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Implications of All-or-None Synaptic Transmission and Short-Term
Depression beyond Vesicle Depletion: A Computational Study
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The all-or-none character of transmission at central synapses is
commonly viewed as evidence that only one vesicle can be
released per action potential at a single release site. This inter-
pretation is still a matter of debate; its resolution is important for
our understanding of the nature of quantal response. In this
work we explore observable consequences of the univesicular
release hypothesis by studying a stochastic model of synaptic
transmission. We investigated several alternative mechanisms
for the all-or-none response: (1) the univesicular release con-
straint realized through lateral inhibition across presynaptic
membrane, (2) the constraint of a single releasable vesicle per
active zone, and (3) the postsynaptic receptor saturation.

We show that both the univesicular release constraint and the
postsynaptic receptor saturation lead to a limited amount of
depression by vesicle depletion, so that depletion alone cannot
account for the strong paired-pulse depression observed at
some cortical synapses. Although depression can be rapid if

there is only one releasable vesicle per active zone, this sce-
nario leads to a limit on the transmission probability. We eval-
uate additional mechanisms beyond vesicle depletion, and our
results suggest that the strong paired-pulse depression may be
a result of activity-dependent inactivation of the exocytosis
machinery.

Furthermore, we found that the statistical analysis of release
events, in response to a long stimulus train, might allow one to
distinguish experimentally between univesicular and multive-
sicular release scenarios. We show that without the univesicular
release constraint, the temporal correlation between release
events is always negative, whereas it is typically positive with
such a constraint if the vesicle fusion probability is sufficiently
large.

Key words: central synapse; short-term depression; exocy-
tosis; univesicular release; receptor saturation; stochastic
model

Experimental evidence from various vertebrate neural systems
indicates that at central synapses transmission proceeds in an
all-or-none fashion (for review, see Redman, 1990; Korn and
Faber, 1991; Walmsley et al., 1998). For instance, in experiments
in which quantal analysis was combined with morphological re-
construction of synaptic connections, the number of postsynaptic
quantal responses was found to be either equal to or less than the
number of reconstructed active zones (Korn et al., 1982; Redman
and Walmsley, 1983; Somogyi et al., 1998). In other experiments,
the distribution of postsynaptic responses evoked by stimulation
of single synaptic boutons was found to be unimodal (Edwards et
al., 19764, b; Gulyas et al., 1993; Arancio et al., 1994; Stevens and
Wang, 1995; Silver et al., 1996). These observations have led to
the hypothesis that at most one vesicle can be released per spike
per active zone (Triller and Korn, 1982; Stevens, 1993; Korn et
al., 1994). It has been proposed that fusion of one vesicle triggers
a lateral inhibition across the presynaptic membrane, preventing
other vesicles from being released simultaneously (Triller and
Korn, 1982). The observation of an absolute refractory time of
several milliseconds after a synaptic response (Stevens and Wang,
1995; Hjelmstad et al., 1997) has been interpreted as evidence for
such a lateral inhibition mechanism (Dobrunz et al., 1997). A
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second possible basis for the univesicular release is the constraint
that there is only a single releasable vesicle per active zone at any
given time. Alternatively, the all-or-none synaptic transmission
was proposed to arise from the saturation of postsynaptic recep-
tors by neurotransmitter content of a single vesicle, which would
imply the same postsynaptic response regardless of the number of
vesicles released (Jack et al., 1981; Edwards et al., 1990; Tong and
Jahr, 1994; Auger et al., 1998) [for evidence of non-saturation, see
Liu et al. (1999)]. These contrasting scenarios represent different
views about the nature of the synaptic quantal response. Elucida-
tion of this issue is essential for our understanding of synaptic
computation and plasticity.

The purpose of the present work is to explore observable
implications of the all-or-none transmission hypothesis by com-
puter simulation of a stochastic synapse model that is constrained
by recent data on cortical synapses that, like synapses elsewhere,
often exhibit short-term depression of response. Another moti-
vation of this study is to test the proposal that short-term synaptic
depression is caused by depletion of the releasable vesicle pool
(Liley and North, 1952; Hubbard, 1963; Stevens and Wang, 1995).
Our results suggest that with either univesicular release constraint
or postsynaptic receptor saturation, vesicle depletion alone can-
not account for the strong (more than twofold) paired-pulse
depression (PPD) observed at cortical synapses (Markram and
Tsodyks, 1996; Thomson, 1997; Varela et al., 1997; Brenowitz et
al., 1998; Wang and Lambert, 1998). We consider depression
mechanisms beyond vesicle depletion that can explain the ob-
served PPD, including presynaptic inhibition via metabotropic
autoreceptors (Davies and Collingridge, 1990, 1993; Scanziani et
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Figure 1. Models of vesicle turn-over. A, The two-pool synapse model.
The “docked” pool is composed of vesicles immediately available for
release. In response to an action potential, a docked vesicle is released
with a certain probability dependent on Np,. This pool is refilled by
vesicles from the reserve pool; the dashed arrow signifies the bottleneck in
the refill process. B, Single-pool synapse model. Release probability is
described by a Poisson process with lateral inhibition between release
sites and is given by 1 minus the failure rate, which is equal to exp(—o,N),
where «y, is the fusion rate for a single vesicle. Vacancy in the vesicle pool
is refilled with a time constant of 7,, which determines the depression
recovery dynamics.

al.,, 1997) and activity-dependent inactivation of exocytosis ma-
chinery (Hsu et al., 1996).

Moreover, we found that the temporal correlation between
stochastic responses to a repetitive train of stimuli behaves dif-
ferently depending on whether multiple releases are allowed.
Therefore, measurement of such temporal correlations may pro-
vide a novel experimental way to test the univesicular release
hypothesis.

MATERIALS AND METHODS

Model of vesicle turnover. Our synapse model is, in essence, a simple
model of vesicle turnover (Fig. 1). There are indications, both functional
and morphological, that at least two distinct pools of vesicles can be
identified at the presynaptic site, a relatively small pool of vesicles
immediately available for release, possibly representing vesicles docked
at the presynaptic site, and a more distal and much larger reserve pool of
vesicles (for review, see Zucker, 1996; Neher, 1998). However, a straight-
forward realization of the two-pool model as a mass action scheme
(Heinemann et al., 1993), depicted in Fig. 14, is not realistic, because
according to such a model the rate of refill of the docked pool is
proportional to the number of reserve pool vesicles, Ng. In reality, there
should be a considerable bottleneck in the refill process, because at a
given time only those reserve vesicles that are closest to the release site
have a significant probability for being docked. Therefore, we used an
alternative scheme, where the docked pool has a limited size N,, and
each vacancy can be refilled at a rate independent of the reserve pool size
Ng. In this case a simple single-pool model (Fig. 1B) (Liu and Tsien,
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1995; Wang, 1999) provides, in our view, a more accurate description of
vesicle dynamics, as long as the reserve pool is far from depletion.

Thus, our model synapse consists of a single vesicle pool of size N with
an upper limit of N, which can lose one or more vesicles in response to
a presynaptic action potential. Depletion of the vesicle pool leads to
short-term depression, which recovers with a time constant 7, equal
to the inverse of the vacancy refill rate. Processes of vesicle release and
recovery are treated stochastically (Vere-Jones, 1966; Melkonian and
Kostopoulos, 1996; Quastel, 1997; Maass and Zador, 1999). Release of a
single vesicle during an incoming pulse is governed by a Poisson process
with some time-dependent rate Ay (¢), which we assume is significant only
for the duration of the pulse. The integral ay, = [ Aydt is the fusion rate
for a single vesicle integrated over the duration of the presynaptic pulse.
The single-vesicle release probability is then py, = 1 — exp(—ay,), and
the single-vesicle failure probability is 1 — py, = exp(—ay ) (Dobrunz and
Stevens, 1997).

In our analysis we neglect facilitation of transmitter release (Fisher et
al., 1997) because we study predominantly synapses exhibiting pro-
nounced short-term depression, which generally show a high initial re-
lease probability and little facilitation (Korn and Faber, 1987; Zucker,
1989; Debanne et al., 1996; Dobrunz and Stevens, 1997; Tsodyks and
Markram, 1997). We also neglect activity-dependent changes in the
recycling kinetics that can influence synaptic response to long trains of
stimuli (Hubbard, 1963; Elmqvist and Quastel, 1964; Dittman and Re-
gehr, 1998; Stevens and Wesseling, 1998; Wang and Kaczmarek, 1998),
because in this work we mostly consider synaptic response to a paired-
pulse stimulus (also see Discussion).

All calculations were performed using Monte-Carlo simulations of the
model. The modeling computer program was written in the C language,
compiled using a GN'U compiler and executed on Intel Pentium-powered
computers running under the Linux operating system. Because the sim-
ulations were not CPU-time intensive, thousands to tens of thousand of
Monte-Carlo iterations were run for each of the graphs presented, until
the statistical errors were negligible.

We study two versions of the synapse model; one with the univesicular
release constraint and the other with unconstrained release.

Univesicular release case. We implement the univesicular release con-
straint by assuming that a vesicle release event transiently prevents other
vesicles from being exocytosed, as suggested by Triller and Korn (1982).
Then, the release probability per stimulus is 1 minus the failure proba-
bility, given by the Nth power of single-vesicle release failure probability,
where N is the number of vesicles available for release (Dobrunz and
Stevens, 1997, their Eq. 1.A):

P«(N) =1 — exp(—ayN), (1)

with N =< N,. Therefore, the univesicular release constraint implies a
nonlinear dependence of the release probability on the number of avail-
able vesicles. For small «y (low-release probability), exp(—ay,N) ~
1 — ayN, and Equation 1 yields an approximately linear relationship:
p r(N ) = aVN .

We assume that the release site quickly recovers from the putative
inhibition mechanism that prevents multivesicular release. As proposed
by Dobrunz et al. (1997), such a “lateral inhibition” mechanism may be
at the basis of the observed brief refractory period after a postsynaptic
response, during which the probability for another release is small
(Stevens and Wang, 1995; Hjelmstad et al., 1997). Experimentally, one
can distinguish between the relative and the absolute refractory times;
for hippocampal synapses in culture, both values are close to 5 msec
(Stevens and Wang, 1995; Hjelmstad et al., 1997). Therefore, at physio-
logical firing rates (r =< 40 Hz) we expect the recovery from refractoriness
to be complete within an interspike interval.

Unconstrained release case. In the absence of the univesicular release
constraint, when multivesicular release is allowed, individual vesicles are
released independently of each other, with release probability p,, = 1 —
exp(—ay ). The number of vesicles released in response to an action
potential, AN, is determined by a binomial distribution with parameters
pv and N (size of available pool). The average number of vesicles
released is then given by (AN) = pN (for fixed N). In this case the
amplitude of synaptic response depends on the fraction of postsynaptic
receptors that are bound by neurotransmitter released from a single
vesicle, which we denote by w (“occupancy” or “saturation” parameter).
If the synaptic response produced by activation of all postsynaptic re-
ceptors is given by R, the response attributable to release of one vesicle
will be R; = wR, response attributable to two vesicles will be R, =
Ro[1 + (1 — w)], and so on; response attributable to release of n vesicles
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isthenR, = wR[1 + (1 —w) +---+ (1 — 0" '] =R[1 — (1 — 0)]
(Auger et al., 1998). Average initial response is given by an average of R,
over the binomial distribution, P(n), of the number of vesicles released, n:

(R) = > R,P(n)

n=0

Y N! .
= %anpv(l —pv)

N

N!
=Rj{1- Em[ﬁv(l =)' = pYN™"
n=0
=R[1 - (1 —pyw)"]. @

Parameters. An important parameter of the synapse model is the
release-ready pool size, N,. The size of the release-ready pool varies
across different types of central synapses (Zucker, 1996; Neher, 1998); we
use estimates for hippocampal excitatory synapses, where recordings
from individual boutons have been achieved (Bekkers and Stevens, 1990;
Raastad et al., 1992; Liu and Tsien, 1995). For the rat hippocampal
synapses in slice and culture, Stevens and collaborators (Stevens and
Tsujimoto, 1995; Dobrunz and Stevens, 1997) assessed the size of the
releasable pool by measuring the number of postsynaptic responses
elicited by a short high-frequency electric stimulation or by a brief
application of a hypertonic solution (Rosenmund and Stevens, 1996), as
well as by optical monitoring of the amount of fluorescent dye taken up
and released during stimulation [Murthy et al. (1997); Murthy and
Stevens (1998); also see Ryan et al. (1997)]. The available pool size
estimated in individual experiments varied between 2 and 25. Ultrastruc-
tural analysis of hippocampal synapses suggests that these numbers are
consistent with the number of vesicles docked at single synaptic active
zones (Forti et al., 1997; Schikorski and Stevens, 1997). In our simula-
tions N, = 3-10. For the vesicle refill time constant we choose a value of
7, = 2 sec, which agrees with the time of recovery of the readily
releasable pool measured in hippocampal slice experiments by Dobrunz
and Stevens (1997).

In this form, the model is specified by three parameters: the maximal
size of the vesicle pool V,,, the depression recovery time constant 7, and
the vesicle fusion rate ay, [or, equivalently, the initial release probability
Po=1—exp(—ayN,)]. For the case of unconstrained release, there is an
additional saturation parameter w.

Metabotropic presynaptic inhibition. Presynaptic metabotropic autore-
ceptors are believed to exert their action primarily through inhibition of
voltage-dependent Ca®* channels (for review, see Wu and Saggau,
1997). Let x(¢) be the dynamical variable describing the level of activation
of inhibitory autoreceptors. Assuming that the release probability de-
pends on a power of the spike-triggered Ca?* influx, and that the amount
of Ca?* influx is inversely proportional to x(¢), we replace the vesicle
fusion rate by:

ay

T Cal @

where the constant C, controls the strength of the inhibitory effect, and
parameter g specifies Ca?" cooperativity of vesicle release (Zucker,
1996; Neher, 1998). We chose ¢ = 3. Presynaptic autoreceptors are
assumed to be activated by neurotransmitter released by the same syn-
apse and diffusing away from the synaptic cleft; therefore, the receptor
activity variable x(¢) should depend on the previous synaptic activity and
show delayed response to vesicle release, which we model by simple
second-order kinetics (a similar model has been used in Wang et al.,
1995):

dxi . X
2 =l —x)y - —

dy y
E—aygﬁ(t—ti) —?V. (4)
i<t -

Here #; are vesicle release times, coefficients «, and «, determine the
speed of onset of presynaptic inhibition, and constants 7, and 7, deter-
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mine the rate of decay of the inhibitory effect. We have chosen the
following parameter values: a; ' = 600 msec, a,, = 1.0, 7, = 2 sec, 7, =
100 msec, C, = 7. These parameter values were chosen to reproduce
approximately the dependence of paired-pulse depression on the inter-
pulse interval observed at hippocampal GABAergic synapses (see Fig 10).

Statistical analysis. For a discrete (point) process such as a spike train,
or a train of release events, autocorrelation function G(7) characterizes
the likelihood of observing two events separated by a time interval equal
to 7. It is defined by:

. P(aneventin[s + 7,t + 7+ Ar]|an event in[t,f + Af])
G(7) = lim A7 - I,
Ar—0

)

where w is the average event rate. In this normalization the autocorre-
lation function is therefore equal to the difference between the condi-
tional probability rate of observing an event at (or close to) time ¢ + 7,
given an event at (or close to) time ¢, and the average (unconditional)
event rate u. Here we assume that the process is stationary, so neither
G(7) nor u depend on ¢.

In the particular case of constant-frequency stimulation of period At,
time is discretized into equally spaced points ¢, = nAt, and the vesicle
release event train is defined by the quantity:

_ [ 1 ifrelease at nth stimulus 6
0, =0(t) =1 0 otherwise : (0)

The expression for the autocorrelation function now takes the form:
G, =G(mAl) = P(0,1, = 10, = 1) = P(0, = 1), (7

where P(o,, = 1) = (p,),, is the average steady-state release probability.

Another useful indicator of temporal correlations in the synaptic
output is the coefficient of correlation between successive inter-release
intervals (IRIs):

(IRT, - IRI,. ) — (IR
(IRP) — (IRTy? ° ®

C.C.(IRL,IRL,,,) =

where angled brackets denote average values, and IRI, is the nth inter-
release time interval.

RESULTS

Short-term depression attributable to vesicle depletion
Time course of short-term depression

First we examine the response of the synapse model that includes
the univesicular release constraint, to a stimulus train of constant
frequency (Fig. 2). The release event sequences and the evolution
of release probability with stimulus number are shown in Figure
2A for two different stimulation trials. Because only one release is
allowed per action potential, synaptic output is a binary event
sequence (release/failure). Toward the end of the traces there are
time intervals of zero release probability; during those periods
the vesicle pool is completely depleted. The trial-averaged release
probability (p,), which represents the average synaptic response
for a given stimulus, is shown in Figure 2B; it decays monotoni-
cally with stimulation as a result of the gradual depletion of the
available vesicle pool, until it reaches a stationary-state value,
<pr>ss'

The characteristic time of response decay depends both on the
recovery time constant 7, and the rate of stimulation . For the
linearized version of the model (small «, ), one can show that this
depression time constant 7 is given by (see Appendix 2, Eq. 17):

(R U .
;—E+rn1_av. ()

Therefore, 7 is typically much shorter than 7,; depression is
faster with larger vesicle fusion rate a,, or at higher stimulation
rate r. For example, with o, = 0.29 (and N, = 8 yielding p, = 0.9
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Figure 2. Response of the synapse model to constant frequency stimu-
lation. 4, An example with a stimulus rate of 20 Hz; (a) the stimulus train,
(b) synaptic response; two sample trials are shown. Black vertical bars
represent release events; the height of the thick gray bars denotes the
release probability at the time of arrival of a spike. Parameter values: p, =
0.9, Ny = 8, 7, = 2 sec. B, Trial-averaged release probability as a function
of time. C, Steady-state synaptic response rate, given by the product of the
average release probability and stimulation rate r. Because the average
release probability behaves like 1/r, the response rate saturates at high
stimulation frequencies. D, Histogram for the inter-release intervals in
the steady state is close to an exponential with time constant = = (IRI) =
1/(r{p,)ss) = 274 msec (solid line), where r = 20 Hz is the stimulation
frequency, and (p,),, = 0.182 is the average steady-state release
probability.

in Fig. 3) and r = 20 Hz, we have 7 = 136 msec from Equation 9
although 7, = 2000 msec.

As can be seen in Figure 24, the number of available vesicles
N is a random quantity; consequently the release probability
displays a stochastic time evolution that varies from trial to trial.
The state of the synapse at a given time is described by the
probability distribution of N, P(N). Evolution of P(N) with time is
demonstrated in Figure 3. Plotted in this figure are the histo-
grams of the vesicle pool size immediately before a spike, for
several consecutive stimuli in a 30 Hz train. Before the arrival of
the first stimulus, the distribution consists of a single peak at N =
N,. It gradually broadens with stimulation, until it sharpens again
at low values of N, as the vesicle pool gets more depleted. In the
steady state the synapse is not likely to contain more than one or
two release-ready vesicles, at physiological stimulation rates much
higher than the depression recovery rate 1/7, = 0.5 Hz.
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Figure 3. Evolution of the probability distribution P(N) for the number
of available vesicles. In the fop left corner is indicated the stimulus number
in a 30 Hz train for which the histogram is computed. Synaptic parameters
are the same as in Figure 2 (N, = 8, 7, = 2 sec, p, = 0.9). Probability
distribution is computed immediately before the spike. Initial distribution
is a single peak at N = N,,. The last panel shows the steady-state vesicle
number distribution. In the steady state, the average number of available
vesicles is typically one or two.

Steady-state average response: the 1/r behavior

The steady-state synaptic response rate is defined as the steady-
state release probability (p,(r)),,, characterizing synaptic response
per single stimulus, multiplied by the stimulation rate r. In Figure
2C, the response rate is plotted as a function of the stimulation
rate; it increases monotonically and approaches a plateau at high
stimulation frequencies. Synaptic response saturates at a lower
frequency if the vesicle fusion rate «, is larger (the initial release
probability is higher) or if the recovery time constant 7, is larger
(the vesicle refill is slower) (Tsodyks and Markram, 1997,
Markram et al., 1998). The saturation of the response rate implies
that the steady-state release probability decays as 1/r at high rates,
because of vesicle depletion (Liley and North, 1952). As was first
noted by Abbott et al. (1997) and Tsodyks and Markram (1997),
because of short-term depression the response rate becomes
insensitive to the frequency of sustained presynaptic stimulation
at high input frequencies. These studies used linear models of
synaptic depression. Here we found that the 1/r behavior holds
true for the nonlinear model, which takes into account the uni-
vesicular release constraint. Indeed, we show in Appendix 1 that
for any parameter values of the model, at sufficiently high stimu-
lation frequencies (p,(r)),, = N,o/(r7p,), independent of the vesicle
fusion rate a, (Eq. 14).

Temporal correlation in the steady state

In addition to the average response that reaches a constant in the
steady state, variability and correlations in the stochastic synaptic
response can also be measured and quantified experimentally. We
analyzed the fluctuation properties of our model synapse in the
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The temporal autocorrelation between release events G,, = —~ R
G(mAr) (see Eq. 7 for definition), in the steady state, is shown in . _p.o05 | |
Figure 44,B. The autocorrelation is small in magnitude and can L .
be either negative or positive, respectively, for small and large i -0.010 ~0.114 .
values of the vesicle fusion rate o,. Its temporal behavior is bE =0
described by an exponential function with a time constant 7,,,, = o _0'0150 0 0'1 O‘ 5 0‘ 3 O‘ 4
205 msec for a, = 0.374, and 7., = 535 msec for ay, = 0.114. ' vesic.:le fus.ion rat'e (@) '
The autocorrelation function of the number of available vesicles v
N has the same exponential time course, but is always positive, for B
all oy, values (Fig. 4C,D). 0.02 , : :
The dependence of the temporal correlation on the vesicle
fusion rate oy, is shown in Figure 5. Consistent with Figure 44, -~ 0.00
the correlation between release events at two consecutive stimuli, _&
G, = P(0,, = 1o, = 1) — {p,),,, changes sign from negative to o -0.02
positive as ay, is increased (Fig. 54). Therefore, with a small «y,, T 004
if there is already a release at stimulus n, the release probability = '
at the next stimulus P(o,., = 1lo, = 1) is smaller than the O _0.06
average release probability (p,),,, because of the loss of a vesicle. ©

With a large «,,, however, the conditional release probability
P(0,., = 1]o,, = 1) becomes larger than (p,),,, despite the vesicle
release at stimulus n. Similarly, the correlation coefficient for the
two consecutive inter-release intervals (Fig. 5B) (see Eq. 8 for
definition) is negative for small «,, values and becomes positive
for larger a, values.

The value of «,, should be fairly large in the depression case,
because the initial release probability p, = 1 — exp(—ayN,) is
large. Therefore, for our nonlinear synapse model with the uni-
vesicular release constraint, the autocorrelation function of the
synaptic output is expected to be positive in general. By contrast,
for the linearized version of the model where p, depends linearly
on N, the correlation between successive responses can

8 1 L L L
0.00 010 0.20 0.30 0.40
vesicle fusion rate (o)

Figure 5. The sign of the steady-state temporal correlation depends on
the vesicle fusion rate ay. 4, Correlation between successive release
events, as a function of «y,. B, Coefficient of correlation between succes-
sive inter-release intervals as a function of a,. Both quantities become
positive as ay, is increased. Parameters are N, = 8, 7, = 2 sec,r = 15 Hz.
Open circles mark points corresponding to o, values in Figure 4.

be found analytically and turns out to be always negative, regard-
less of parameter choices (see Eq. 20 in Appendix 2). Temporal
correlations are also negative if multiple releases are allowed (see
below).
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Figure 6. Examples of short-term depression at cortical synapses. A,
Post-synaptic response to 20 Hz stimulation in rat layer 5 neocortical
pyramidal neuron in slice, dual-cellular recording by Markram and Tso-
dyks (1996, their Fig. 2B). B, Amplitude of the field-potential response to
5 Hz stimulation of layer 4 recorded in layer 2/3 of rat visual cortex in
slice. Figure was redrawn from Varela et al. (1997, their Fig. 4C).

Strong paired-pulse depression and the

all-or-none hypothesis

Univesicular release model

Although the response of the synapse model shown in Figure 2B
agrees well with typical depressing synaptic responses recorded
experimentally, the univesicular release model cannot reproduce
the strong paired-pulse depression (PPD <50-60%, where
paired-pulse depression is defined as the ratio between responses
to the second and first pulses: PPD = p,/p,), which has been
observed in some experiments on cortical synapses (Fig. 6) (De-
banne et al., 1996; Markram and Tsodyks, 1996; Thomson, 1997;
Varela et al., 1997; Brenowitz et al., 1998; Wang and Lambert,
1998). Intuitively, if the synapse initially has N, exocytosis-ready
vesicles, and if at most one vesicle is released at the first stimulus,
there are still (N, — 1) vesicles available on the arrival of the
second stimulus, and PPD by vesicle depletion alone cannot be
less than (V, — 1)/N,. For example, even if N, is as small as 3, the
response to the second stimulus cannot be <2/3 = 67% of the
response to the first stimulus. More precisely, we can show that:

_P2>Pr(N0 -1 ENO -1 _
P PANo) No
where the lower bound (N, — 1)/N, can be reached only on the

assumption of linear dependence of release probability on the
vesicle pool size (p,(N) = ayN). This constraint on paired-pulse

1

- ﬁ(]’ (10)
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depression attributable to depletion has been demonstrated ear-
lier by Faber (1998). If the initial release probability is high (with
a large vesicle fusion rate ay, ), the difference between p,(N,) and
PAN, — 1) is even smaller, because of the nonlinear dependence
of p,on N (Eq. 1).

Therefore, additional factors are likely to be involved in the
generation of the strong paired-pulse depression.

Two-step exocytosis model

We considered the possibility that the effective number of readily
releasable vesicles per active zone is limited to just one. This
naturally leads to the univesicular release constraint, without
assuming presynaptic lateral inhibition.

Suppose that there is a heterogeneity in the fusion rate «, for
individual vesicles. Vesicles with high values of «,, would be
depleted first, and subsequent stimuli can only release vesicles
with a low «y, leading to response depression. However, the
strong PPD of Figure 6A4,B can be reproduced only if among all
available vesicles only one vesicle has a large a,, because PPD =
50% can be barely achieved even with N, = 2 in the homogeneous
case (Eq. 10). The possibility that only one vesicle per release site
has a high fusion probability needs to be substantiated by a
biological mechanism that would select a single vesicle out of the
total “docked” vesicle pool. We implemented such a constraint
through an assumption that the pool of vesicles docked at the
presynaptic membrane is divided into several subpopulations that
are in different stages of readiness for release, in accordance with
the multistage nature of exocytosis (Neher and Zucker, 1993;
Siidhof, 1995). In our extended model, exocytosis is represented
by a two-stage process; vesicles in the intermediate state are
assumed to be docked at the presynaptic membrane but have not
yet undergone “priming” (Bittner and Holz, 1992; Xu et al., 1998)
for release (Fig. 74). Exchange between the two stages is a
reversible process and follows first-order kinetics, with rate con-
stants k_ = 1/7_ and k, = 1/7,.. Now the number of vesicles
immediately available for release is determined by the dynamic
equilibrium between two stages in vesicles kinetics. With a suffi-
ciently low priming rate k_, the number of vesicles in the release-
ready (“primed”) state can have an average close to one. Figure
7B shows the simulations results for this extended version of the
model. For the parameters chosen, average number of vesicles in
the primed state at rest is (N) = 1, which makes possible a 50%
reduction of response after a single pulse.

We note that in this scenario for the all-or-none response,
although there is only one primed vesicle on average, the release
probability depends nonlinearly on the docked vesicle pool size
N,. Indeed, the number of primed vesicles is distributed accord-
ing to a binomial with parametersn = Nyandp =k, /(k, + k_).
The probability of having zero primed vesicles is (1 — p)™°, which
sets a lower bound for the probability of transmission failure
because no release is possible without a primed vesicle. There-
fore, the release probability is expected to behave like 1 —
(1 — p)™, consistent with the experimental data (Dobrunz and
Stevens, 1997). On the other hand, this scenario has a few limi-
tations. First, even if the number of vesicles released is typically
zero or one, more than one vesicle can be released in individual
trials. This is because the number of the primed vesicles N, is a
random quantity and fluctuates in time. Second, and more im-
portantly, in this scenario the initial release probability is limited.
If the probability of having only one vesicle in the primed pool is
high, so must be the probability of having zero primed vesicles
[equal to (1 — p)™], leading to a high failure rate. For example,
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Figure 7. The two-step model of vesicle release. 4, Model kinetics.
Vesicles undergo “priming” before becoming available for release. Prim-
ing rate 1/7" is slower than the reverse rate 1/7, such that on average
there is only one vesicle in the immediately releasable pool. B, Depression
time course in response to a 30 Hz stimulation for the two-step synapse
model. Parameter values are N, = 6, 7, = 2 sec, 7, = 1.5sec, 7 = 0.3
sec, a, = 4.6. Notice sharp depression of response after a single stimulus.

if Ny X p ~ 1, and N, = 6, then p ~ 1/N, = 0.17, and the
probability of having zero primed vesicle (1 — p)™ = 0.33.
Therefore, the failure probability is at least 0.33, and the initial
release probability must be smaller than 1 — 0.33 = 0.67.

Unconstrained release model

We have shown above that the univesicular release constraint
leads to a limit on the amount of depression that can result from
vesicle depletion. It can be argued then that the strong paired-
pulse depression observed experimentally represents evidence
against the univesicular release constraint and that the saturation
of postsynaptic receptors by neurotransmitter released by a single
vesicle is a possible explanation of the all-or-none nature of
synaptic responses (Jack et al., 1981; Tong and Jahr, 1994; Auger
et al., 1998). Here we show that this is not the case and that with
synaptic saturation, depletion-induced depression is limited as well.

When multiple releases are allowed, the magnitude of PPD
depends critically on the degree of saturation of postsynaptic
receptors by transmitter content of a single vesicle. Intuitively, the
higher is the saturation, the less difference there is between the
first response caused by the release of several vesicles and
the second response caused by the release of a smaller number of
vesicles, and therefore the smaller should be the PPD effect.
Conversely, if postsynaptic receptors are far from saturation,

synaptic response will be proportional to the number of released
vesicles, and depression by vesicle depletion can be more
pronounced.
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Figure 8. Behavior of the synapse model with unconstrained vesicle
release. 4, B, Response time courses for different values of the recep-
tor saturation factor w (between 0 and 1) specifying the degree to
which postsynaptic receptors are saturated by neurotransmitter from a
single vesicle. Response is measured by the average number of vesicles
released and is normalized by initial response. Failure rate is 5% in A4,
and 1% in B. Other synaptic parameter are N, = 4, 7, = 2 sec.
Stimulation rate is 15 Hz.

Simulation results are shown in Figure 8. We see that PPD
can indeed be very strong, under the condition that p,, is large
and there is little saturation (small w). We can derive an
analytical expression for the PPD magnitude when the inter-
stimulus interval is much shorter than 7,, so that the refill
between stimuli can be neglected. In this case PPD is given by
(Appendix 3, Eq. 22):

1-( _Pv(1 _Pv)w)M)
= (1= pyo)™ (b

PPD =

In agreement with the simulation results of Figure 8, it follows
from this formula that with unconstrained release PPD can be
made arbitrarily strong for any N,, by choosing a sufficiently large
pv- With a large py,, however, the failure probability p, = (1 —
Ppv)™V" may become too small and incompatible with the measure-
ments from cortical synapses. For example, if we impose a rea-
sonable value for the failure probability, say p, = 0.1, then
py =1 — p}»”N”) = 0.44. If we require further that saturation of
postsynaptic receptors is high (w = 1), to reconcile with the
putative all-or-none response, from Equation 11 we have PPD =
75%, i.e., only a moderate amount of PPD. Even if synapses are
assumed to be far from saturation, with @ = 0.4 (Liu et al., 1999),
then PPD = 63%, which is still not quite as strong as in Figure
6A,B (PPD < 50%).
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Figure 9. Temporal correlation of synaptic response is negative with
unconstrained vesicle release. Correlation coefficient between the re-
sponses to two consecutive stimuli of a constant frequency stimulation
train, as a function of the single-vesicle release probability, for two values
of w. Unlike in the case of the univesicular constraint (Fig. 5), here the
correlation is always negative.

In Figure 9 is shown the correlation between successive syn-
aptic release events in response to a constant-frequency spike
train, in the steady state. In contrast to the case of the univesicular
release constraint (Fig. 5), temporal correlation is always negative
with multivesicular (unconstrained) release. In this case correla-
tion is negative for all values of the single-vesicle release proba-
bility (p,/) and regardless of the magnitude of the postsynaptic
receptor occupancy factor w. These contrasting results suggest
that, in principle, the sign of the correlation between successive
responses in the steady state can be used to assess whether the
dependence of the release probability on the number of available
vesicles is linear or nonlinear, as a test of the univesicular release
hypothesis.

To conclude, although very strong PPD can in principle be
achieved with multivesicular release, this scenario would require
a physiologically implausible low failure probability, or postsyn-
aptic receptors must be far from saturation, which would be
inconsistent with the all-or-none synaptic response. Therefore,
observation of strong PPD at cortical synapses cannot be used as
an argument against the univesicular release constraint.

Depression beyond vesicle depletion

Above results suggest that the “fast” component of synaptic
depression demonstrated in Figure 6 cannot be explained by
vesicle depletion and that additional mechanisms are likely to be
involved. We have focused on the following two possible
scenarios.

Presynaptic metabotropic inhibition

Presynaptic inhibition by metabotropic receptors represents an
important form of modulation of synaptic transmission. Metabo-
tropic autoreceptors are activated by neurotransmitter released at
the same nerve terminal and act through inhibition of presynaptic
Ca?* currents (Wu and Saggau, 1997), leading to a special form
of short-term synaptic plasticity. Such plasticity mechanism has
been observed at GABAergic synapses in rat hippocampus by
Davies and Collingridge (1990, 1993), where activation of pre-
synaptic GABAy receptors was shown to be responsible for the
short-term depression of evoked inhibitory currents [also see
Deisz and Prince (1989)]. Similar effect has been observed at
glutamatergic mossy fiber hippocampal synapses of guinea pigs by
Scanziani et al. (1997), with depression resulting from the recruit-
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Figure 10. Effect of inhibitory metabotropic autoreceptors on synaptic
transmission. Solid and dashed lines indicate model simulation data with
and without presynaptic inhibition, respectively. A, Inter-pulse interval
dependence of paired-pulse depression. Circles indicate experimental
data obtained by Davies and Collingridge (1993) by recording inhibitory
currents in pyramidal cells in rat hippocampal slices in control ( filled
circles) and in the presence of a GABAg antagonist (open circles). B, Time
course of depressing synaptic response to a 5 Hz stimulation. C, Steady-
state release probability and (D) synaptic response rate (given by the
product of release probability and the rate), as a function of the stimu-
lation frequency. In contrast to Fig. 2C, presynaptic inhibition prevents
response rate saturation and extends the synaptic dynamic range. Synaptic
parameter values are N, = 6, p, = 0.8, 7, = 2 sec.

ment of presynaptic metabotropic glutamate autoreceptors [also
see Forsythe and Clements (1990); Baskys and Malenka (1991)].

We study the effect of metabotropic inhibition by introducing
into our model a release-dependent negative feedback process,
mimicking the presynaptic inhibition mediated by metabotropic
autoreceptors (see Materials and Methods for description). With
an appropriate choice of parameters, the extended model suc-
cessfully reproduces the characteristic U-like dependence of
paired-pulse depression on the inter-pulse interval duration ob-
served experimentally by Davies and Collingridge (1993) (Fig.
10A4). Maximal depression occurs for inter-pulse intervals be-
tween 100 msec and 1 sec, corresponding to stimulation frequen-
cies of 1-10 Hz; in this range more than twofold reduction of
response is obtained. Time course of synaptic response to a
periodic 5 Hz stimulation is demonstrated in Figure 10B. Here
we assumed that release is univesicular; results would be similar
for the model with unconstrained release.

Interestingly, this mechanism leads to a reduction of saturation
of the postsynaptic steady-state response at high stimulation rates,
thereby increasing the dynamic range of the synapse (Fig. 10C,D).
This arises because metabotropic inhibition acts as a negative
feedback to vesicle release, slowing depletion of the vesicle pool
at high stimulation frequencies, and thus increasing the range
over which the postsynaptic response depends on presynaptic
firing rate. Consequently, if a synapse shows saturation of the
steady-state response at relatively low stimulation frequencies
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(Abbott et al., 1997; Tsodyks and Markram, 1997; Markram et al.,
1998), then its presynaptic modulation mediated by metabotropic
receptors is likely small. Metabotropic autoinhibition most prob-
ably occurs at particular classes of synapses only; in some studies
antagonists of metabotropic glutamate receptors were shown to
have no effect on plasticity dynamics of cortical synapses (Do-
brunz and Stevens, 1997).

Inactivation of release machinery

Strong PPD may also occur as a result of some activity-dependent
inhibition of vesicle release machinery itself, for instance through
a Ca*"-dependent inactivation of exocytosis. Experimental evi-
dence for such a mechanism comes from the work of Hsu et al.
(1996), who found that transmitter release at the squid giant
synapse triggered by introduction of Ca?* into the terminal
declines rapidly, even while the Ca®* concentration is main-
tained at a constant level. When Ca®* concentration was elevated
by caged-Ca*" buffer photolysis in a stepwise manner, transmit-
ter release occurred only transiently after each concentration
increase. Hsu et al. (1996) proposed that the exocytosis-
controlling molecular gates may undergo Ca>*-driven transitions
between active states triggering vesicle release and inactive con-
formational states.

We implemented such a mechanism by introducing into our
model a simple kinetic scheme where the release apparatus of
each vesicle is controlled by a gate that can be in one of the three
states (Fig. 114). Release can happen only when the gate is in the
F (“fusion”) state, so the vesicle fusion rate a,, is multiplied by
the fraction of gates that are in the F state at the time of arrival
of a spike. In the absence of stimulation, release gates are in the
R (“rest”) state; transitions between the R and F states and
between F and I (“inactivated”) states occur only during an
incoming action potential, presumably through binding of a Ca?*
ion. Unless the interval between two consecutive spikes is much
larger than the time constant of recovery from inactivation 7,, a
fraction of gates inactivated during the first spike will remain
inactive at the time of arrival of the second spike, leading to
short-term depression of response. Although this model is too
simple to reproduce the exact adaptation of response observed by
Hsu et al. (1996), it captures the basic characteristics of the
process. A similar model has been proposed by Yamada and
Zucker (1992) to explain the invariance of the time course of
exocytosis with varying Ca®* influx. We assumed here the uni-
vesicular release constraint; results would not be significantly
different for the unconstrained case with high receptor saturation.

With a high degree of the release machinery inactivation, the
model displays strong paired-pulse depression similar to the data
from cortical synapses (Fig. 11B). Note that depression now
proceeds in two phases (Fig. 11B), the fast initial phase being
followed by a slower phase of smaller magnitude. This behavior
agrees better with the response time courses observed experimen-
tally (Fig. 6 B). Moreover, the steady-state response rate saturates
at moderate stimulation frequencies (~20 Hz) (Fig. 11C).

An interesting feature of this model is that it naturally incor-
porates a facilitation mechanism, in the case where inactivation is
weak. For a sufficiently small inactivation rate k;,,, the fraction of
gates in the F state will increase during the first several action
potentials in a spike train. If the rest-state magnitude of the
vesicle fusion rate «, is small, this would lead to facilitation of
response.
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Figure 11. Inactivation of release machinery. 4, Kinetic scheme for the
model. A “gate” controlling vesicle release can be in one of the three
states shown in the figure. With no stimulation, gates are predominantly
in the R (rest) state. With stimulation, transition to the F (fusion) state
takes place, leading to vesicle release. At the same time, quick transition
from the F state to the inactive I state takes place, halting exocytosis.
Internal Ca®" is assumed to be an instantaneous function of presynaptic
voltage, so Ca®*-driven transitions only occur during the brief time of
stimulus arrival. B, Response time course for the release inactivation
model with 30 Hz stimulation. Parameters are N, = 6, 7, = 2 sec, p, =
0.7, k* =168sec ' um L, k™ =333sec Lk, = 15sec™ um™ Lk, =
5571, [Ca“]pulse = 100 uM, Af, . = 2 msec. Note the biphasic time
course, the sharp paired-pulse depression followed by a slower deay
process. C, Steady state response rate as a function of the stimulation
frequency, reaching saturation at ~20 Hz.

DISCUSSION

We have presented a stochastic model of short-term synaptic
dynamics that includes a vesicle turnover process, with the con-
straint that at most one vesicle can be released per stimulus
(Edwards et al., 1976a, b; Korn et al., 1982; Redman and Walms-
ley, 1983; Gulyas et al., 1993; Arancio et al., 1994; Stevens and
Wang, 1995; Silver et al., 1996; Dobrunz and Stevens, 1997,
Somogyi et al., 1998; Walmsley et al., 1998). The univesicular
release hypothesis represents a central tenet of cortical synaptic
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physiology, yet its validity remains a matter of debate. Here we
found that this constraint has several experimentally observable
implications for the dynamic responses of synapses. Our main
results are twofold. First, the strong paired-pulse depression
observed at some cortical synapses is unlikely to result from
vesicle depletion alone and instead may be caused by activity-
dependent inactivation of the exocytosis machinery itself. Sec-
ond, univesicular and multivesicular release lead to different
temporal statistics of release events in response to a long train of
stimuli, suggesting an experimentally testable prediction for the
univesicular release hypothesis.

Synaptic depression beyond vesicle depletion
We found that the all-or-none character of synaptic transmission
implies a limitation on synaptic paired-pulse depression. With the
univesicular release constraint realized by lateral inhibition across
presynaptic membrane (Korn et al., 1994), vesicle depletion is
limited to at most one per spike. Although vesicle depletion may
be accelerated by multivesicular release, its effect is small if
postsynaptic receptors are saturated by transmitter content of a
single vesicle (Tong and Jahr, 1994; Auger et al., 1998); on the
other hand, the all-or-none response cannot be realized if
postsynaptic receptors are far from saturation (Liu et al., 1999). In
both cases, if the all-or-none response is assumed, vesicle deple-
tion alone cannot explain the strong paired-pulse depression
observed at neocortical synapses (Fig. 6) (Markram and Tsodyks,
1996; Thomson, 1997; Varela et al., 1997; Brenowitz et al., 1998;
Wang and Lambert, 1998). We also analyzed the possibility that
only one of the docked vesicles is primed and truly release-ready
at any time. We found that this scenario is consistent with
existing experimental data (such as nonlinear dependence of
release probability on the docked vesicle pool size) and can
produce strong paired-pulse depression as observed at cortical
synapses. However, in our implementation by a two-stage exocy-
tosis scheme, this scenario has the special feature of having a
limited transmission probability. It is not known whether the one
releasable vesicle constraint can be implemented in other ways,
for example by assuming that a single vesicle among all docked
vesicles is situated at a privileged presynaptic membrane location.
However, in such a structure-based scenario the release proba-
bility would be independent of the number of docked vesicles,
contrary to experimental evidence (Dobrunz and Stevens, 1997).
Thus, to reconcile the all-or-none transmission with the obser-
vations of strong paired-pulse depression, one must allow that
depression mechanisms beyond vesicle depletion significantly
contribute to paired-pulse depression at central synapses (Faber,
1998). Several presynaptic and postsynaptic mechanisms can be
ruled out as potential sources of strong PPD. Postsynaptic recep-
tor desensitization is not likely to cause the dramatic depression
of response for stimuli separated by a time interval of 50-200
msec as in Figure 6, because of the fast recovery of AMPA
receptors from such desensitization (Colquhoun et al., 1992;
Trussell et al., 1993). This is consistent with studies in which
short-term plasticity at cortical synapses was shown to be unaf-
fected by desensitization-blocking agents (Debanne et al., 1996;
Dobrunz and Stevens, 1997; Varela et al., 1997; Galarreta and
Hestrin, 1998; Bellingham and Walmsley, 1999). Moreover, inac-
tivation of presynaptic Ca®* channels is probably also not im-
portant for PPD, because the degree of inactivation caused by a
single action potential is at most a few percent (Fox et al., 1987;
Lemos and Nowycky, 1989; Cox and Dunlap, 1994; Forsythe et
al., 1998; Patil et al., 1998; Wu et al., 1998). However, inactivation
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of Ca?" currents can contribute to depression during prolonged
high-frequency stimulation (Jia and Nelson, 1986; Forsythe et al.,
1998; Patil et al., 1998).

We have explored two factors that may contribute to paired-
pulse depression. We found that the model simulating presynaptic
inhibition via metabotropic autoreceptors can reproduce strong
paired-pulse depression (Fig. 10D), in agreement with experi-
mental evidence (Davies and Collingridge, 1990, 1993; Scanziani
et al., 1997). Activity-dependent inactivation of release machin-
ery represents another mechanism that in our opinion can explain
the strong PPD shown in Fig. 6 (Hsu et al., 1996). The version of
our model incorporating such inactivation (Fig. 114) succeeds in
reproducing twofold paired-pulse depression (Fig. 11B) and leads
to a biphasic response decay, similar to experimentally observed
behavior. Our proposed mechanism is supported by recent evi-
dence (Bellingham and Walmsley, 1999) that the depression at
the endbulb of Held is caused by reduction of the release prob-
ability by intracellular calcium. It is possible that such a mecha-
nism also underlies the strong depression of response observed
recently in terminals of retinal bipolar cells by Burrone and
Lagnado (1998).

The two depression mechanisms could be differentiated exper-
imentally in several ways. First, presynaptic inhibition by metabo-
tropic autoreceptors is activated by release of vesicles. Release-
induced reduction of subsequent synaptic response is generally
referred to as refractoriness of a synapse (Betz, 1970; Stevens and
Wang, 1995; Thomson and Deuchars, 1995; Dobrunz et al., 1997,
Hjelmstad et al., 1997). By contrast, inactivation of the exocytosis
machinery is assumed to be induced by stimulation-triggered
Ca?" influx, independent of vesicle release. If paired-pulse de-
pression is release-dependent, responses to a pair of stimuli
would be negatively correlated (Thomson and Deuchars, 1995;
Faber, 1998). Conversely, no correlation is expected if the de-
pression does not depend on the occurrence of vesicle release.
This way, the metabotropic presynaptic inhibition and the inac-
tivation mechanism proposed here could be distinguished
experimentally.

Second, previous studies, using linear models of synaptic de-
pression, have reproduced the experimental observation that
response rate reaches saturation with increasing rate of presyn-
aptic stimulation (Abbott et al., 1997; Tsodyks and Markram,
1997). Here, we showed that this behavior holds as well for the
nonlinear model of vesicle depletion with the univesicular release
constraint, and when the inactivation of release machinery is
included. By contrast, presynaptic inhibition, although producing
strong transient paired-pulse depression, at the same time re-
duces the amount of saturation in the steady-state response at
high stimulation frequencies. This is because metabotropic auto-
receptors subserve a negative feedback to vesicle depletion;
thereby the dynamical range of the synaptic responsiveness is
extended. Therefore, measurement of the steady-state response
rate as function of the input frequency could be used to distin-
guish the two candidate depression mechanisms. Finally, phar-
macological means could be used to directly assess the role of
specific types of metabotropic autoreceptors at a given synapse.

Univesicular release versus receptor saturation: sign
of response autocorrelation

Whether postsynaptic receptors at central synapses are saturated
by transmitter content of a single vesicle remains an issue of
debate (Tang et al.,, 1994; Tong and Jahr, 1994; Frerking and
Wilson, 1996; Silver et al., 1996; Forti et al., 1997). Recent work
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suggests that postsynaptic glutamatergic receptors at cortical syn-
apses are generally far from saturation (Liu et al., 1999; Mainen
et al., 1999). We found that the univesicular release and receptor
saturation scenarios lead to different predictions about the steady-
state correlation between synaptic responses to successive spikes
in a constant-frequency train. We have demonstrated that for the
model with the univesicular release constraint, characterized by
nonlinear dependence of release probability on the number of
available vesicles, the temporal autocorrelation of the synaptic
response to constant-frequency stimulation is expected to be
positive if the vesicle fusion rate «y, is reasonably large and is
negative only with small «,, (Figs. 4, 5). This is in contrast with
the behavior of the model where the dependence of synaptic
response on the number of available vesicles is linear, in which
case the correlation between successive release events is always
negative, both for the model with unconstrained (multivesicular)
release (Fig. 9) and for the linearized version of the constrained
model (Appendix 2, Eq. 20). We note that such temporal corre-
lation does not require stimulation of single synaptic connections
and could be deduced from measurements with multiple synaptic
contacts. Because release events at different synapses are statis-
tically independent, the temporal autocorrelation of the postsyn-
aptic response will be equal to the sum of correlations of re-
sponses of individual synapses. Furthermore, these results
concerning the sign of the temporal correlation are still applicable
if additional activity-dependent processes such as synaptic facili-
tation (Fisher et al., 1997) and increase in the docking rate
(Hubbard, 1963; Elmqvist and Quastel, 1964; Dittman and Re-
gehr, 1998; Stevens and Wesseling, 1998; Wang and Kaczmarek,
1998) are taken into account because in the steady state, param-
eters affected by these processes will have reached some constant
stationary values. For example, in a scenario in which the synaptic
vesicle fusion rate «, is low initially but increases with stimula-
tion as a result of facilitation, the steady-state value of ay, will be
large, so the correlation between successive responses is expected
to be negative in the case of unconstrained release and positive in
the case of univesicular (constrained) release, allowing one to
distinguish between these two possibilities. In any event, the
general suggestion is that measurement of the temporal correla-
tions in the responses to a long train of stimuli may be used to test
the univesicular release hypothesis, a basic notion in cortical
synaptic physiology.

APPENDIX 1

Steady-state response for a general one-pool

synapse model

For a constant-frequency stimulation of rate r, there is a simple
relationship connecting the average synaptic response and the
average number of available vesicles in the stationary state, valid
for a general single-pool vesicle release model with first-order
recovery kinetics. Let (N),, = (N(t;)),, denote the average num-
ber of available vesicles immediately before arrival of a spike and
(AN),, denote the average number of vesicles released in the
steady state in response to a single stimulus. Then the average
number of vesicles that are unavailable immediately after a spike
is equal to {N, — ((N),, — (AN),,)}. Multiplying this number by
the probability for a vesicle pool vacancy to be refilled during one

inter-spike interval, p.sy = 1 — exp o) we obtain an
™D

average for the number of vesicles refilled between two spikes,
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which in the steady state must be equal to the average number of
vesicles released:

1
(AN(r))s = (1 - eXp( - E) ) (No = (N(r))ss + (AN(r))s).
(12)

Solving this equation, we obtain the following linear relationship
between the average number of vesicles released and the average
number of available vesicles:

1
(AN(r))s = (exp<a) - 1>(N0 = (N(r))ss)- (13)

This result is valid both for the model with the univesicular
release constraint and for the unconstrained model where mul-
tivesicular release is allowed. At high rates we can expand the
exponent in the above expression; taking into account that
(N(r)),s approaches zero with increasing rate because of deple-
tion, we get:

(AN(r))ss = No/(rp). (14)

Thus, at high firing rates stationary synaptic response depend
only on the refill time constant 7, and the maximal vesicle pool
size N,, and decreases as the inverse of rate. In the model where
only one release per action potential is allowed, average number
of vesicles released is equal to the average release probability, and
(AN),, can be replaced with (p,),, in Equations 13-14. According
to Equation 14, {p,),, does not depend on vesicle fusion rate a, at
high stimulation frequencies. This result is not specific to
constant-frequency stimulation and holds in the case of arbitrary
stationary stimulation pattern of average rate r.

APPENDIX 2

Linearized one-pool model: temporal correlation
If one assumes linear dependence of release probability on the
number of vesicles, then p,(N) = ayN (the constraint of at most
one release per action potential is maintained), and this linear-
ized model can be obtained as a limiting case from the initial
nonlinear model (p,)(N) = 1 — exp (—aN)) for o ,N << 1. In
that case, certain statistical characteristics of the model’s re-
sponse to constant-frequency presynaptic stimulation can be cal-
culated analytically, using mathematical theory of stochastic pro-
cesses (van Kampen, 1981).

For input stimulation rate of r = 1/A¢, the average number of
available vesicles in the steady state (V),, (measured immediately
before each of the pulses) is given by:

1-b

= , At/
[“agp: b= (9)

The corresponding steady-state release probability is equal to
(P)ss = a{N),,. The above expression can be found (in different
notations) in Abbott et al. (1997) and Tsodyks and Markram
(1997).

The time course of response is exponential and is given by:

(N(,)) = (N)y = ((N(5y)) = (N)y)exp(—t,/7),  (16)

where N(z, ) denotes the number of vesicles immediately before
the nth spike, and the response decay time constant is:

1— 1l b(1 —1 1l ! 17
P Y L L Vil S = R )
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Equation 16 is equivalent to the expression found in Tsodyks
and Markram (1997), with the substitutions Ny, — E, oy, —
USEa ™D = Trec

The time constant given by Equation 17 also determines the
decay of the temporal autocorrelation for the numbers of avail-
able vesicles in the stationary state:

(N ) N = (N (e )N ) =
A
(N = <N>§s>exp[ - m—’] (18)

where the steady-state variance of the number of available vesicles
N is equal to:

1+ (1 - <pr>ss)b

Oy = (NDy — (N5, = b(l%%;m-

(19)

However, the correlation characteristic that can be measured
experimentally is the correlation between release events (see
definition, Eq. 7):

mAt
Gm EP(UVH-m = 1|a-n = 1) _P(Un = 1) = GoeXp _T

— NO - 1
Go= —<pr>ss[1 Tl ey -(- 2av,ﬂ)b2)]' 20

The above expression reveals that the correlation between release
events is always negative, unlike in the case of the nonlinear
model (Figs. 4, 5). Note that the correlation for the number of
available vesicles (Eq. 18) is always positive.

APPENDIX 3

Paired-pulse depression for the unconstrained model
Let R denote the response produced when all postsynaptic recep-
tors are activated, and let w represent the fraction of receptors
that are bound by neurotransmitter after the release of a single
vesicle. Then the response produced by the release of n vesicles is
given by R[1 — (1 — w)"] (Auger et al., 1998), and the average
response given N available vesicles is E,(N) = R[1 — (1 — pyw)™]
(Eq. (2). Response to the first pulse in a paired-pulse stimulus is
then E,(N,); if we can neglect vesicle refill between two consec-
utive pulses (inter-pulse interval At < 7,), we can obtain an
expression for the average response produced by the second
pulse:

No
EA(Ng) = 2 P(k)E (N — k)

k=0

No |
=R 1= Sy, - e peor !
=R[1 = (py+ (1 = py)(1 = pyw))]
=R[1 - (1 = py(1 = py))"], (21)

where P(k) is the probability of release of k out of N, vesicles,
given by a binomial with parameters n = N, and p = p,,. This
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yields a simple expression for the magnitude of paired-pulse
depression:

E(No) 1= (1-pv(1 =py)o)™

PPD = =
E5(Ny) 1-(1 _va)N°

(22)

Analysis of the above formula shows that paired-pulse depression
is a monotonically increasing function of  in the entire range
0 = w = 1. This is to be expected, because maximal depression
(minimal PPD ratio) is achieved when postsynaptic receptors are
far from saturation (w close to zero).
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