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Monte Carlo simulations were performed on a release model
based on experimental data from single glutamatergic syn-
apses containing a single release site in the hippocampal CA1
region of the neonatal rat. These simulations explored what can
be learned about the release process by examining how the
release probability in response to the second stimulus (P2 ) of a
paired stimulus to a synapse depends on the release in re-
sponse to the first stimulus. Comparisons between experimen-
tal data from a number of individual synapses and the simulated

data support the notion that the immediately releasable vesicle
pool is small (approximately one) and shows substantial inter-
trial variation. The simulations also show that the release de-
pendence of P2 is not necessarily an indicator of either intertrial
variation in Ca2� influx, feedback effects of released transmit-
ter, or activation failure of the axon.

Key words: paired-pulse; release probability; hippocampus;
CA1; synaptic plasticity; development

The physiology of the release process of a synapse is still under-
stood primarily in terms of number of release sites and release
probabilities at these sites. However, linking the molecular biol-
ogy of the release machinery to the physiology of release will
require an understanding of what determines release probability
at a single release site. In a recent examination of neonatal rat
hippocampal synapses containing a single release site (Hanse and
Gustafsson, 2001b), release was described in terms of intrarelease
site parameters, such as vesicle release probability, number of
immediately releasable vesicles, and vesicle recruitment (Hanse
and Gustafsson, 2001a,c,d). This description indicates that a small
number (which fluctuated from trial to trial) of immediately
releasable vesicles (usually fewer than three) independently, and
with the same probability, contribute to the release of at most one
vesicle at a time. Such characteristics should have consequences
for the serial dependency of release: for example, in what manner
release in response to the first stimulus of a paired stimulus affects
the release probability to the second stimulus (P2). Such a test has
been used to detect whether release failure to the first stimulus is
present because of the stochastic nature of the release process
itself or because of failure to activate the axon/synaptic bouton
(Stevens and Wang, 1995; Isaac et al., 1996; Hanse and Gustafs-
son, 2001b). That is, if P2 depends on whether or not there is
release failure in response to the first stimulus, then this release
failure should be attributable to activation failure.

Although the above may be true, for example, if the number of
immediately releasable vesicles at a single site is large (Dobrunz
and Stevens, 1997), it would not be expected to occur if that
number is small. This is because a small pool of such vesicles
would be greatly depleted by a release to the first stimulus causing

release-dependent effects on P2 even in the absence of activation
failure. Release dependence may also arise if presynaptic calcium
influx varies between stimulus trials, thereby linking release to the
first stimulus to facilitation of release to the second one (Chen et
al., 1996; Dobrunz et al., 1997). Moreover, multivesicular release
from a single site or heterogeneity in release probability among
the vesicles within a site might also have consequences for the
release dependence of P2.

Considering the possibilities for release dependence of P2 in
the absence of activation failure, it may seem surprising that no
such dependence was observed (Stevens and Wang, 1995; Isaac et
al., 1996; Hjelmstad et al., 1997; Hanse and Gustafsson, 2001b).
This raises the question of in what manner and to what extent the
above-mentioned factors actually affect the release dependence;
in other words, to what extent an examination of the release
dependence of P2 may serve to discriminate between different
models of presynaptic release. To answer such questions, we
performed Monte Carlo simulations of release from a model
single release site. We also compared these simulated results with
those from experimental data on release from single glutamater-
gic hippocampal synapses of neonatal rats.

MATERIALS AND METHODS
The experimental data used in the present study were obtained in a
manner that has been described previously in detail (Hanse and Gustafs-
son, 2001b). In brief, whole-cell patch-clamp recordings were performed
from visually identified CA1 pyramidal cells in hippocampal slices pre-
pared from 1- to 7-d-old Wistar rats. Afferents in the stratum radiatum
were activated (10 impulses; 50 Hz) using minimal extracellular stimu-
lation (Konnerth et al., 1990; Raastad et al., 1992; Allen and Stevens,
1994). Several findings suggested that this minimal stimulation consis-
tently resulted in the activation of a single axon contributing a single
synapse to the cell that was recorded from, with this synapse containing
a single release site (Hanse and Gustafsson, 2001b). To what extent such
a single site releases at most one or several vesicles at a time is a matter
of debate (Auger and Marty, 2000). Two lines of experimental findings
support the single-vesicle constraint at glutamatergic synapses: first, that
release is accompanied by a refractoriness of release (Stevens and Wang,
1995; Dobrunz et al., 1997; Hjelmstad et al., 1997), and second, that
EPSC size, excluding failures, is independent of release probability
(Stevens and Wang, 1995; Dobrunz and Stevens, 1997; Hjelmstad et al.,
1997; Hanse and Gustafsson, 2001b). This latter evidence presupposes a
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low degree of postsynaptic receptor occupancy, allowing for the detec-
tion of more than one simultaneously released vesicle. Experimental
support for such a low degree of occupancy has been published recently
(Liu et al., 1999; McAllister and Stevens, 2000; Barbour, 2001; Hanse and
Gustafsson, 2001b).

Release model. In our standard release model, release probability (Pr)
at a single release site is determined by the number of release-ready, or
primed, vesicles (npool) and the probability of release of each one of these
vesicles (Pves). These primed vesicles operate independently and with the
same Pves value to produce release of a single vesicle:

Pr � 1�(1�Pves)npool.

Because this equation describes release probability as 1 minus the prob-
ability that no release occurs, it allows for multivesicular release. How-
ever, whether the release is univesicular or multivesicular is naturally of
consequence for the rate of depletion of the pool. On the basis of our
finding that EPSC size, excluding failures, in these synapses is indepen-
dent of release probability in a given synapse (Hanse and Gustafsson,
2001b) and the notion of a low degree of postsynaptic receptor occu-
pancy (see above), our standard release model will contain the single-
vesicle constraint. However, in our simulations, we will also explore the
consequences of relaxing this constraint, allowing for multivesicular
release.

An experimental analysis of release from single synapses allowed us to
estimate Pves and npool for a number of synapses (Hanse and Gustafsson,
2001c). Pves for release given by the first stimulus (Pves1) was found to
vary among the synapses from �0.1 to almost 1.0. Conversely, Pves for
release given by the second stimulus (Pves2) varied less, �0.2–0.5 (Hanse
and Gustafsson, 2001a). The average number of vesicles immediately
available for release at the initiation of the stimulus train, here referred
to as the preprimed pool, was found to vary among the synapses from
�0.5 to 2.0. Additional analysis suggested that this pool varied between
trials in a binomial manner (Hanse and Gustafsson, 2001d).

A key feature in our release model is that the number of immediately
releasable vesicles is determined by docked vesicles in equilibrium be-
tween a primed and a nonprimed state (Fig. 1 A) (Matveev and Wang,
2000; Hanse and Gustafsson, 2001d). Thus, the number of vesicles in the
preprimed pool will vary between trials in a binomial manner (Fig. 1 B).
To obtain preprimed pool sizes in the model in agreement with the
experimentally estimated ones, the number of docking sites was varied
from 2 to 6, and the probability of the primed state was set to 0.3. On the
basis of the experimentally estimated values, Pves1 was allowed to vary
between 0.1 and 0.9 in the simulations, and Pves2 was set to a fixed value
of 0.4 (Hanse and Gustafsson, 2001a). The Monte Carlo simulations
were performed using custom software written in Igor Pro (Wavemetrics,
Lake Oswego, OR). Simulations were performed such that before each
simulated paired stimulus (trial), the number of preprimed vesicles was
determined by comparing a random number (evenly distributed between 0
and 1) with the preset value of priming probability for each docking site. If
the random number was smaller than that value, the vesicle was considered
to be primed. To determine whether release occurred in the response to the
first stimulus, a random number (as above) was compared with the preset
Pves1 for primed vesicles. If the random number was smaller than that value,
release occurred, and the preprimed pool was reduced by 1 (under single-
vesicle constraints). Conversely, if it was larger than that value, the next (if
any) preprimed vesicle was tested. When a release occurred in response
to the first stimulus, or if all preprimed vesicles were tested without any
one vesicle being released, the occurrence of release in response to the
second stimulus was tested by comparing a random number with Pves2 for
each remaining preprimed vesicle. Unless otherwise stated, the number
of trials per measurement was 10,000.

These calculations assume that only preprimed vesicles are released in
response to the first two stimuli (i.e., that there is no priming of docked
vesicles during a 20 msec interstimulus interval). This assumption is
compatible with our previous analysis of experimental data, indicating
that most of the release during the first four to five stimuli in a 50 Hz
stimulus train comes from the preprimed pool (Hanse and Gustafsson,
2001c).

RESULTS
Experiments on single glutamatergic CA1 hippocampal synapses
in the neonatal rat have indicated that the immediately releasable
vesicle pool (preprimed pool, see Materials and Methods) for a
release site is small, on average approximately one (Hanse and

Gustafsson, 2001c). If so, one may expect that the Pr to a second
stimulus (P2) will depend on release to the first stimulus in a
stimulus pair even when there are no activation failures, because
of vesicle depletion. We therefore first simulated release using a
preprimed pool of 1.2 (on average), letting vesicle release prob-
ability during the first (Pves1) and second (Pves2) stimuli have the
same value (0.4). The P2 values when release occurred in re-
sponse to the first stimulus (P2rel) and when it did not (P2fail) were
subsequently computed. Such a simulation did not demonstrate
any release dependence of P2 on release to the first stimulus, with
the ratio P2rel/P2fail being close to 1 (1.03). This lack of the
“expected” depletion effect may be explained by the fact that the
simulated preprimed pool, in agreement with our interpretation
of the experimental data, is not constant trial for trial but has a
binomially distributed trial-to-trial variation in size (Fig. 1B).
Trials with a larger preprimed pool size are more likely to release
in response to the first stimulus than trials with smaller (or zero)
pool size. The preprimed pool remaining after both release and
failure to the first stimulus may then be much the same, as also
indicated by Figure 2A (insets).

To examine the reliability of an experimentally estimated P2rel/
P2fail ratio, the above simulation was repeated 100 times (100
runs), using a smaller number of simulated trials than used above
(10,000). The ratio estimated at each run when only 100 trials
were used varied considerably, from �0.5 to 1.5 (Fig. 2A). Figure
2B shows the coefficient of variation (CV) plotted against the
number of trials per run, indicating a CV value of �0.4 ( filled

Figure 1. Model for a dynamic pool of primed vesicles at a release site.
A, Schematic of a model release site at the first (lef t) and at the second
(right) stimuli during a paired-pulse protocol. Within the release site,
there are docking sites (four in the illustrated example) at which vesicles
are in equilibrium between a primed (immediately releasable) and a
nonprimed state. When an action potential arrives, at most one of the
primed vesicles can be released. The probability of releasing a primed
vesicle is Pves , Pves1 at the first stimulus, and Pves2 at the second stimulus.
The Pr of the release site is given by Equation 1 (see Materials and
Methods). It is assumed that the recruitment of nonprimed vesicles to a
primed state is negligible between the two stimuli (20 msec) (Hanse and
Gustafsson, 2001a). B, Distribution of the number of primed vesicles
among trials before the first stimulus (preprimed vesicles, lef t) and before
the second stimulus (right). The distribution is calculated from four
docking sites and a probability of the primed state of 0.3.
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circles). Even with 1000 trials per run, a notable CV is found
(�0.10), and several thousand trials are needed to bring the CV
to a value of �0.05. An increase of the preprimed pool increased
the reliability, but not much. For example, when an average pool
three times larger (3.6; with a threefold reduction of Pves) was
used, 100 and 1000 trials gave CVs of �0.25 and 0.05, respectively
(Fig. 2B, open circles).

Influence of variation in Pves1 and preprimed pool size
on the release dependence of P2

To examine to what extent the above result was a consequence of
the particular choice of Pves1 and preprimed pool values, the
simulations were performed using the range of these values ob-
tained from experimental data on the neonatal CA1 synapses.
The P2rel/P2fail ratio was thus plotted against P1 values obtained by
varying Pves1 from 0.1 to 0.9 and the average preprimed pool from
0.6 to 1.8. This ratio was found to vary with P1 and to be close to
1.0 only at intermediate values of P1 (�0.4) (Fig. 3A). At lower
values of P1, the P2rel/P2fail ratio is �1.0, indicating that P2 is less
when release occurs in response to the first stimulus than when it
does not. Conversely, when P1 is larger, the ratio becomes sub-
stantially more than 1.0, indicating the opposite. It would thus

appear that when P1 is large, a smaller number of vesicles are
available for release to the second stimulus when there is no
release in response to the first stimulus than when there is a
release. This perhaps paradoxical result can be explained by the
trial-to-trial variation in the preprimed pool and by the fact that
a larger P1 is associated with a larger Pves1, because when Pves1 is
large, it is very probable that trials exhibiting release failure in
response to the first stimulus are associated with a small number
of (or zero) preprimed vesicles and subsequently also with release
failure in response to the second stimulus. Conversely, a small P1

Figure 2. Lack of release dependence during paired-pulse activation. A,
Pr in response to the second stimulus (P2 ) when release occurred in
response to the first stimulus (P2rel ) is divided by that obtained when there
was a release failure to the first stimulus (P2fail ). This P2rel /P2fail ratio is
plotted against Pr in response to the first stimulus (P1 ). In the modeled
example, the preprimed pool was 1.2, and both Pves1 and Pves2 were 0.4.
Ratio values obtained from 100 runs, each consisting of 100 trials, are
shown. The P2rel /P2fail ratio averaged 0.96 � 0.35 (SD), and P1 averaged
0.40 � 0.05. These average values are indicated by the dotted lines. Insets
show the distribution of primed vesicles (compare Fig. 1 B) before the
second stimulus when the first stimulus resulted in a release (top histo-
gram, filled bars) and when the first stimulus resulted in a failure (bottom
histogram, open bars). B, Variation in P2rel /P2fail ratio as a function of the
number of trials and of the size of the preprimed pool. The number of
trials per run was varied between 50 and 10,000, and 100 runs were made
for each trial length. Filled circles represent a pool of 1.2 and open circles
represent a pool of 3.6.

Figure 3. Influence of Pr on the release dependence during paired-pulse
activation. A, The P2rel /P2fail ratio is computed over a range of P1 values
obtained by varying Pves1 between 0.1 and 0.9 (in steps of 0.1) and the
average preprimed pool between 0.6 and 1.8 (in steps of 0.3). Pves2 was
kept constant at 0.4. The dashed line indicates release independence (i.e.,
a P2rel /P2fail ratio equal to 1). Each measurement was obtained from
10,000 trials. B, The P2rel /P2fail ratio is determined by Pves1 and the size of
the preprimed pool. The P2rel /P2fail ratio is plotted against P1 obtained
using three different preprimed pool sizes: 0.6 (open triangles), 1.8 (open
circles), and 3.6 (open squares). For each pool size, Pves1 was varied from
0.1 to 0.9 in steps of 0.1, and the P2rel /P2fail ratios obtained for the various
Pves1 values using a given pool size are joined together. The dashed line
indicates P2rel /P2fail � 1. C, The P2rel /P2fail ratio depends on the number
of docked vesicles and their probability of occupancy of the primed state.
The P2rel /P2fail ratio is plotted against P1 , varying Pves1 from 0.1 to 0.9 in
steps of 0.1. This is done for three different preprimed pool configura-
tions, all producing an average preprimed pool of 1.2 vesicles. These
configurations are 12 ( filled triangles), 4 (open circles), and 2 ( filled
squares) docked vesicles combined with priming probabilities of 0.1, 0.3,
and 0.6, respectively. The dashed line indicates P2rel /P2fail � 1.
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is associated with a small Pves1. Release failure in response to the
first stimulus then depends more on the small Pves1 than on the
size of the preprimed pool, and vesicle depletion will more
critically affect P2. To substantiate this reasoning, the results of
the simulation in Figure 3A are replotted in Figure 3B, using only
those values that were obtained with the smallest (0.6) and largest
(1.8) preprimed pool, together with simulation results using an
even larger pool (3.6). Figure 3B shows that for any given pool
size, the P2rel/P2fail ratio goes from �1.0 to �1.0 when Pves1 goes
from a small to a large value. Moreover, when the pool becomes
larger, the ratio becomes closer to 1.0 for any value of P1. In these
simulations, Pves2 was set to a fixed value of 0.4 (Hanse and
Gustafsson, 2001a). Variations of this parameter over a wide
range (0.1–0.9) had only marginal effects on the P2rel/P2fail ratio
(data not shown). This is because in the range of pool sizes used,
pool size and Pves2 will act almost linearly to produce P2.

In the above simulations, a preprimed pool of 1.2 was set by
four docked vesicles in equilibrium between a primed and a
nonprimed state, with a probability of the primed state of 0.3. A
smaller docked pool with a larger priming probability and vice
versa could produce the same averaged value. Figure 3C shows
simulations using 2, 4, and 12 docking sites to obtain an average
preprimed pool of 1.2. The use of both the small ( filled squares)
and the large ( filled triangles) number of sites created curves with
larger deviation from a unity ratio (i.e., a larger degree of release
dependence of P2).

Influence of Pves heterogeneity on the release
dependence of P2

The above-described simulations were all performed with the
assumption that in any given run, Pves1 is the same between trials
and Pves1 at each trial is equal for all the preprimed vesicles within
a release site. For a synapse, the Ca2� influx may vary between
trials and thus cause a variation in Pves1 as well as (via residual
Ca2�) in Pves2 (Chen et al., 1996; Dobrunz et al., 1997). Pves2

would then be expected to be larger when Pves1 is larger, and a
release dependence of P2 would emerge. A variation in Ca2�

influx was simulated by a normal distribution (SD 0.2) around a
mean Pves1 that was 0.2, 0.4, 0.6, or 0.8. The Pves1 value for each
trial was thus determined by a stochastically drawn value, as
exemplified in Figure 4A, inset, for the case of a mean Pves1 of 0.4.
To account both for the effect of residual Ca2� and for variation
in Ca 2� influx to the second stimulus, the Pves2 value of 0.4 was
adjusted by two stochastically drawn values for each trial. Resid-
ual Ca2� was accounted for by letting Pves2 be adjusted by the
same stochastically drawn value that helped to decide Pves1 for
that trial. The variation in Ca2� influx was accounted for by also
adjusting Pves2 with a value stochastically drawn from the same
normal distribution as used for Pves1. Such simulations gave
P2rel/P2fail ratios that were shifted to 30–40% higher values than
those obtained in the absence of this form of heterogeneity, as
illustrated in Figure 4A. That is, such a variation would produce
substantial release dependence.

Vesicles within a release site may differ in their release prob-
ability (for example, one of them having a much larger Pves than
the others) (Matveev and Wang, 2000; Sakaba and Neher, 2001).
P2 would then vary depending on whether or not that specific
vesicle was released in response to the first stimulus. Simulations
were performed that allowed one of the docking sites to contain
a primed vesicle with a high Pves, if occupied. In the first case, this
high Pves (0.9) applied only to Pves1, and the simulations were
performed for three different pool sizes. The Pves1 for the other

vesicles was 0.2, and the Pves2 for all vesicles was 0.4. Figure 4B
shows that this type of heterogeneity ( filled squares) produces a
relationship between the P2rel/P2fail ratio and P1 that is close to
that obtained by a homogeneous Pves1 of 0.4 (open circles). In the
second case, the high-Pves vesicle also had a Pves2 of 0.9, and the
Pves2 for the others was 0.2. This heterogeneity also produced a
relationship between the P2rel/P2fail ratio and P1 (open squares)
that was close to the homogeneous case. Thus, Pves heterogeneity
is not easily revealed by this test of release dependence.

Influence of activation failure and of multivesicular
release on the release dependence of P2

The test of release dependence was originally thought of as a
means to detect activation failure (see the introductory remarks).
An estimation of the effect of activation failure requires simpli-
fication of assumptions regarding activation failures in response
to the first and second stimuli. Because it would seem that the
method is based on the notion that activation failures in response
to the second stimulus occur independently of those to the first

Figure 4. Influence of Pves heterogeneity on the release dependence
during paired-pulse activation. A, Effect of a stochastic variation in Pves1
and Pves2 on the release dependence of P2. The P2rel /P2fail ratio is plotted
against P1 for two different situations. Open circles represent the release
dependence of P2 in a control situation using four different values of Pves1
(0.2, 0.4, 0.6, and 0.8), and Pves2 was kept constant at 0.4. Filled circles
represent the release dependence of P2 when Pves1 and Pves2 were allowed
to vary stochastically around these values, as described in Results. The
dashed line indicates P2rel /P2fail � 1. B, Different docking sites are asso-
ciated with different Pves values. Open circles represent a control situation
with Pves1 and Pves2 values of 0.4 at all the docking sites. Filled squares
represent a situation in which one of the two to six docking sites was
associated with a Pves1 of 0.9, whereas the other docking sites were
associated with a Pves1 of 0.2. Pves2 was kept constant at 0.4 for all docking
sites. Open squares represent a situation in which one of the two to six
docking sites was associated with a Pves1 and Pves2 of 0.9, whereas the
others were associated with a Pves1 and Pves2 of 0.2. The dashed line
indicates P2rel /P2fail � 1.
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stimulus, or not at all (Stevens and Wang, 1995), we have adopted
this notion in the simulations below.

In Figure 5A, the relationship between P1 and the P2rel/P2fail

ratio obtained by varying Pves1 from 0.1 to 0.9 is plotted, but only
for a single value of preprimed pool (1.2) (open circles). Also
included in this graph are two different kinds of simulations that
take activation failures into account. In one of these, Pves1 is given
a value of 1.0, and all variation in P1 is thus given by activation
failure ( filled squares). This shift to “release failure decided by
activation failure only” produces a downward shift of the curve to
a value of �0.4 (decided by the value of Pves2). In the other
simulation, Pves1 varied in our standard manner (0.1–0.9), but in
every run, 50% of the trials were (stochastically) associated with
an activation failure in response to the first stimulus ( filled

circles). This simulation produced a curve with a ratio that is
negatively correlated with P1. However, in absolute ratio values, it
is rather close to the control. It is notable that at small P1 values,
activation failures actually make the ratio closer to unity.

As elaborated in Materials and Methods, the above simulations
were performed with the constraint that at most one vesicle could
be released per stimulus (Triller and Korn, 1982; Korn et al.,
1994; Stevens and Wang, 1995; Dobrunz and Stevens, 1997; Liu et
al., 1999; Matveev and Wang, 2000; Hanse and Gustafsson,
2001b). Because this one-vesicle hypothesis is debated (Auger
and Marty, 2000; Wadiche and Jahr, 2001), we also modeled the
P2rel/P2fail ratio when no constraints against multivesicular release
were present. Figure 5B shows that the release dependence of P2

is now quite different ( filled symbols), with the P2rel/P2fail ratio
being well below 1, and displays (for a given pool size) no
relationship to P1.

Experimentally observed release dependence of P2

It was reported previously that P2 was, on average among the
synapses, independent of whether or not release occurred in
response to the first stimulus (Stevens and Wang, 1995; Isaac et
al., 1996; Hjelmstad et al., 1997; Hanse and Gustafsson, 2001b).
The present simulations show that this result is compatible with
synapses having small preprimed pools. They also show that in
our standard release model, P2 should depend on release to the
first stimulus when Pves1 is small or large, with this fact creating an
overall relationship between the P2rel/P2fail ratio and P1. In Figure
6A, the P2rel/P2fail ratios obtained experimentally are plotted
against the P1 values for those synapses (open circles), demon-
strating a significant ( p � 0.01) overall relationship between the
P2rel/P2fail ratio and P1. Compared with the simulated values
( filled circles), the experimental ones show appreciably more
scatter and a smaller slope (1.13 vs 1.80). However, this larger
scatter would be expected, considering that these data were
obtained from runs of �100 trials per synapse. As exemplified
from one such run in Figure 6B ( filled circles), simulations using
only 100 trials per run revealed a degree of scatter similar to that
observed experimentally (open circles). The slope from a number
of such runs (100) averaged 1.71 � 0.62 (mean � SD). That is, the
experimentally observed slope (1.13) is within 1 SD of the simu-
lated distribution. The simulated P2rel/P2fail ratio, when averaged
for all simulated values in Figure 6B, was 1.06 (i.e., showing the
same overall release independence as observed experimentally).

Simulations using only 100 trials per run were also performed
under conditions of variable calcium influx (Fig. 4A) and multive-
sicular release (Fig. 5B). In the former case, the slope of the
P2rel/P2fail ratio against P1 averaged 3.13 � 1.32, and the mean
P2rel/P2fail ratio was 1.63 � 0.17. In the case of multivesicular
release, the slope of the P2rel/P2fail ratio against P1 averaged
0.43 � 0.44, and the mean P2rel/P2fail ratio was 0.75 � 0.07. Thus,
in both cases, the experimentally observed mean ratio of 0.97
(n � 33) falls outside 2 SD of these distributions. Conversely, the
experimentally observed slope of 1.13 is within 2 SD of both slope
distributions.

DISCUSSION
It is essential to know whether the failure of a synapse to release
is attributable to the stochastic nature of the release process itself
or to failure to activate the axon/synaptic bouton. A test for
activation failure has been to examine the dependence of release
probability on the release to a preceding stimulus, with the
observation of such dependence signifying activation failure.

Figure 5. Influence of activation failure and multivesicular release on the
release dependence during paired-pulse activation. A, The P2rel /P2fail
ratio is plotted against P1 for two different situations of activation failure.
Open circles represent the release dependence of P2 in a control situation
with no activation failure (i.e., a “probabilistic release”). Pves1 is varied
from 0.1 to 0.9, and the preprimed pool and Pves2 are kept constant at 1.2
and 0.4, respectively (compare Fig. 3C, open circles). Filled circles repre-
sent a situation in which 50% of the trials were associated with an
activation failure (no release is allowed) in response to the first stimulus;
in other words, activation failures occur on top of a probabilistic release.
Pves1 , Pves2 , and pool were the same as in the control situation. Filled
squares represent a situation in which P1 is determined by activation
failures only. In this situation, Pves1 was (per definition) equal to 1, and
Pves2 (used only when there was activation and hence release in response
to stimulus 1) was equal to 0.4. The pool size was 1.2. The dashed line
indicates P2rel /P2fail � 1. B, The effect of allowing multiple release of
vesicles on the P2rel /P2fail ratio. Open symbols represent the control situ-
ation, in which at most one vesicle per stimulus is released. Pves1 is varied
from 0.1 to 0.9 for three different sizes of the preprimed pool (0.6, 1.2, and
3.6 as indicated). Pves2 is kept constant at 0.4. Filled symbols represent the
corresponding results when there is no restriction on the number of
vesicles that can be released per stimulus. The dashed line indicates
P2rel /P2fail � 1.
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However, because of vesicle depletion produced by a preceding
release, release dependence would also be expected to appear in
the absence of activation failure (Kraushaar and Jonas, 2000).
The present simulations demonstrate that release dependence
does not need to occur even if the vesicle pool is very small. The
previously observed overall absence of release dependence at
hippocampal glutamatergic synapses (Stevens and Wang, 1995;
Isaac et al., 1996; Hjelmstad et al., 1997; Hanse and Gustafsson,
2001b) is thus compatible with a small pool of immediately releas-
able vesicles (Hanse and Gustafsson, 2001c). However, the present
simulations also demonstrate that for the individual synapse,
release dependence is not necessarily an indicator of activation
failure. Moreover, the simulations indicate that an examination of
the release dependence in principle can be useful in discriminat-
ing between various models for release site functioning.

When release dependence of P2 was experimentally studied in
the neonatal rat, there was no such dependence when averaged
over all the examined synapses (Hanse and Gustafsson, 2001b).

Conversely, the preprimed pool of vesicles was estimated to
average only approximately one vesicle (Hanse and Gustafsson,
2001c). If such a small pool would be constant between trials, P2

would be very release dependent, being zero whenever release
had occurred in response to the first stimulus. However, in agree-
ment with our analysis of experimental data (Hanse and Gustafs-
son, 2001d), the present simulations were performed using a
binomially distributed trial-to-trial variation of the preprimed
pool. Under these conditions, our simulations indicated little
release dependence of P2 over a range of P1 values. This is
because in a binomially distributed pool, release in response to
the first stimulus will preferentially occur in those trials in which
more vesicles are primed, and vice versa. The number of primed
vesicles remaining for the second stimulus can then be equal
independently of whether or not release occurred in response to
the first stimulus.

Nevertheless, the simulations showed that a small pool leads to
a release dependence when P1 is either small or large, but in
opposite directions. For a population of synapses that covers the
entire range of P1 values, these opposing effects of smaller and
larger P1 values could then approximately cancel each other out,
leading to an overall release independence of P2. Nevertheless,
these simulations suggest that an experimentally observed release
dependence of P2 for an individual synapse does not by itself
implicate activation failure. A larger value of P1 was associated
with a much larger P2 when release occurred in response to the
first stimulus than when it did not. Our simulations indicated that
the Pves1 variation and the trial-to-trial variation in the preprimed
pool explain this dependence on P1. When P1 is large, and thus
Pves1 is large, it is very probable that release occurs whenever the
preprimed pool is greater than zero. This implies that it is very
probable that release failure is associated with an absence of
preprimed vesicles and thus also with release failure in response
to the second stimulus. Conversely, a small P1 is associated with
a small Pves1. Release failure then depends more on the small
Pves1 than on the size of the preprimed pool, and vesicle depletion
will more critically affect P2.

The simulations discussed above were based on the single-
vesicle constraint (see Materials and Methods) and on the as-
sumption of a constant trial-to-trial Pves1. When relaxing these
constraints, the simulations demonstrated a substantial release
dependence, different in character from that discussed above.
Thus, when allowing multivesicular release, there was an overall
release dependence such that the average P2rel/P2fail ratio was
substantially below unity (0.75), and there was little dependence
on P1. Conversely, the simulations using a variable (trial-to-trial)
calcium influx produced an overall release dependence in the
other direction.

In agreement with experimental data (Stevens and Wang, 1995;
Isaac et al., 1996; Hjelmstad et al., 1997; Hanse and Gustafsson,
2001b), the simulations made using our standard release model
displayed little release dependence when averaged over the entire
range of P1 values. This is in contrast to the simulations in which
activation failure or multivesicular release was allowed or in
which release probability was influenced by trial-to-trial fluctua-
tions in Ca2� influx. The experimental data thus suggest that
such factors do not contribute to any large extent to the observed
release of these synapses.

Both the experimental data and the simulated data displayed
P2rel/P2fail ratios that varied positively with P1. The experimen-
tally observed slope was also well within the simulated distribu-
tion of slopes. Simulations using a large pool (3.6 on average)

Figure 6. Comparison between experimentally observed and simulated
release dependence during paired-pulse activation. A, The P2rel /P2fail
ratio is plotted against P1 for experimental (open circles) and simulated
( filled circles) data. Because the experimental data do not include syn-
apses exhibiting the smallest and largest P1 values, simulations were
performed over a slightly smaller range of Pves1 values than used in the
other simulations. The exclusion of those synapses depended on the fact
that under conditions of very small and large P1 values and with a limited
number of trials, the number of release successes and failures, respec-
tively, becomes too small to produce reliable results. Pves1 was varied
between 0.2 and 0.8 (in steps of 0.1), the average preprimed pool was
varied between 0.6 and 1.8 (in steps of 0.3), and Pves2 was kept constant at
0.4 (10,000 trials per measurement). The dashed line indicates release
independence (i.e., a P2rel /P2fail ratio equal to 1). A linear regression line
is shown both for the experimental (dotted line; y � 0.39 � 1.13x; n � 33;
r � 0.43; tn � 2 � 2.65; p � 0.01) and simulated (solid line; y � 0.29 � 1.85x;
n � 35) data. B, Same as A, but the simulated data were generated with
a more experimentally realistic number of trials (100).
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indicated that such pools would not introduce any release depen-
dence except at extreme values of P1. As noted above, a prep-
rimed pool that is constant for every trial also would not produce
a ratio that varies with P1. Moreover, release may be such that at
most one vesicle is ever in a releasable position (Scheuss and
Neher, 2001). However, P2 would not produce a ratio that varies
with the value of P1 in this case either, because a release in
response to the second stimulus would always be independent of
that to the first stimulus. It would thus appear that the experi-
mental data are not consistent with such release models.

Another feature of our release model is the assumption of
equal Pves values for all vesicles within a release site. It has been
suggested, for example, as a possible explanation for strong initial
depression of release (Matveev and Wang, 2000), that one of the
vesicles may have a much greater Pves1 than the others. The
present simulations indicated that even if this Pves heterogeneity
were substantial, such vesicle heterogeneity would not be easily
detected in experimental data. However, the range of P1 values
obtained with such heterogeneity appears to become more
restricted.

Chen et al. (1996) reported P2rel/P2fail ratios of �1 and that
paired-pulse facilitation was observed only when the first stimulus
produced release. This was explained by assuming a large trial-
to-trial variation in Ca2� influx and that only Ca2� influx suffi-
cient to produce release could produce residual Ca2� levels great
enough to initiate facilitation. In the present simulations, a trial-
to-trial variation in Ca2� influx indeed shifted P2rel/P2fail ratios to
�1. Nevertheless, our analysis also suggests an alternative expla-
nation. In the study by Chen et al. (1996), P2fail was similar to P1,
implying that “facilitation” in fact also occurred when there was
failure to the first stimulus. This is because failure trials should be
biased toward smaller preprimed pools. Therefore, P2fail should
be smaller than P1 unless Pves2 is higher than Pves1. A P2rel/P2fail

ratio of �1 could also be a consequence of the trial-to-trial
variation in the preprimed pool at a larger P1, as discussed above.
Dobrunz et al. (1997) also reported P2rel/P2fail ratios of �1. In
contrast to the present simulations and experimental data, these
ratios of �1 were preferentially found in low Pr synapses. A
trial-to-trial fluctuation in Ca2� influx was also favored as an
explanation for these results. However, this explanation would
seem to rely on differences in Pves1 among the synapses as under-
lying the heterogeneity in P1, rather than differences in the vesicle
pool size, as proposed by Dobrunz and Stevens (1997). For exam-
ple, with only a small vesicle pool underlying a low P1 value, the
effect of depletion on P2 would likely outweigh the effect of higher
residual Ca2�.

In conclusion, the present simulations indicate that the release-
dependence test is not useful as a test for activation failure. First,
a large number of trials seem to be necessary to obtain a value for
release dependence of P2 for an individual synapse that by chance
is not overlapping with that produced by some degree of activa-
tion failure. Second, release dependence can be produced by a
number of other factors. Nevertheless, as indicated by the present
analysis, this test may be quite useful for other purposes when
data from a number of individually examined synapses are com-
bined. Previous work has indicated that a release model based on
a small, binomially distributed (trial-to-trial) pool of immediately
releasable and independently acting vesicles can explain release

probability (Hanse and Gustafsson, 2001c) and paired-pulse
(Hanse and Gustafsson, 2001d) behavior of neonatal CA3–CA1
synapses. Without invoking additional complexity in this model,
the present simulations show that the model also accounts for
release dependence within a paired stimulus. It would thus ap-
pear that a rather low level of complexity is needed to explain
much of the release behavior of the neonatal CA1 synapses.
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