal

content and correspondingly large number of presynaptic

active zones, e.g. 200–300 at the frog neuromuscular

junction and about 10,000 at the squid giant synapse

(McLachlan, 1978; Propst and Ko, 1987).

Fig. 2. Quantal origin of evoked inhibitory postsynaptic currents (eIPSC)

amplitudes distribution. (A) Amplitude histogram of stimulus evoked

IPSCs (N= 320). Dotted line represents the sum of five underlying

Gaussian distributions (smooth line) assuming independent superposition of

quantal events, failures being included. Inset—first 50 traces out of 320

evoked IPSCs. Here and thereafter, a trace of averaged failures (n= 3) was

subtracted to avoid stimulating artifacts. (B) Stimulus-evoked transmitter

release from single central synaptic terminal follows Poisson statistics.

Experimentally obtained numbers of failures, singles, doubles, etc. of

quantal units (columns) and predicted corresponding values from Poisson’s

statistics (asterisks) for the value of one quantum 20 pA. Here and

thereafter, N = total number of traces, the mean quantal content m =mean

amplitude of IPSC/mean value of one quanta.
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In our experimental configuration, this means that a

visible morphological structure, i.e. the terminal of a nerve

ending, has to be identical to one active zone. The number

of release sites is generally accepted as corresponding to the

number of active zones, although without definite evidence,

which could mean that the terminal is identical to one active

zone with one release site for only one vesicle.

The mean diameter of a vesicle measured for brain

synapses is 35.2F 3.5 nm (Schikorski and Stevens, 1997).

Even this tiny variability in vesicle dimension may provide

a significant difference in entire vesicular content or in the

size of one quantum that could result in fluctuation of IPSCs

caused by the release of each vesicle. However, such

fluctuations have to vary randomly from release to release

around some mean value, and such a probabilistic process is

described by a normal distribution (Gaussian) with one

peak. Histograms for the amplitude distribution of IPSCs

have regularly spaced peaks (Fig. 2). This allows one to

suggest that transmitter release occurs in discrete, approx-

imately equal portions, which could be added and result in

multi-peak distributions of eIPSCs, because the amplitude

of the postsynaptic response is proportional to the quantity

of neurotransmitter released. The number of peaks varied

from 2 to 6, for different terminals, excluding the first peak

around zero. For the terminal with six peaks under our

experimental conditions, this could mean that one terminal

has (i) one active zone with six release sites or (ii) two active

zones with three release sites each, or (iii) three active zones

with two release sites each, because the presence of the sixth

peak in the histogram indicates the simultaneous release of

six vesicles. These assumptions were confirmed by a

morphological study which showed the presence of a few

active zones as well as multiple docked vesicles per one

active zone in single terminals of mouse hippocampus

(Schikorski and Stevens, 1997). The possibility of multi-

vesicular release was considered for excitatory synapses of

cultured hippocampal neurones under controlled conditions

and upon incubation with baclofen, 4-AP and adenosine,

which, by increasing intraterminal [Ca2 + ] may enhance the

probability of multivesicular release (Tong and Jahr, 1994).

A similar assumption was also applied to inhibitory synap-

ses in cerebellar stellate and basket cells (Auger et al.,

1998).

3. Neurotransmitter release and intraterminal Ca2+

Neurotransmitter release from presynaptic terminals is

triggered by local Ca2 + influx. The vesicular release of

neurotransmitter develops when a certain concentration of

cytosolic Ca2 + is attained to provide for vesicle fusion and

subsequent transmitter release (Augustine et al., 1991;

Zucker, 1993; Katz and Miledi, 1967). This Ca2 + influx

results in local microdomains of elevated [Ca2 + ]i in the

immediate vicinity of a presynaptic active zone. These

[Ca2 + ]i microdomains are the universal expression of

Ca2 + influx independent of its source. The microdomain

model presumes that simultaneous opening of Ca2 + chan-

nels results in local accumulation of Ca2 + near a Ca2 +

sensor (Llinas, 1997; Llinas and Moreno, 1998). The

relationship between presynaptic Ca2 + influx and neuro-

transmitter release has been described by different power

functions at the squid giant axon (Llinas et al., 1981)

crayfish neuromuscular junction (Propst and Ko, 1987)

and in the rat cerebellar synapse (Smith et al., 1989) as

well as at a single terminal in cultured collicular rat embryos

neurones (Kirischuk et al., 1999a,b). It is also worth noting

that exocytosis of synaptic vesicles requires high Ca2 +

concentrations, with a threshold of 20–50 AM and half-

maximal activation at 190 AM (Heidelberger et al., 1994;

Von Gersdorff and Matthews, 1994).

Ca2 + triggers transmitter release by participating in a

reaction that catalyses vesicle fusion. Vesicle fusion and all

other forms of vesicle trafficking involve the coordinated

activity of many proteins in reactions that are regulated in

both space and time. One of the crucial issues in under-

standing neuronal transmission is to define the identity and

function of these proteins. Among the many Ca2 + -binding

proteins found in neurones, the leading candidate for the

presynaptic Ca2 + receptor is synaptotagmin. It is thought

that synaptotagmin may be involved in converting a pre-

synaptic Ca2 + rise into the signal for vesicle fusion (Nishiki

and Augustine, 2001; Augustine, 2001; Tokumaru et al.,

2001).

Previous studies on the neuromuscular junction with

voltage clamping of the presynaptic membrane (Heuser

and Reese, 1981; Von Gersdorff and Matthews, 1994)

indicated that the voltage-dependent Ca2 + current triggered

the release of synaptic transmitter, so that averaged EPSC

amplitude increased and decreased directly proportionally to

Ca2 + current amplitude and duration in the presynaptic

terminal. In experiments on a single presynaptic terminal,

the neurotransmitter release conditions might be affected by

changes in the intensity of the stimulating current. The

linear increase of the stimulating pulse amplitude causes

non-linear bell-shape changes of the averaged eIPSC ampli-

tude (Fig. 3). During small increases of the stimulating

pulse, the amplitude of averaged eIPSC increases until it

reaches some maximal value. A further linear increase of

stimulating pulse intensity results in the reversible decrease

of the averaged eIPSC amplitude (Fig. 3B, top panel)

(Fedulova et al., 1999). Accordingly, the dependence of

averaged eIPSC on the stimulating current is similar to that

for the relationship between EPSCs and Ca2 + current

amplitude (Heuser and Reese, 1981; Von Gersdorff et al.,

1998; Llinas et al., 1981; Yazejian et al., 1997; Kirischuk et

al., 1999a,b). As in the case with a controlled potential on

the presynaptic membrane (Llinas et al., 1981), our experi-

ments indicate that a change in stimulation amplitude alters

the Ca2 + influx into the terminal. These data also mean that

(i) local extracellular stimulation did not evoke any action

potential-like generation on the presynaptic membrane, as
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otherwise one would get saturation of the stimulator-

response dependence of the averaged eIPSCs, and (ii) even

very short (3–5 ms) stimulus are enough to get activation of

Ca2 + currents that evoke neurotransmitter release.

Postsynaptic currents arising after short stimuli are

termed ‘‘off’’ responses. Postsynaptic currents evoked by

a long stimulating pulse are classified as ‘‘on’’ responses.

‘‘On’’ and ‘‘off’’ events occur independently. Application of

long stimulating pulses to a single presynaptic terminal

results in the appearance of typical fluctuating ‘‘on’’ post-

synaptic currents (Fig. 4A) (Fedulova et al., 2000). The real

level of postsynaptic potentials remains unknown because

the postsynaptic membrane is partly involved in the area of

potential change. After stimulus termination, the amplitude

of ‘‘on’’ eIPSC is altered by changing postsynaptic poten-

tial. Both direction and averaged amplitude of the ‘‘on’’

eIPSCs are altered in accordance with the linear current–

voltage dependence for GABA-mediated Cl � currents. In

the experiments described here, the holding potential was

equal to the Cl � equilibrium potential (approximately � 20

mV) for given intra- and extracellular concentrations of

Cl � to avoid contamination by visible ‘‘off’’ responses

(Fedulova et al., 2000). During each depolarization, the

postsynaptic response occurred in the form of several

superimposed successive events, which appeared after a

delay (Fig. 4A,B). Delays were measured as the time

elapsed from the start of the depolarizing stimulus to each

successive event (Fig. 4C). In all neurones investigated, the

delay distributions showed clearly distinct multiple peaks.

Fitting a histogram with several Gaussian curves, assuming

superposition of independent events occurring at different

times during voltage shift on presynaptic membrane,

resulted in equally spaced successive peaks (Fig. 5). The

number of peaks depended on stimulus duration and

increased with its length. Such distributions indicate that

neurotransmitter release from presynaptic terminals during

low-amplitude long (10–20 ms) depolarization occurs with

maximal probability at definite times, irrespective of the

success or failure of the previous event. The times corre-

sponding to peaks on delay distributions presented the most

probable times for release. In the delay histograms with

equidistant peaks, the distance between the peaks was about

3 ms, irrespective of the number of peaks (Fedulova et al.,

2000). The absence of a significant correlation between the

amplitude of the first and second events demonstrated the

independence of the succeeding release from the preceding

one during long stimulation. This means that vesicle deple-

tion cannot be regarded as the main reason for an inter-

ruption of the releases. We also cannot suppose a high

refilling rate of vesicles at an inter-release interval of about 3

ms, since the maximal refilling rate of the readily releasable

pool at excitatory hippocampal synapses nearly doubles

during high frequency action potential stimulation (Stevens

and Wesseling, 1998).

Fig. 4. Examples of stimulus-evoked ‘‘on’’ responses of single inhibitory

terminal. (A) Selected individual traces of possible realizations with various

combinations of consecutive single events and different amplitudes. The

scale bars refer to all traces. (B) The first 50 IPSC traces evoked by long

stimulus. (C) The sample of postsynaptic ‘‘on’’ response, as the

superposition of four successive independent random events with different

amplitudes (A1, A2, A3, A4) shown by vertical arrows. Delays of these

events (D1, D2, D3, D4) were measured as the time elapsed from the start of

depolarizing stimulus to the corresponding successive events, as shown by

horizontal arrows.

Fig. 3. Effect of extracellular presynaptic stimulating current on stimulus-

evoked IPSCs. Top traces—the averaged traces of IPSCs evoked by 3-ms

stimulus pulses of different intensity are shown. Each trace represents the

average of 40 eIPSCs at fixed amplitudes of extracellular pulse. Stimulus

amplitude was increased linearly (traces 1–6), the seventh trace is a control

experiment with stable recording. Bottom graph—dependence of the mean

amplitude of eIPSCs on stimulus intensity.
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Obviously, a low-amplitude depolarizing pulse applied to

a presynaptic terminal induces continuous Ca2 + flow, which,

presumably, follows the stochastic process of Ca2 + channels

activation and increases the amount of Ca2 + influx. These

experiments shown that low-intensity depolarizing pulse

initiates the neurotransmitter release, which was not a con-

tinuous stochastic process progressing up to complete vesicle

depletion, but occurred at certain times, keeping the mean

inter-release interval constant at 2.97F 0.86 ms (Fig. 5).

Thus, a small Ca2 + influx is necessary to reveal the dis-

continuous, but regular feature of release.

One may conclude that constant Ca2 + influx is an impor-

tant determinant regulating neurotransmitter release. This

presumption is substantiated by investigations of GABA-

ergic axo-dendritic contacts in cultured collicular rat embryo

neurones loaded with the Ca2 + indicator, Oregon Green 488

BAPTA-1. These experiments demonstrated that by varying

the strength of the stimulating currents a wide amplitude

range of both presynaptic [Ca2 + ]i transients and postsynaptic

conductance changes (up to 2–3 nS) were produced. Trans-

mitter release retained its probabilistic character throughout

the whole range of intraterminal Ca2 + concentrations meas-

ured. In any single terminal tested, maximal eIPSCs occurred

in association with the largest [Ca2 + ]i transients, but failures

were present at any [Ca2 + ]i (Kirischuk et al., 1999a,b). Two

kinetically distinct and prone to saturation components of

neurotransmitter release evoked by long depolarization have

been shown for the glutamate release mediated currents

(Heuser and Reese, 1981; Steyer et al., 1997; Von Ruden

and Neher, 1993) and such asynchronous release was not

directly parallel, or with dependent on the amount of Ca2 +

influx (Barrett and Stevens, 1972; Gleason et al., 1994). The

difference between Markov’s process of Ca2 + channels

closure and neurotransmitter release was also observed earlier

(Von Gersdorff et al., 1998), when asynchronous release after

Ca2 + channel closure was not copious and decayed sharply

within 300 ms or less, in parallel with the Ca2 + influx.

An increase in stimulating pulse amplitude (e.g. change

of Ca2 + influx) caused the decrease in the number of peaks

in delay distributions with no change in the average distance

between peaks, while the peaks still differed reliably. These

experiments in which change of stimulating pulse amplitude

affected the rate of Ca2 + entry showed that the mean

interval between releases depended on Ca2 + influx in a

Fig. 6. Regularity of successive releases after termination of stimuli with

two different durations for the same synaptic terminal. (A, B, top) Selected

traces of evoked ‘‘on’’ and ‘‘off’’ IPSC during and after 10- and 20-ms

stimuli, respectively. (A, B, bottom) Histograms of delay distributions of

inhibitory postsynaptic currents evoked by 10- and 20-ms stimuli. Bold line

represents the sum of five underlying Gaussian distributions assuming

independent superposition of quantal events. Positions of peaks were at 4.7,

8.3, 13.2, 18.4, 25.2 and 39.2 (A) and at 4.4, 7.8, 11.4, 16.7 and 22.1 (B) in

accordance with the ordinal number of the peak.

Fig. 5. Delay distributions of eIPSC for selected single inhibitory synapse.

Experimental delay histogram of the low-intensity stimulus-evoked IPSCs

(N = 214). Envelope line represents the sum of four underlying Gaussian

distributions.
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single presynaptic terminal and, presumably, on the time of

attaining the threshold level for release by intraterminal

Ca2 + concentration. A small increase in depolarizing pulse

did not bring about an appreciable reduction of the mean

interval between releases but increased the probability of

release at the first most probable time. Thus, the existence of

most probable times of release, when a single synapse was

studied could be revealed only at low-intensity stimulus

and, presumably, could be explained by a slow increase in

[Ca2 + ]i, consistent with data demonstrating that a high

Ca2 + concentration is necessary for exocytosis (Augustine

and Neher, 1992; Llinas et al., 1995; Stenley, 1993).

When extracellular Ca2 + was increased to 5 mM, the

mean interval between releases remained within the range of

the standard error. The after-stimulus releases were observed

in most synapses and occurred at definite, most probable

times (Fig. 6). The delay distributions had equally spaced

peaks within the stimulus duration, but after stimulus

termination the intervals between most probable times of

release increased (Fedulova et al., 2000). An increase in the

mean interval between successive releases observed after

stimulus termination must undoubtedly reflect the reduction

of Ca2 + influx after a depolarizing stimulus. The decrease

in Ca2 + influx after stimulus termination is explainable by

deactivation of Ca2 + channels of the presynaptic terminal.

The existence of most probable times of release following

stimulus termination may indicate the coupling of releases

following stimulus with residual Ca2 + level (Kirischuk et

al., 1999a,b).

Thus, the interval between most probable times of

vesicle release depends on Ca2 + influx into the presynaptic

terminal and, presumably, on the time of [Ca2 + ]i reaching

the threshold level for release. Dependence of the mean

interval between releases on [Ca2 + ]i levels cannot explain

the fact, that, after failure at the first probable time of

release, the next successive release can occur only at the

next probable time, but not at any time, when [Ca2 + ]i
reaches its critical value.

Furthermore, these studies demonstrated that each event

of neurotransmitter release does not depend on the previous

event and occurs only at definite, most probable times. This

is possible when the release is caused by a continuous

homogeneous process, such a Ca2 + influx and by a secon-

dary, periodic, process that re-enforces the synchronizing

factor of the release at definite moments when there is

coincidence of some necessary parameters of the first and

second processes. This dual effect of dependence of release

on Ca2 + could be compared with a double-locked safe. The

key is Ca2 + influx, but the lock has a secret inner machi-

nery. This machinery periodically primes the terminal for

neurotransmitter release. If the key (e.g. Ca2 + ) fits the lock

in this particular instance, synaptic transmission event will

take place. If the key approaches the lock at any other time,

release would not happen and the failure will be recorded. It

also seems, that the period between primed conditions

depends on Ca2 + flux as well.

Our experiments showed (Figs. 4 and 6) that the syn-

chronizing factor depends on Ca2 + influx and might be

initiated by turned-on and -off depolarizing stimuli, but that

its existence is independent of depolarization of the pre- and

postsynaptic membrane. With increased stimulating depola-

rization, the neurotransmitter was released at the first most

probable time of release, which seems a result of fast Ca2 +

entry into terminal (Catterall, 1998; Llinas et al., 1995;

Stenley, 1993).

When Ca2 + entry is slow, release becomes intermittent

and can be effected only after accumulation of a sufficient

amount of Ca2 + . The modern concept adopts the intrinsic

synaptic vesicle protein, synaptotagmin, binds Ca2 + and

interacts with syntaxin in a Ca2 + -dependent manner (Nishiki

and Augustine, 2001; Augustine, 2001; Tokumaru et al.,

2001). Ca2 + influx though presynaptic Ca2 + channels trig-

gers exocytosis by binding to synaptotagmin and other

associated presynaptic proteins (Chapman et al., 1995; Li et

al., 1995). In fast synapses, exocytosis is triggered extremely

rapidly by Ca2 + , being triggered within 60 As after Ca2 +

channels opening (Sabatini and Regehr, 1997). Under our

conditions, when the constitutive vesicle docking/fusion

machinery is regulated by slow Ca2 + entry, release is sub-

stantially slower. The time from the start of the stimulating

pulse to the first peak in the delays histograms exceeded the

value of the mean interval between releases, i.e. some

transitory processes occurred during the time to the first peak

and thereafter functioning of synapse had a stationary char-

acter (Catterall, 1998; Stevens and Wesseling, 1998).

4. Conclusion

In this review, we analysed a fundamental matter related

to signalling between neurones in the central nervous

system. The action potential invades the presynaptic termi-

nal and causes membrane depolarisation. The opening of

Ca2 + channels leads to a substantial increase of intratermi-

nal Ca2 + concentration. The increase of [Ca2 + ]i causes

binding of Ca2 + ions with an intracellular Ca2 + sensor, the

identity of which remains enigmatic. Activation of the Ca2 +

sensor leads to activation of synaptic vesicle fusion, which

in turn leads to the quantal release of the neurotransmitter.

Each of these stages includes the coordinated activity of

many proteins that is regulated in both space and time. As

summary, we may repeat the words of Sir Bernard Katz,

‘‘The story of the nerve endings is in itself a most fascinat-

ing chapter of physiology and full of mysteries’’ (Meir et al.,

1999).
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