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Abstract

Short-term synaptic depression (STD) refers to the progressive decrease in synaptic
efficacy during a spike train. This decrease may be explained in terms of presynaptic and
postsynaptic processes, such as a decrease in the probability of transmitter release, and
postsynaptic receptor desensitization. STD may be very strong, and is release-dependent in
neocortical pyramid-pyramid synapses. Using a stochastic synapse model, we suggest that
the main source of depression in these synapses is the step of vesicle priming, w while vesicle
depletion and postsynaptic receptor desensitization are proposed to play a lesser role. Our
results suggest that vesicle priming may explain not only the release-dependent nature of
STD, but also the observation that an average of about one vesicle per active zone is
released in central synapses, without positing forced univesicular release. We propose that
the latter phenomenon 1s due to a low priming probability. Our results also explain the
effect of paired pre- and postsynaptic activity on STD. In neocortical pyramid-pyramid
synapses pairing induces a form of long-term potentiation that has been described as a
redistribution of synaptic efficacy (RSE). We propose that RSE is due to a pairing-induced
mcrease in the pmbdbﬂzty that a primed vesicle will undergo release in response to a
presynaptic action potenu al. This Increase may be due to an muedscd Ca™ influx through
voltage-gated Ca™ channels, or to an increased sensitivity of primed vesicles to this influx.
The 1esu1ts were obtained by constraining the model with experimentally observed levels of
rejease probability and other synaptic variables.

Key Words: Shori-term  depression, LTP, vesicle depletion, postsynaptic receptor
desensitization, vesicle priming, univesicular release, multivesicular release, cortical
pyramidal neurons, redistribution of synaptic efficacy.



Activity-dependent plasticity of chemical synapses is considered to be one of the main
mechanisms by which the nervous system processes information and adapts itself to the
environment. Understanding the rules that govern the mechanisms of synaptic plasticity is
therefore expected to provide clues about the implementation of learning and memory
within the nervous system. The present study aims at identifying and describing the
synaptic mechanisms that underlie two widely studied forms of plasticity: short-term
synaptic depression (STD) and long-term potentiation (LTP). The analysis that is presented
is based on the data collected from single synaptic connections between tufted layer 5
pyramidal neurons (TL5 neurons) (Markram and Tsodyks, 1996; Tsodyks and Markram,
1997).

STD and LTP have been studied extensively in the past six decades in a wide
variety of synapses and experimental conditions (Feng, 1941; Liley and North, 1953, Bliss
and Lpmo, 1973; Stevens and Wang, 1994; Stevens and Tsujimoto, 1995; Markram and
Tsodyks, 1996; Tsodyks and Markram, 1997; Markram et al., 1998; Buonomano, 1999).
It is known that potentiation (long-term or post-tetanic) affects the properties of STD i1n
some synapses, including the pyramid-pyramid synapses in the neocortex (Strém, 1951;
Liley and North, 1953, Eccles, 1957, Markram and Tsodyks, 1996; Tsodyks and
Markram, 1997, Buconomano, 1999). Thus understanding the mechanisms that underlie
STD may shed light on how TP is expressed in these synapses.

STD may be due to several different synaptic mechanisms including the depletion of
the vesicle pools (Liley and North, 1953; Stevens and Tsujimoto, 1995; Dobrunz and
Stevens, 1997), postsynaptic receptor desensitization (Trussell and Fischbach, 1989;
Colquhoun et al., 1992; Trussell et al., 1993; Jonas et al., 1994; Raman and Trussell,
1995; Jones and Westbrook, 1996; Otis et al. 1996; Angulo et al, 1997; Markram, 1997),
calcium-induced inactivation of release machimery (Hsu et al., 1996; Bellingham and
Walmsley, 1999), presynaptic inhibition through metabotropic glutamate receptors
(mGluRs) (von Gersdorff et al., 1997), desensitization of presynaptic Ca™ channels (Klein
et al., 1980; Fox et al.,, 1987; Lemos and Nowycky, 1989; Cox and Dunlap, 1994;
Forsythe et al., 1998; Paiil et al., 1998; Wu et al., 1998}, and the priming of vesicles for
release (Bittner and Holz, 1992; von Riiden and Neher, 1993; Neher and Zucker, 1993;
Chow et al., 1994, Heinemann et al., 1994, Stidhof, 1995).

These mechanisms contribute to STD to different extents depending on the
particular synapse and the experimental conditions that are being used. In the present study,
the mechanisms that may significantly contribuic to plasticity in TL5-TL5 synapses are
identified first. Then, mathematical models are proposed for these mechanisms, which are
ultimately combined to propose a stochastic synapse model. The model is then used to
simulate STD data collected from TLS-TL5 synapses. Since data are available from these
synapses both before and after the induction of L'TP, the change in the model parameters
may be used to determine the possible foci of synaptic plasticity involved in the expression
of LTP.

MATERIALS AND METHODS

The Target Data. Markram and Tsodyks (1996) characterized STD in depressing
excitatory synapses between tufted pyramidal neurons in somatosensory corlical layer 5 of
the rat (named TLS neurons in Markram, 1997). Their results are illustrated in Figure 1.

In this experiment they induced a presynaptic TLS5 neuron to fire an action potential
(AP) by injecting a 2 nA, 5 ms current pulse into its soma. They administered seven such
injections spaced 43.48 ms apart (23 Hz) i each stimulus sweep. A new sweep was
started every 5 s. The postsynaptic membrane potential trace (Post Vm) before pairing
reflects the average of 58 sweeps and the one after pairing reflects the average of 59 sweeps
in the same synaptic connection (Figure 1a). Resting membrane potential levels were -62+2
mV.
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Figure 1. Short-term depression, and the effects of Hebbian pairing in cortical synapses. {a} Average
membrane potential traces before (58 traces) and 20 min after pairing (59 vaces). (b) EPSP amplitudes in (a)
measured from the onset to the peak of an EPSP. STD manifests itself as a quick decrease in EPSP
amplitude during stimulation. After pairing, the initial EPSP amplitude and the decay rate are larger, the
ampiitudes of the transition EPSPs are smaller, and no change is observed in the plateau EPSP amplitudes
(EPSP, .. Firing rate = 23 Hz. (¢) Pairing-induced changes at two different concentrations of extracellutar
Ca®. No change is observed in EPSP,,, in either concentration fevel. (From Markram and Tsodyks, 1996)

The pairing method consisted of injecting sustained current pulses of 200 ms
duration into visually identified individual presynaptic and postsynaptic TLS neurons. The
current intensity was adjusted to evoke 4-8 spikes and the cumrent pulse in the postsynaptic
neuron was delayed (1-5 ms) to ensure that the postsynaptic neuron discharged after onset
of synaptic input. No attempt was made to control subsequent spikes. The procedure was
repeated 30 times every 20 s,

The effect of paired-activity on EPSP amplitudes is illustrated in Figure 1b, where
the EPSP amplitudes measured from Figure la are plotted. EPSP amplitudes were
measured from the voltage immediately before the onset of the EPSP to the peak of the
EPSP. Markram and Tsodyks (19906) described the effect of pairing as a redistribution of
synaptic efficacy (RSE), which refers to the phenomenon that Hebbian pairing increases
the average EPSP amplitude at the onset of a train, while the average amplitude of
subsequent EPSPs may be increased, decreased or unaffected, indicating a redistribution of
the synaptic efficacy in time (Figure 1b). They made the foliowing observations about the
results of the experiments.

‘The potentiation of the first response (Figure 1b) cammot be explained in terms of an
increased absolule synaptic efficacy, since pairing did not affect the putative stationary
EPSP amplitudes (see responses 6-7 in Figure 1b). Here the term absolute synapiic
efficacy means the maximum amplitude of the postsynaptic response that can be elicited by
an AP. It may be interpreted as a multiplicative synaptic gain, or weight.

The probability that an AP will fail to induce transmitter release (failure rate) decreased after
pairing. Pairing decreased the failure rate from 21+5.4% (before pairing) to 5£1.8% (after
pairing) in low extracellular Ca** concentration (1.5 mM [Ca®']), and from 2.922.17% to
(.33+£0.25% in high [Caz*f]c (2 mM). Thus, pairing increased the release probability.
Pairing increased the rate of depression, and did not affect the rate of recovery from
depression. Recovery time constant was 1,135+34 ms before pairing and 1,13351 ms
after pairing (11 synaptic connections).



The pairing-induced increase in the rate of STD was not caused by indirect effects of

polysynaptic transmission as depression was not affected by the blockade of y-amino
butyric actd (GABA) receptors with picrotoxin (GABA-A) and saclofen (GABA-B).
The pairing-induced increase in the rate of STD was not caused by a change in
metabotropic glutamate receptors (mGluRs) as depression was not affected by the blockade
of mGluRs with 2-amino-35-phosphonopropionic acid.
Synaptic depression was not affected when postsynaptic voltage-activated channels were
blocked after repatching and loading neurons with the lidocaine derivative, N-ethylbromide
quaternary salt.
The fact that Hebbian pairing does not affect the stationary EPSP amplitudes (Figure 1b-c)
indicates that the effect of pairing on these EPSPs can not be explained in terms of the
recruitment or potentiation of postsynaptic receptors or unmasking of silent synapses in
TL5-TLS synapses.
The most likely mechanism for increased use of the existing synaptic efficacy is an increase
in the probability of transmitter release after pairing.
RSE should be distinguished from unqualified potentiation or depression of synaptic
efficacy, which imply a change in the gain of synaptic signals transmitted and which would
be produced by mechanisms such as postsynaptic changes or by adding or removing
synapses to or from the connection.

The present study proposes a stochastic synapse model that explains the properties
of STD and L'TP in these data while remaining consistent with the above observations. The
model components are discussed next.

Depletion of the Releasable Vesicle Pool. Depletion of the vesicle pools has
been used to explain STD in earlier studies (Liley and North, 1953; Grossberg, 1969; Betz,
1970; Zucker, 1989). According to these models, presynaptic stimulation results in vesicie
exocytosis, which temporarily diminishes the number of vesicles in the releasable pool.
This results in a decrease in the average number of vesicles released per presynaptic AP and
hence a decrease in the average amplitude of the elicited postsynaptic response. Thus
vesicle depletion contributes to STD. The releasable pool is refilled as vesicles migrate from
the reserve pool to the releasable pool. This enables the releasable pool to be refilled during
rvest and therefore recovery from STD.

Anatomical evidence indeed shows that synapses do not contain a single
homogenecous pool of vesicles. Two distinet pools of vesicles can be distinguished based
on the presence of the protein synapsin (Greengard et al., 1993; Li et al., 1995, Pieribone
et al., 1995; Shupliakov ¢t al., 1996; Brodin et al., 1997). A two or three layer thick pool
of vesicles adjacent to the active zone is devoid of synapsins (releasable pool), and a much
larger distal pool of vesicles, continuous with the former pool, contains synapsins (reserve
pool). The recovery from depression occurs with different time constants depending on the
extent to which the pools are depleted (Liu and Tsien, 1995; Stevens and Tsujimoto,
19953,

In the experiments that are simulated here (Figure 1), test stimulations are not
prolonged or intense enocugh to substantially deplete the reserve pool and the measured
recovery lime constants are assumed (o reflect the time constant of the refilling of the
releasable pool. The rate of refilling of the relcasable pool is expected to be fast in the
conditions under study. In studying the effects of cyclothiazide (CTZ) on STD, Markram
(1997) observed that the recovery from STD occurred with a time constant of less than
about 200 ms in TL35-TL5 synapses. CTZ is known to prevent the desensitization of
postsynaptic  o-amino-3-hydroxy-5-methyl-4-isoxazolepropionate  (AMPA)  receptors
(AMPARs), and also has some presynapiic effects (Diamond and Jahr, 1995; Bellingham
and Walmsley, 1999), but does not speed up the refilling of the releasable vesicle pool
(Bellingham and Walmsley, 1999). Thus, the present study assumes that the arrival of a



vesicle at an empty release site may be modeled as a Poisson process with rate 200 ms in
the target experiments.

The model of the depletion of the releasable vesicle pool is a modified form of the
Katz model of transmitter release (Katz, 1969). The Katz model was originally proposed
for the neuromuscular junction. According to a summary provided by Stevens (1993), in
this mode! the neurotransmitter is released in discrete quantities of fixed size, called quanta,
which are generally identified as the synaptic vesicles. When a nerve impulse arrives at a
presynaptic terminal, calcium influx through voltage-gated calcium channels causes some
vesicles 1o fuse with the axon terminal’s surface membrane at special release sites called
active zones and to release their contents into the synaptic cleft. Each active zone can release
either zero or one gquantum, and a neuromuscular junction has hundreds of active zones.
Each quantum is released probabilistically and independently from the others, so that the
number of released quanta, and hence the size of the response produced by the transmitter
binding to postsynaptic receptors vary at random.

The Katz theory may be applied to central synapses after some modifications. The
excitatory postsynaptic curzent (EPSC) amplitude elicited per excited active zone is variable
in some central synapses. This variability may be due to the variability in such factors as
the amount of transmitter released per vesicle, the relative positioning of the released vesicle
and the postsynaptic receptors, and the occurence of mutivesicular release (Liu et al.,
1999). It was proposed that the amount of transmitter that is released per active zone is
variable even in the neuromuscular junction, despite the quantum hypothesis of the Katz
theory (Kriebel and Gross, 1974; Wemig and Surner, 1977). This variability was thought
to arise from the release of more than one vesicles per active zone in the neuromuscular
junction. Although the evidence for multivesicular release from the neuromuscular junction
active zones is not strong (Magleby and Miller, 1981}, this may be the mechanism that
gives rise to the varability in the EPSC amplitude elicited per active zone in central
synapses (Stevens, 1993). Recent evidence suggests that multivesicular release occurs in
some central synapses, including the TL5-TL5 synapses (Auger et al., 1998). Thus, in this
study, the Katz model is modified to allow for the release of more than one vesicle from a
given active zone.

Accordingly, the present model implements the depletion of the releasable vesicle
pool as follows. Each active zone is assumed 1o contain N release sites where a vesicie may
be released. These release sites may correspond to the sites at which vesicles are
morphologically docked in an active zone. In this study N is assumed to range from 1 to
25, similar to the number of docked vesicles observed in some hippocampal synapses
{Schikorski and Stevens, 1997). Serial electron microscopic analysis suggests that a similar
number of docked vesicles may be found in TL5-TL5 synapses (Markram et al., 1997). If
the release is multivesicular, each of these sites may release a vesicle in response to a
presynaptic AP, which for simplicity we assume is independent from the other sites. The
release is probabilistic, in that il a vesicle is present at a release site at the time of an AP, it
is released with the exocytotic probability O<u<l. u may vary during stimulation due to the
priming of the vesicles. If the release is univesicular, then some vesicles are determined for
release just like in the multivesicular mode, but only one of them is selected at random and
released, while the release of the others is prevented for that round according to a winner-
take-all scheme (Schikorski and Stevens, 1997). A site that is emptied by release refills a
vesicle according to a Poisson process. The time constant of this process is assumed to be
no farger than 200 ms during brief stimuiations as in Figure 1.

A single synaptic connection between two TLS5 neurons consists of 4 to § synaptic
contacts (Markram et al., 1997). This number is denoted by the parameter C in the model.
It is assumed that most of these contacts contain a single active zone (Markram et al.,
1997). This is also consistent with the observation (Liu et al., 1999) that the great majority
of synaptic boutons in hippocampal neurons also contain only one active zone, with
estimates of the proportion ranging from 09% (Schikorski and Stevens, 1997) o 97%
(Forti et al., 1997).



The values of the parameters C, N, and 1 may be constrained by the experimentally
observed release probability of the synaptic connection where this information 15 available.
For the data in Figure 1 information is available for the release probability at the first AP,
both before and after pairing. The release probability from the synaptic connection at the
first AP 1s given by the following equation:

Pr=1-(1-u)". (1)
Here it is assumed that a vesicle is present at each release site at the first AP, as the synapse
has fully recovered from STD at the beginning of cach test stimulation. The number C of
synaptic contacts per connection 18 important in determining the exocytotic probability and
hence the extent of the depletion of the releasable vesicle pool during stimulation. Markram
and Tsodyks (1996} reported that the release probability was 97.4:12.17% before pairing,

and 99.67£0.25% after pairing in Figure 1 (2 mM [Ca™],). Using Equation 1, the model
parameters are constrained to yield a release probability in these ranges during the search
for the optimal parameters that explain the data in Figure [,

During simulations, the status of each release site is monitored individually. At the
time of each AP, whether a vesicle is present at a site is determined. If a vesicle 1s not
present, the site is refilled before the next AP with probability 1-c=1-exp(-At/0.2). Here At
is the interspike interval, and 0.2 s is the Poisson rate of refilling mentioned above. If a
vesicle 18 available, then it is selected for release with probability u. In multivesicular
release mode all the selected vesicles are released. In univesicular release mode one of the
selected vesicles is chosen at random and released, while the release of all the others 1s
prevented for that round in that active zone. Although release sites in an active zone thereby
interact in univesicular release, there is no interaction across synaplic contacts. Each
synaptic contact behaves independent from the other contacts in both release modes.

Different sites in an active zone or in different contacts may have different
exocytotic probabilities at a given time. The exocytotic probability of each release site is
therefore monitored mdividually during simulations. Thus, the exocytotic probability of the
release site “r” in contact “¢” at the time of the n™ AP is denoted by the variable u, . A
schema representing the steps in the depletion and refilling of a given release site in
multivesicular mode 1s shown in Figure 2. In univesicular mode the exocytotic probability
may be smaller than u, . due to the interaction between the sites selected for release.

The presynaptic transmitter output decreases during stimulation due to the depletion
of the releasable vesicle pool. This affects the synaptic transmission to different extents
depending on whether multivesicular rtelease occurs and postsynaptic receptors are
safurated by the transmitier content of a single vesicle. These issues are discussed next.

present o absent

®_.
o L

EX0CYytos1s
Figure 2. Depletion and refilling of a release site. The release site is in one of two states when an AP
arrives: vesicle present or vesicle absent. Thick arrows represent instantaneous transitions induced by the
AP. Thin arrows represent transitions that occur between APs. Shown next to cach arrow is the associated
transition probability. o=exp{(-A#0.2), where A is the mterspike interval and 0.2 sis the tune constant of
refilling of the release site. In univesicular relezse mode, the occurrence of exocylosis also depends on
whether ancther release site in the same aclive zone has already started exocytosis. This interaction between
release sites is not shown here, but is implemented in simulations as a winner-take-al! procedure
(Schikorski and Stevens, 1997). A site that is not permitted to release remains in the “vesicle present” state.



Saturation of Postsynaptic Receptors and Multivesicular Release.  The
release of further transmitter does not elicit significant incremental postsynaptic effects once
postsynaptic receptors arc saturated. The amount of transmitter that is sufficient for
saturation is therefore a crucial parameter that determines the dynamic range of postsynaptic
responsiveness {o released transmitter.

The saturating amount of transmitter may be more or less than the transmitter
content of a single vesicle. In large synapses, such as the calyceal synapses, the contents of
single vesicles may not be sufficient for saturation (Trussell et al., 1993). In small
synapses, such as hippocampal synapses, conflicting experimental results have been
obtained about whether the transmitter content of a single vesicle can saturate postsynaptic
receptors (Jonas et al., 1993; Tong and Jahr, 1994; Liu et al., 1999).

Theoretical approaches making use of AMPAR kinetics, and studies involving the
application of short pulses of glutamale to out-side-out-patches suggested that the release of
a single vesicle in central synapses may resuit in the occupation of at least 80% of
postsynaptic AMPARs (Jonas et al., 1993; Tong and Jahr, 1994). These results suggested
that doubling the transmitter concentration, as might occur in the synaptic cieft if two
vesicles were released simultaneously, would have only a small effect on the peak
amplitude of the current (Tong and Jahr, 1994).

A recent study by Liu et al. (1999) approached the problem with two different
experimental strategies: One approach compared miniature EPSCs (mEPSCs) to currents
evoked by localized application of glutamate at putative individual postsynaptic sites. The
other strategy relicd on molecular antagonism with a rapidly dissociating blocker of AMPA
receptors. Their results suggested that giutamate receptors in hippocampal synapses are
generally far from saturation during quantal transmission and that the variations in cleft
concentration of glutamate may be the main cause of variability in EPSC size. The results
of Liu et al. (1999) showed that quantal release is indeed not sufficient to saturate
postsynaplic receptors in hippocampal synapses. As for the variability in EPSC amplitude,
they pointed out that it may be due to such causes as the variability of the amount of
transmitler released per vesicle, the variability in the relative positioning of the released
vesicle and the postsynaptic receptors, and the occurrence of multivesicular release.

They also discussed the effectiveness of using kinetic models of AMPARs to reach
conclusions about receptor occupancy. They noted that the models proposed so far may not
have had adequatc complexity to model AMPAR kinetics appropriately. Also, they
emphasized the fact that the cleft concentration of glutamate may decay very fast after
refease due to lateral diffusion and binding to abundant glutamate transporters. This
observation suggests that the fast glutamate application used by Tong and Jahr (1994), that
maintained a glutamate concentration of I mM from a practically infinite reservoir for a
period of 0.9 ms, might have constituted a stimulus that is much stronger than the release
of a single vesicle. In other words, their glutamate pulse, which resulted in at least 80%
receptor occupancy, might have been stronger than the transient increase in cleft
concentration of glutamate that is due to the release of a single vesicle. Based on these
results, the release of a single vesicle will not necessarily elicit a maximal postsynaptic
activation in the stochastic model that is proposed here.

Thie non-saturation of postsynaptic receptors by the fransmitter conient of a single
vesicle in a synapse is independent from whether multivesicular release occurs in that
synapse. The existence of multivesicular release must be independently shown. Tong and
Jahr (1994} provided evidence for the existence of multivesicular release in culfured
hippocampal neurons using the competitive interaction between glutamate and N-methyl-D-
aspartate (NMDA) receptor (NMDAR) antagonists. Multivesicular release was also shown
to occur in inhibitory synapses that couple cerebellar inhibitory interneurons (stellate and
basket cells) (Auger et al., 1998). Auger et al. (1998) stimulated single synapses with a
single release site (active zone). They observed that the inhibitory postsynaptic current
(IPSC) amplitude sometimes had a bimodal distribution, indicating that iwo or more



vesicles could sometimes be released per AP from the same active zone. Taking receptor
occupancy into consideration, they proposed that the amplitude of an IPSC that would be
elicited in response to the release of j vesicies would be given by:

=41+ (- 0)+(1-0) +..+(1-0)")

INZ PRV,
=1, 1-(-w) @)
ax
where I, is the IPSC amplitude, f is the number of vesicles that are released from the active

zone, and O0<w=1 is the receptor occupancy parameter.
Typical values of @ for TL5-TL5 synapses are not known. Auger et al. (1998)
estimated the value of @ to be around 0.7 in synapses between cerebellar inhibitory

interneurons. Similarly, @ is expected to be around 0.5 to 0.7 in excitatory synapses
between hippocampal neurons in culture (Guosong Liu, personal communication, October

22, 2000). In the model, an intermediate value of 0.6 is used for w.

Desensitization of Postsynaptic AMPARs. Postsynaptic  glutamate  receptors
desensitize after exposure to glutamate and its agonists. Although both NMDA and AMPA
receptors desensitize, NMDAR cuwrent is much smaller than that of AMPAR curtent at
membrane potentials around —60 mV (Tong et al., 1995; Markram, 1997, Markram et al.,
1997), which means that the postsynaptic component of STD is equivalent to AMPAR
desensitization if the membrane potential fluctuates around —-60 mV during STD. In the
experiments associated with Figure 1 the membrane potential satisfied this condition
(Markram and Tsodyks, 1996}. It was shown that under similar conditions 95% of the
EPSP amplitude was due to AMPAR current, while the rest was due to NMDAR current
(Markram et al., 1997). Therefore, only the desensitization propertics of AMPARs will be
discussed in this article.

AMPAR desensitization contributes (0 STD to different extents in different synapse
types. Evidence from some brainstem and hippocampal synapses shows that the time
constant of recovery from AMPAR desensitization is fast in these synapses (19 ms-Trussell
et al., 1993; 48-58 ms-Colquhoun et al., 1992). Such small recovery time constan{s may
suggest that AMPAR desensitization recovers to a large extent within one interspike interval
at 23 Hz, which is the stimulation frequency i Figure 1. However, recovery f{rom
AMPAR desensitization occurs much slower in some other synapses, including the layer 5
pyramidal neurons. In these neurons, Jonas et al. (1994) measured that AMPAR current
indeced by a brief glutamate pulse recovers from desensitization according to a double-
exponential process with a slow time constant of 767 ms. The magnitude D(f) of the
desensitization in units of the maximal response amplitude was given by:

! r

D(t)=Ae * +Ae 7, ®)

where A,=0.18, A,=0.3, 7,=56 ms, and 7,=767 ms. Immediately after the first glutamate
pulse, the amplitude of the response to a second pulse is only a fraction 1-D(0)=1-A,-A, of
the amplitude of the response to the first pulse. The amplitude of the second response
recovers according to Equation 3 as the interpulse interval ¢ increases. This equation forms
the basis of postsynaptic AMPAR desensitization in the present model.
The kinetics of desensitization and resensitization of AMPARs in layer 5 cortical
pyramidal neurons can be described by the following equations:
S(t)=1-x(r) - (1), )
KaiU) x—@JrA,S(r)R(r-t”), )
dr T,



H) M+ AS(OR(-1,). ©)
dt T,
Here S(7) represents the fraction of sensitive postsynaptic receptors while x(z) and y(r)
represent the fast and slow components of desensilization, respectively. The function
R(t-t) is a Dirac’s delta function &(-z,) with a variable amplitude, and is triggered by
release at the time 7, of the n™ AP in a test train:

R(r-1,)= [1 ~(l-w)™ }5(1 —t,). (7
The amplitude of R(#) is determined by the number of vesicles that are released per active

zone (Bquation 2). Here w represents the receptor occupancy, and 1, represents the number
of vesicles that are released in response to the n™ AP,

As mentioned carlier, each synaptic contact acts independent of the other contacts in
the model. Thus, the postsynaptic sensitivity level of each contact 1s monitored individually
during the simulations. The postsynaptic sensitivity level is important in the calculation of
the EPSP amplitude. Therefore only the value of the S(r) at the time of an AP is used
during computations. These values may be computed using difference equations instead of
the differential Equations 4-6. These differential equations can be converted into the
following difference equations:

SPLC - 1 . xﬂ.{.‘ - yu,c? (8)
Ar
X *—( o HAS R, ) K )
Al
ym—l I = ()’,, ¢ + A Sn < Rn ¢ ) i s (10)
R,.=1-(1-w)™ (11)
M = ih‘,w_ i (12)
) 3 Jl if site r of cog;ct ¢ releases at the n™ AP, (13)

e 10 otherwise.

Here Af represents the interspike interval, which can be variable in srregular spike trains.
The variable H, .Te resents a binary flag that is 1 1f the site r n contact ¢ releases a vesicle
in response to the n® AP, and is 0 0LhelW1sc This discretization leads to a tractable set of
difference equations that are used m the search for the optimal model parameters.

Inactivation of Release Machinery and Vesicle Priming. Secveral processes
intervene between the arrival of a vesicle to a release site and its release in response to an
AP. This additional depression may be due to several processes that are downstream of the
arrival of a vesicle to a release site. These processes include the docking of the vesicles,
their being primed for release, and the operation of the release machinery that mediates
vesicle fusion. Docking and priming consist of the formation of protein complexes that
bind the vesicle to the presynaptic membrane in a manner that enables the dynamics of the
protein complex to actuate the fusion of the vesicular and presynaptic membranes upon
receipt of the exocytotic signal. This signal is the Ca*" influx through presynaptic voltage-
gated Ca® channels that are opened by a presynaptic AP (St’)l}ner et al., 1993a, 1993b;
Rothman, 1994, Scheller, 1995, Stidhof, 1995; Benfenati et al., 1999). :

1t is commonly thought that an unprimed vesicle, namely a vesicie that is not bound
to the presynaptic membrane by the appropriate protein complex (release machinery), may
not be released in response to an AP, Part of this release machinery are one or more Ca*'-
sensing proteins that enable the release machinery to sense the presence of the exocytotic
signal. The protein synaptotagmin is believed to be a major Ca* sensor of the release
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machinery (Sollner et al., 1993a, 1993b; Schelier, 1995; Stidhof, 1995; Shao et al., 1997,
Geppert and Siidhof, 1998), although evidence suggests that it is not the only Ca** sensor
(Scheller, 1995; Benfenati et al., 1999; Elhamdani et al., 1999; Turner et al., 1999).

The competence of a vesicle for release is dependent on the formation of the release
machinery complex and the sensitivity of that machinery to the exocytotic signal. It is
conceivable that the disruption of all or part of the release machinery, or the inactivation of
its Ca*" sensors would result in the failure of the release machinery to mediate exocytosis in
response (o a presynaptic AP. In both cases, some aspect of the release machinery becomes
temporarily inoperable due to some perturbation, and then it recovers with a finite rate. The
affected aspect of the release machinery may be the very constitution of the protein
complex, or the sensitivity of its Ca**-sensing protein. The }gcrtu;‘bation may be the release
of a vesicle (release-dependent case) or the presynaptic Ca™ infiux that may or may not
result in release (release-independent case).

Inactivation of release machinery (IRM) was first described by Hsu et al. (1996)
who also proposed a model for the state transitions of a putative Ca** sensor of the release
machinery. A version of this model was used by Matveev and Wang (2000) in their
synapse model (MW model) to explain the strong cortical STD observed in Figure 1.
However, this explanation is not without some difficuities. First, IRM is proposed as a
release-independent depression mechanism (Matveev and Wang, 2000). Namely, the
presynaptic Ca™ influx caused by an AP is thought to induce TRM even if no vesicle is
released from the presynaptic terminal. It is known, however, that STD is release-
dependent in pyramid-pyramid synapses in the neocortex {Thomson and Bannister, 1999).
Second, recovery from IRM may occur too fast to explain the observed STD. In the
experiments of Bellingham and Walmsley (1999), the process that was proposed to be the
IRM recovered with a time constant of about 10 ms. These results suggest that IRM may
not be the appropriate process to explain the strong STD observed in the target data.

While recovery from IRM may proceed too fast, vesicle priming, which is a
process that proceeds with a much slower time constant, may be more appropriate in
explaining the strong STD. Several biochemical processes intervene between the arrival of
a vesicle to a release site and the exocytosis of that vesicle from that release site in response
to an AP. These processes mediate the docking and priming of vesicles for release. It is
commonly thought that a vesicle that arrives at a release site 1s first docked and then primed
for fusion (Sollner, 1993a, 1993b; Rothman, 1994; Siidhof, 1995; Benfenati et al., 1999).
Of these two steps, docking proceeds faster, and is not a rate-limiting step during high-
frequency stimulation (Siidhof, 1995). Evidence suggests that priming cccurs with a time
constant on the order of a second (Chow et al., 1994; Heinemann et al., 1994),

The biochemical processes underlying docking and priming consist of the formation
of a protein complex that binds the vesicular membrane to the presynaptic membrane. This
complex includes SNAP receptor (SNARE) proteins that are attached to the vesicular
membrane (v-SNARE) and the target presynaptic membrane (t--SNARE) (Sétner et al.,
1993a, 1993b). Soluble NSF attachment proteins (SNAPs) ase proteins that enable the N-
ethylmaleimide-sensitive factor (NSF) to bind to the SNAREs. It was originally proposed
that the v- and t-SNAREs formed a stable complex that attached the vesicle to the
presynaptic membrane, and that the disruption of the SNARE complex resulted in the
fusion of the vesicular and presynaptic membranes. The profein synaptotagmin was
proposed 1o prevent this disruption in the absence of the exocytotic signal (Ca®?). In
response 1o the Ca™ influx induced by the presynaptic AP, synaptotagmin would undergo a
conformational change, and 0-SNAP, which competes with synaptotagmin for its binding
site on the SNARE complex, would replace the transformed synaptotagmin. Bound to the

SNAREs, t-SNAP would then enable NSF to bind to the complex. In the presence of
ATP, the binding of NSF has been proposed to disrupt the SNARE complex. This
disruption was thought to energize the exocyiotic fusion {Sollner et al., 1993a, 1993b;
Rothman, 1994).
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Recent results suggested that the above scheme may not be entirely correct. It is
shown that the attachment of NSF to the SNARE complex occurs before fusion, during an
ATP-dependent reversible step called priming, which follows docking but precedes Cd
dependent fusion (Banerjee et al., 1996; Otto et al., 1997, Uncrermann et al., 1998; He et
al., 1999; Xu et al., 1999). Also, severai other types of proteins have been discovered that
have tmportant roles in mediating exocytosis that are not accounted for by the above
SNARE hypothesis (Stidhof, 1995; Geppert et al., 1997, Benfenati et al., 1999; Jahn and
Stdhof, 1999; Lin and Scheller, 2000). In short, the individual steps of the biochemical
processes that mediate docking, priming, and fusion of synaptic vesicles are yet to be
completely 1dentified. It i1s already known, however, that these protein interactions
constitute a significant site of synaptic plasticity (Sollner, 1993a; Castillo et al., 1997,
Doussau, 1998; Geppert and Stidhof 1998; Tumer et al., 1999; Lin and Scheller, 2000).

The fact that the vesicles need to be primed for fusion, and that this process
proceeds with a time constant of the order of a few seconds after a vesicle arrives at the
active zone, suggests thal priming constitutes a refractory process downstream of the
arrival of a vesicle at the active zone. Priming can be modeled as a two-state Markov
process whereby a vesicle that has amrived at a release site is primed with a forward rate of
1/7" and unprimed with a reverse rate of 1/7 (Neher and Zucker, 1993; Heinemann et al.,
1994; Banerjee, 1996; Xu et al., 1999; Matveev and Wang, 2000). Assuming that a vesicle
arrives at a release site at time /=0, we have the following expression for the probability that
it is in the primed state at time 120:

- !
T o= - :

P,urr’med(r) = m l —€ = ﬂ:[l - Yl’ (14)
where =17Nr+1"), m=T/(T+7"), and y=exp(-#/7). Note that P, (0)=0 since it is
assumed that a newly arrived vesicle may not undergo fusion mmmediately and needs
priming. This view of the mechanism of priming appears widely adopted, but some
evidence suggests that at least some parts of the priming process may be completed even
before dockmcf (Ungermann et al,, 1998; Lin and Schcllcr 2000). At steady-state,
]) )rlmc‘d
J In the case when a release sile releases a vesicle at time =0, the probability of
finding a primed vesicle at that site at time /20 is given by:

mencd(t) =T ] —0 = d (,}/ - Of) = %G, (15)
T—T

refitl

where C=exp(-1/1,,,), and 7,,,=0.2 s is the Poisson rate of the arrival of a vesicie to the
site, i.e. refilling rate. The expression in Equation 15 is the solution of the integral

X

1
Cquaﬁon Qprfmcn‘ (I) = J.U—-l——‘Pprmim’ (’ - A’) ol fbv where Pmmed(z_x) 1s used from Equation
refill

14. This integral represents the sumnmation of all probabilities of finding a primed vesicle at
time rzx20 given the fact that a vesicle arrived at the site at time x=0.

If a vesicle is found at the primed state at time 7=0, and that vesicle is not released at
time =0, then the probability that the vesicle 1s 1n primed state at time 720 1s given by:

]F[Jrf'nwd(z) = y + E[I - .}/] = (I)3 (16)

which is computed as Bquation 14, with the additional fact that T, (0)=1, as learned
from the observation of the priming state of the vesicle at #=0. Fmdily, if an existing vesicle
is found at the unprimed state at time =0, then the probability that the vesicle is in primed
state at time 720 is given by Equation 14.

Different assumptions may be made about the role of priming in release. Here, a
model that 1s based on the following assumptions is described.
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In multivesicular mode:
If a vesicle is in primed state at the time of an AP, then it is selected with probability

O<e<l for release, and all of the selected vesicles are released.
In univesicular mode:
If a vesicle is in primed state at the time of an AP, then it is selected with probability

O<e<l for release, and one of the selected vesicles 1s chosen at random and is
released. The others are not released for that round. The selected vesicles have
equal probability of being chosen for release.

The above model of vesicle priming may be coupled with the models of depletion of the
releasable vesicle pool, and AMPAR desensitization, to explain the target data. Before
discussing an approximate model that captures the average behavior of the stochastic
model, the next section discusses some other synaptic mechanisms that are known to
contribute to STD, but that were not significant in the target experiments.

Other Synaptic Processes. In this section, two more presynaplic processes are
introduced that have been shown to contribute to STD under certain circumstances and in
some preparations: inthibition of transmitter release via presynaptic metabotropic glutamate
receptors (mGluRs), and inactivation of presynaptic Ca®™ channels that mediate the AP-
induced Ca*" influx to the presynaptic terminal.

von Gersdorff et al. (1997) showed that the contribution of presynaptic mGluRs to
synaptic depression is less than 10% in the frequency range from 5 Hz to 10 Hz in Calyx
of Held synapses in the rat brainstem (21-25 °C). They also noted that this contribution
would be even smaller at physiological temperatures, since glutamate uptake is faster. Malki
et al. (1995) found that in cultured hippocampal neurons, the frequency-dependent
depression of excitatory synaptic transmission is independent of activation of presynaptic
mGluRs that are sensitive to (RS)-¢-methyl-4-carboxyphenylglycine. Similarly, Silver et
al. (1998) found that mGluRs do not affect STD in the synapses that climbing fibres make
on Purkinje cells. Consistent with these results, as indicated above (observation #5),
Markram and Tsodyks (1996} reported that STD was not affected by the blockade of
mGluRs with 2-amino-5-phosphonopropionic acid. Therefore, presynaptic inhibition by
mGluRs is not modeled in this study.

Any decrease in presynaptic Ca*' current has a direct effect on transmitter release.
However, a significant decrease in this current may necessitate several episodes of
prolonged presynaptic depolanzation (Klein et al., 1980), which could be achieved by
several bursts of high frequency spike trains consisting of fens of spikes. Decrease in
presynaptic Ca® influx due to inactivation of presynaptic Ca®™ channels may not be
significant after brief stimulations such as those of Markram and Tsodyks (1996) (Fox et
al., 1987; Lemos and Nowycky, 1989; Cox and Dunlap, 1994; Forsythe et al., 1998; Patil
et al., 1998; Wu et al., 1998). Consequently, the inactivation of presynaptic Ca** channels
is not likely to significantly contribute to STD in the target experiments, and is not modeled
in this study.

The Approximate Model. The models of wvesicle depletion (Figure 2), AMPAR
desensitization (Equations 8-13) and vesicle priming (Equations 14-16) are combined in a
stochastic synapse model, which is an inhomogeneous Markov chain (Karlin and Taylor,
1675). This model is used to generate simulated EPSP trains and is capable of predicting
the variability in the data. The usual techniques of parameter estimation that are used with
hidden Markov models (Chung et al., 1990) are intractable when directly used for an
mhomogeneous Markov chaim of the complexity modeled herein, and other methods must
be used. The model parameters that yield the best fit to the target data may be found by
fitting the average of a number of simulated EPSP trains to the data in Figure 1b and by



varying the model parameters until the fit error is minimized. As this method necessitates
the averaging of a number of simulated EPSP traces for each candidate parameter
configuration, it is computationally expensive. The search time would be drasticaily
reduced if the average behavior of the stochastic model could be modeled by an
approximate deterministic model.

Here it is proposed that the average behavior of the stochastic model may be
captured by such a deterministic approximate model. This medel is obtained by exploiting
the fact that the release sites in the stochastic model are identical to each other in their
average behavior. Also, some of the model variables (e.g. R, and S, in Equations 8-11)
that are statistically dependent are treated as independent to make the computations
tractable. Simulations show that the output of the approximate model is surprisingly close
to the average behavior of the actual stochastic model (Figure 3).

Figure 3 shows the {it error predicted by the approximate model (dashed line) and

the actual stochastic model {solid lines) as the parameter € was varied while all other
parameters were [ixed at their optimal values, which were found by fitting the approximate
model to the data. The lower solid line was obtained by computing the difference between
the post-pairing data and the average of 10° simulated traces, which essentially represents
the true average behavior of the stochastic model. The upper solid line was obtained by
computing the average difference between the post-pairing data and the average of 59
simulated traces, as the post-pairing data were obtained as the average of 59 traces in
Figure 1b. As expected, the minimum of both solid curves occurs at the same parameter
value. It can be shown that the average error computed based on the average of 59
simuiated traces is larger than that based on 10° traces because the EPSPs computed as the
average of 59 traces have a larger variance. For the purpose of finding the optimal
parameters, however, the only important question is whether the fit errors predicted by the
approximate and the stochastic models are minimized at the same parameter value. Figure 3
shows that these minima indeed occur at nearly identical values of & Thus the optimal
parameters found by the approximate model will also be optimal for the stochastic model in
fitting the data of Figure 1b under original experimental conditions, i.e. for M=58 or 59.
Therefore the search for the optimal parameter values is conducted using the approximate
model, which reduces the computation time approximately a few thousand-fold, as the
average of a few thousand simulated traces must be computed to obtain statistically
significant comparisons between candidate parameter sets. Equations 17-26 represent the
approximate model (See Appendix for derivations):

E,=ACR,S,, a7

X, =[X,80,+1-p,]nG + X [e(1~ p,)+ (L~ &)]@ +(p, ~ X, J(1-7), (18)

P =l-c +OCP,,(1“—~—~X"£p”), (19)
p}i

Sn = 1 - .?C” - yn’ (20)

xrml = )bl(xn + AISH‘R::)’ (2 ])

Voir = (3, + AS,R,), (22)

where E, approximates the average EPSP amplitude elicited by the n” AP, A is the absolute
synaptic efficacy, which is the maximal EPSP amplitade that can be elicited per contact, C
denotes the number of synaptic contacts per connection, R, approximates the average
transmitter output seen by the postsynaptic terminal and is a function of X,, X,
approximates the probability that a primed vesicle is found at a given release site in an
active zone, p, approximates the probability that a primed and selected vesicle undergoes
release, p, approximates the probability that a vesicle is found at a given release site in an
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aclive zone, S, approximates the average postsynaptic sensitivity of a contact at the {ime of

the n™ AP, A,=exp(-A1/0.056), and A,=exp(-A1/0.767). The expressions for R, and p,
depend on the release mode. In the multivesicular release mode:

R =1~(1-wX,e)", (23)

0, =1, (24)
and in the univesicular mode:

R =of1-(1-%,6)"] (25)

Pn = NXe )

Note that the exocylotic probability #,, . in Figure 2 corresponds here to the probability
X, & where the Indexes r and ¢ are dropped due to the symmetry among different sites. G
and ¢ are used from Equations 15-16.
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Figure 3. Comparison of the average fit error predicted by the deterministic approximate model and the
actual stochastic model. All model parameters, except Tor € (the primed vesicle selection probability), were
fixed at the optimal values that were found by using the approximate model and that minimized the {it ervor
to both the pre- and post-pairing data simu]i‘aneous y {See Results associated with Figure 7). The average

sum-squared-error is given by E(sse) = 2 T d J where E, is the simulated average EPSP
=l

amplitude obtained using the approximate or the stochastic model, and d, is the post-pairing EPSP
amplitude measured from Figure 1b. Dashed line: average sse obtained by using the approximate model
(Equations 17-26 below). Since the approximate model is deterministic, taking the average value of sse is
immaterial in this case as L, is not a random variable. Solid lines: average sse obtained by using the
stochastic modet as follows. Average EPSP amplitudes EPSP, ,, were computed using the actual stochastic
maodel, where M denotes the number of simulated traces that were averaged. Note that EPSP, ,, is a random
variable. For the upper solid curve E,=FEPSP, s, and for the lower solid curve E,=EPSP, 15000 The latter
essentiaily represents the true average behavior of the stochastic mode! (EPSP, ), and is close to the dashed
line, which approximates EPSP, ... The average sse based on M=59 is larger than that based on M=10°
because the variance of EPSP, ,, is larger for M=59 than for M=10°. At the optimal parameter point,
97.59% of the sse generated using M=59 lied below the horizontal line. See Results for the use of this
level. See Figure 7 for model parameter values (post-pairing).



The proposed Joci of the model parameters and variables associated with depletion,
priming, and exocytosis are shown in Figure 4. A synaptic contact that has N=35 release
sites is shown. Except for the fourth site, each site has a docked vesicle. The vesicles at the
first and the fifth sites are also primed. The fourth site, which was recently depleted, is
being refilled with a time constant of 7,;,=0.2 5. The parameters 7 and 7 are computed
from the forward and reverse reaction rates of priming (Equation 14). The primed vesicle
selection probability ¢ depends on the sensilivity of the Ca* sensor of the release
machinery, and the intensity of the Ca** influx though the voltage-gated Ca™ channels.
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Figure 4. Ilusiration of the presynaptic terminal and the processes that arc being modeled. In the reserve
pool, the vesicles are anchored to actin filaments {black bars) via the membrane protein synapsin. It is
assumed that this pool is not depleted during the brief stimulations shown in Figure 1. Vesicle depletion is
significant only in a releasable vesicle pocl of 2-3 vesicle layers. The synaptic contact (active zone)
contains N=5 release sites. Inserted into the presynaptic membrane are voltage-gated Ca®* channels. Docked
and primed vesicles are shown al the first and fifth sites. The Ca™ sensor of the release machinery is
represented by the small line segment that extends twward the Ca*™ channel. An increase in the model
parameier & may represent an increase in either the sensitivity of the Ca® sensor or the intensity of the Ca*
infiux through the channel. The model parameters T and & are computed using the forward (1/¢%) and reverse
(1/77} reaction rates of priming (Equation 14). Vesicles (hat are docked but not vel primed are shown at the
second and third sites. Their instantancous rate of priming is /7" at the present state. The refilling of a
recenily emptied release site is illustrated at the fourth site. The time constant of refilling is 7,.,=0.2 s.
Each such synaptic contact faces a postsynaptic side (not shown) whose sensitivity is represented by the
variable § (Equations 20-22). In TL5-TLS synapses C=4-8 synaptic contacts are found per synaptic
connection.

‘The approximate model was used to search for the optimal model parameters A, C,
&, N, m, and 7, that minimized the sum-squared-error between the predicted average EPSP
amplitudes and observed average EPSP amplitudes in Figure 1: The search was conducted
under the constraints of 7°<5 s, Pr, =97.442.17%, Pr,,=99.6710.25% (Markram and
Tsodyks, 1996), and ¢.v.=0.5£0.5 (Markram et al., 1997), where Pr,_and Pr_, refer o
the probability of release at the first AP before and after pairing, respectively, and c¢.v.
refers to the coefficient of variation of the first EPSP amplitude. All other model parameters
were fixed at the values indicated earlier. C' was changed from 4 to § with steps of 1, N
from 1 to 25 with steps of 1, 7 from 0.5 s to 1.5 s with steps of 50 ms, and the
probabilities € and 7z from 0.01 to 1 with steps of 0.01. The range for T was chosen based
on the observation that the overall time constant of recovery from STD in these synapses
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was observed to lie in the indicated range (Markram, 1997). The curves in Figure 3 were
computed after the optimal parameter values were found as just described.

Statistical Methods. In the target experiments (Figure 1), the average post-pairing
EPSP amplitudes were computed as the average of 59 fraces (Markram and Tsodyks,
1996). This method is also adopted in the simulations. Thus, in obtaining the results
shown in Figures 5 and 6, the simulated paired-pulse-depression (PPD) ratio that was
computed by using the stochastic model was the ratio of the second to the first EPSP
amplitude in an average of 59 simulated traces. To compute the probability of observing a
PPD value below 32.26% in Figures 5 and 6, the random variable Y is considered, where
Y=11if PPD, £32.26%, and Y=0 otherwise, with PPD, being a sample PPD generated by
the model in the i experiment. The probability that the PPD generated in a simulated
experiment is smaller than 32.26% is denofed by the constant “f” and depends on the

model parameters. Thus, Pr{Y=D=mean(Y)=f. The value of § is estimated as follows:
Simulated experiments are run to generate M samples of Y. Let M denote the number of
times Y=1 is observed in these M trials. An estimate of f is computed as b=M7/M. Using
the Central Limit Theorem, the minimum number M of samples that are needed to have |b-
Bl<k/100  with  at least L% confidence may Dbe determined. Specifically:
LI100220(0.02kVM)-1, where $(x) is the standard mnormal distribution function
(Dudewicz and Mishra, 1988). Here, the inequality originates from the use of the upper
bound of the variance of Y, 1.e. 0.25, in place of the variance of Y (var(Y)=£(1-5)<0.25).
Note that the use of the Central Limit Theorem ordinarily depends on the exact variance of
Y. The approach described above circumvents this parameter-dependence by substituting
0.25 in place of var(Y). In Figures 5 and 6, L=99 and k=1, which yields M=16,641.

RESULTS

The Extent of Synaptic Depression that is Due to Vesicle Depletion

A synaptic model that consists only of the depletion of the releasable vesicie pool does not
explain the strong STD observed in the post-pairing data. In Figure 1, the average EPSP
amplitudes recorded after pairing indicate that the paired-pulse depression (PPD) ratio,
which is the ratio of the second EPSP amplitude to the first, is about 32.26%. By
preventing the depression that is due to components other than vesicle depletion, the
stochastic model was used to simulate these experiments, and it was found that even for the
parameter values that result in the strongest depression, a PPD ratio of 32.26% could not
be obtained. The AMPAR desensitization was prevented by setting A,=A =0. Priming was
ensured by setting 7=0.1 ms, and m=1. Under these conditions, the release probability at
the first AP is given by:

Pr=1-(1~&)", 27)
where Pr is measured experimentally. Equation 27 can thus be used to determine the value
of g given N and C.

'The strongest depression is obtained for the smallest numbers N of the release sites,
and C of the synaptic contacts. Figure 5 illustrates the probability of observing a
PPD<32.26% in simulated experiments, for different choices of N and C, 1in the
multivesicular mode. All probabilities are within 0.01 of the shown value (significance
P<0.01). Thus, all probabilitics that are shown as zero were less than 1% (P<0.01). In
particular, for N>2 no C value resulted in a probability>1%. The results were naturally the
same In the univesicular mode for N=1. However, for N>1 no C value resulted in a
probability>1% in the univesicular mode.
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Figure 3. The probability of observing PPD<32.26% in simulated experiments using vesicle depletion
only. The experiment in Figure 1 was simulated as explained in the Methods, using the stochastic model
that consisted only of the depletion of the releasable vesicle pool. The exocytotic probability & was
computed using Equation 27 with Pr=99.67% as reported by Markram and Tsodyks (1996}, Shown are the
probability that the simulated PPD=32.26% in multivesicular mode. The simulated PPD was within 1% of
the shown values, with significance P<0.01. Probabilities for N>2 or C>5 were less than 1% (P<(.01). In
univesicaiar mode the probabilities Tor N=1 were as shown, but for N=1 all probabilities were less than 1%
(P<0.00).

The results show that vesicle depletion alone may not explain the strong STD
observed experimentally, uniess one assumes that there can only be N=1 release site per
active zone in univesicular mode with less than C=4 functional synaptic contacts per
synaptic connection despite the fact that these synapses have 4 to 8 synaptic contacts
(Markram et al., 1997). Similarly, if the release 18 multivesicular, no more than 2 release
sites must be present per active zone, and there must be only one functional synaptic
contact in order for the depletion to result in a PPD close to 32.26% for N=2. These
conditions are not met in the TL5-TL5 synapses, however, since the physiological and
anatomical estimates of the functional contacts in TL5-TL5 synapses appear consistent,
implying that C must be between 4 and 8 (Henry Markram, personal communication,
February 3, 2001). Even if the synapse under study had silent contacts and had no more
than 2 release sites per its functional active zones, these predictions suggest that a large
group of synapses that have at least 4 functional synaptic contacts may not exhibit such a
strong depression. Also, if silent synapses do exist in TL5-TLS synapses, and they behave
like the hippocampal silent synapses that become activaled after potentiation (Isaac et al.,
19935, Liao et al., 1995}, then it would be expected that 4 functional synaptic contacts is not
uncommon for synapses potentiated by Hebbian pairing. Recalling that the observed PPD
of 32.26% arose after pairing, we infer that vesicie depietion alone is unlikely to account
for the strong short-term depression observed after Hebbian pairing in Figure 1. Using a
simitar analysis, Matveev and Wang (2000) also concluded that vesicle depletion alone
cannot yield the strong STD observed in depressing cortical synapses. Additional synaptic
processes that contribute to STD must therefore be incorporated into the stochastic model.
Next treated is whether a model including AMPAR desensitization as an additional
depressing process is still insufficient fo explain the strong STD observed i the post-
patring data.
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The Extent of Synaptic Depression that is Due to Vesicle Depletion and
AMPAR Desensitization

The AMPAR desensitization may be reactivated by setting 4,=0.18 A,=0.30, while the
depression due to priming is still prevented. The resulting model is still unable to explain
the observed level of STD.

As in the previous section, the model may be used to compute the probability of
observing PPD=32.26%. Figure 6 shows that this probability is not high if C=4 or N>3.
Although the inclusion of AMPAR desensitization increased the synaptic depression, this
increase was not large enough. In summary, the combined effects of vesicle depletion and
AMPAR desensitization may not explain the strong STD observed experimentally. These
resuits suggest that an additiona! synaptic process that contributes to STD must be
incorporated into the stochastic model. The next section presents the results that were
obtained when the additional depression that is due to priming was not prevented.
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Figure 6. The probability of observing PPD<32.26% in simulated experiments using vesicle depletion and
AMPAR desensitization only. The experiment in Figure 1 was simulated using the stochastic model that
consisted only of the depietion of the releasable vesicle pool and AMPAR desensitization, Dashed lines:
The results shown in Figure 5 (Depletion only). Solid lines: Depletion and AMPAR desensitization. The
exocytotic probability £ was computed using Equation 27 with Pr=99.67% as reported by Markram and
Tsodyks (1996). Shown are the probability that the simulated PPD<32.26% in muitivesicular mode. The
probabilities were within 1% of the shown values, with significance P<0.01. Probabilities for N>3 or C>5
were less than 1% (P<0.01). In univesicular mode the probabilities for N=1 were as shown, but for &>1 all
probabilities were less than 19 (P<0.01).

A Stochastic Priming Process Explains Strong Short-term Depression

As noted, a vesicle that arrives at a release site is thought to undergo a priming process
whereby it is attached to the presynaptic membrane by a specialized protein complex. The
formation of this complex is a reversible reaction, with reaction {ime constants on the order
of a few seconds (Chow et al., 1994; Heinemann et al., 1994; Banerjee et al., 1996; Otio et
al., 1997; Ungermann et al., 1998; He et al.,, 1999; Xu et al,, 1999). Because of the
reversibility of the primed state, the probability of finding a primed vesicle at a release site
is smailer than 1, even following a long rest period. This renders only a few of the docked
vesicles eligible for release at a given time. Moreover, if a docked vesicle is not found in
the primed state at an observation time =0, then the probability of finding it in the primed
state at a later time ¢ is given by Equation 14, which suggests that priming acts like a
depressing process that recovers stowly. These observations suggest that the inclusion of
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the priming in the model could result in sufficient depression to explain the strong STD
observed in the target data,

By enabling priming, the full approximate model with vesicle depletion, AMPAR
desensitization and priming was used to search for the optimal model parameters that
minimized the sum-squared-error from the data in Figure 1b. In this search, some of the
variable model parameters were constrained to have the same value before and after pairing.

These parameters were N, C, 7, and 7. Of these parameters, 7 was constrained because it 18
experimentally observed that the overall time constant of recovery from STD is not changed
by Hebbian pairing (Markram and Tsodyks, 1996). Note that 7 is obtained from the
reaction rates of priming (Equation 14), and thus Hebbian pairing appears not to affect the
priming reaction rates. As the parameter 7 also depends on these reaction rates, 7 is
constrained as well. In addition, the time constant 7° of the forward priming reaction was
constrained to be less than 5 s. The number C of synaptic contacts is constrained based on
the observation that the physiological and anatomical estimates of this number appear to
agree, which argues against the presence of silent synapses (Henry Markram, personal
communication, February 3, 2001). Although this number could change in time in an
activity-dependent way, the fact that the post-pairing data were collected 20 min after
pairing suggests that a structural change of this type might not have happened in this time
frame. Similarly, the number N of release sites per active zone may not have changed. In
addition to these, the probability of release at the first AP was constrained to be higher in
the post-pairing case than in the pre-pairing case (Markram and Tsodyks, 1996; Tsodyks
and Markram, 1997), and the coefficient of variation of the first EPSP amplitude was
constrained to be smaller in the post-pairing case.

The approximate model was used under the above constraints to search for the
optimal parameters. These parameters were then used to simulate the experiments
associated with Figure 1 using the stochastic model. Figure 7 shows the results of these
simulations.
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Figure 7. Fits generated by the stochastic model using the optimal parameters found by the approximase
meodel. Selid circles represent the data points taken from Figure 1h. The solid line shows the average model
output. The dashed lines represent the 93% confidence interval for the average of 59 simulated traces. N=13,
C=4, r=0.6 5, 7=0.17 in both cases. Before pairing (upper plot): univesicular mode, A=(.3166 mV, £=0.5.
After pairing (lower plot): multivesicular mode, A=0.3841 mV, &=0.72.
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The fit to the post-pairing data shows that the inclusion of priming into the model
indeed resulted in sufficient depression to explain the strong PPD observed in the data.

The Predicted Effect of Hebbian Pairing

The difference between the optimal parameters for the pre- and post-pairing cases
constitutes the model’s prediction for the effects of Hebbian pairing. The model predicts
that there is not a Jarge change in the maximal EPSP amplitude A elicited per contact, while
a large change occurs in the probability € that a primed vesicle undergoes release in
response to an AP (Figure 7 legend). The results also show that the pre-pairing data are
fitted better in the univesicular mode, while the post-pairing data are fitted betfer in the

multivesicular mode. The increase in € may be due to an increased AP-induced Ca®" influx
through voltage-gated presynaptic Ca* channels, or 1o an increased sensitivity of primed
vesicles to this influx (Figure 4). The fact that pairing does not affect the rate of recovery
from STD suggests that, in the latter scenario, the increase in the sensitivity of the primed
vesicles to calcium must be expressed in a way that does not affect the rate of priming
reactions.

The conclusions that are drawn by comparing the optimal parameter sets were
verified by comparing parameter sets that perform comparably to the optimal. An analysis
was conducted to determine a set of parameters that perform comparably to the optimal
parameters, and the pairing-induced changes in those parameters were noted. These
parameters were determined as follows. The experiments associated with Figure 1 were
simulated using the stochastic model with the optimal parameters used in Figure 7. Each
simulated experiment yielded a sum-squared-error (sse) that was obtained from the
difference between the average model output and the data. The simulated experiment was
repeated enough times to estimate the 97.5&1th percentile (ssey, ;) of the esror distribution
with a 95% confidence level. This level is indicated by the horizontal bar in Figure 3. Then,
the approximate modei was used to search the entire parameter space to find all parameters
that resulted in a sse¢ that was smaller than sse,, , subject to the search constraints
discussed previously. This method provided a fast way of determining a set of parameters
that perform comparably to the optimal parameters. The distribution of values in this set
was then obtained for each parameter.

This analysis showed that 67% of the 2,096,536 pre-pairing parameters predicted
the univesicular mode, and 100% of the same number of post-pairing parameters predicted
the multivesicular release mode, suggesting that the pre-pairing data were slightly better
fitted 1n the univesicular release mode. Also, the value of the parameter A was observed to
take on values between 0.24-0.45 mV before pairing, and 0.28-0.51 mV after pairing,
indicating no large change in the value of this parameter. However, £ was observed to take
on values between 0.25-0.79 before pairing, and 0.51-0.9 after pairing, indicating a large
change in the value of this parameter. All these results are consistent with the conclusions
drawn [rom the optimal parameters. Another result of this analysis was to obtain the range
of values taken by the parameters that were constrained not to change in pre- and post-
pairing cases. Thus the values taken by these parameters were: N: 1-25, m 0.1-1, C:4-8,
and = 0.5-1.5 5. Because these represent the entire ranges of experimentally observed
values for N, C and 7, these results suggest that the data in Figure 1 could be obtained from

virtually any synapse simply by increasing the post-priming exocytotic probability & after
pairing.



DISCUSSION

The present study proposes that the strong STD observed in some cortical synapses may be
explained in terms of a slow priming process. Vesicle priming constitutes a rate-limiting
step 1n synaptic transmission (Siidhof, 1995) and the associated reaction time constants of a
few seconds are in the appropriate order of magnitude to explain the rate of recovery from
STD in the target experiments (Chow et al., 1994; Heinemann et al., 1994). It is shown
that a stochastic synapse model that incorporates the processes of the depletion of the
releasable vesicle pool, postsynaptic AMPAR desensitization, and vesicle priming is able to
expiain data on both STD and plasticity induced by Hebbian pairing.

STD has previously been linked to vesicle depletion (Liley and North, 1953;
Grossberg, 1969; Betz, 1970; Zucker, 1989; Senn et al., 2001), postsynaptic AMPAR
desensitization (Trussell et al., 1993; Jones and Westbrook, 1996, Tsodyks and Markram,
1996), and calcium-induced inactivation of release machinery (Hsu et al., 1996;
Bellingham and Walmsley, 1999; Matveev and Wang, 2000). It is argued, in this study,
that the depletion of the releasable vesicle pool will not by itself explain the experimentally
observed levels of STD. Specifically, under the conditions of univesicular release, the
presence of more than one releasable vesicle per active zone makes it impossible to obtain a
PPD ratio that is smaller than 50% (Matveev and Wang, 2000). On the other hand, in the
multivesicular release mode, the required level of STD is not obtained because the release
probability per synaptic contact is not high enough to cause significant vesicle depletion.
Note that the presence of more than one synaptic contact per synaptic connection may result
in a very high release probability per connection, as high as 0.9967 (Markram and
Tsodyks, 1996), while the release probability per synaptic contact is as low as 0.51 (C=8).
These results are summarized in Figure 5 using the present stochastic model.

STD may also be partly explained in terms of the desensitization of postsynaptic
transmitter receptors (Tsodyks and Markramn, 1996). Here a double-exponential model of
AMPAR desensitization is used, in keeping with the results of Jonas et al. (1994) that
showed that the recovery from desensitization proceeds with two time constants in layer 5
pyramidal synapses. Although the inclusion of AMPAR desensitization resuited in more
depression in simulations, Figure 6 shows that depletion and desensitization were not
sufficient to explain the data. The reason why receptor desensitization does not contribute
much to STD despite a slow recovery time constant is that its occurrence is conditional
upon the occurrence of transmitter release. With a low release probability per synaptic
contact, the postsynaptic side of each contact is not frequently exposed to transmitter
release and thus does not experience desensitization frequently enough to sustain a large
level of desensitization.

The insufficiency of vesicle depletion in explaining STD was noted earlier by
Matveev and Wang (2000). This was also noted by Bellingham and Walmsley (1999), who
also pointed out that the depression beyond vesicle depletion was not completely explained
by AMPAR desensitization either. Both studies proposed that the residual depression may
be due to calcium-induced inactivation of release machinery IRM) (Hsu et al. 1996). For
the experiments in Figure 1, however, IRM may not be applicable in explaining the
observed STD for two reasons. First, the recovery from the depression that was attributed
to IRM proceeded with a time constant of about 10 ms in the studies of Bellingham and
Walmsley (1999). This is too fast to explain the present data. Second, the STD observed in
pyramid-pyramid synapses in the neocortex is predominantly release-dependent (Thomson
and Bannister, 1999). Namely, STD is not observed unless transmitter release occurs. In
explaining the cortical STD data, however, Matveev and Wang (2000) implemented a
release-independent IRM. In other words, each presynaptic AP inactivated the release
machinery regardless of whether transmitter release occurred from the presynaptic terminal.
Although STD is predominantly release-dependent in cortical pyramid-pyramid synapses,
some release-independent depressing process that recovers with a time constant of less than
about 10 ms 1s sometimes observed in these synapses (Alex Thomson, personal
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communication, October 12, 2000). The fact that this time constant agrees with that
observed by Bellingham and Walmsley (1999) suggests that this release-independent
depressing process might correspond to IRM, if the latter exists in the cortical pyramid-
pyramid synapses. Because of these difficulties, it is concluded here that IRM does not
appear to be the mechanism that is responsible for explaining the target data.

The additional depression required to explain the data in Figure 1 is proposed here
to be due to vesicle priming. Vesicle priming is implemented as a reversible process with
reaction time constants comparable to those reported in other systems. The results show
that priming not only explains the strong depression observed in the data, but also allows
this depression to occur in a release-dependent fashion, which is consistent with the results
of Thomson and Bannister (1999). Moreover, the parameters associated with the priming
process, which are estimated by the model, suggest that priming is also consistent with the
observation that at most one vesicle may be released per synaptic contact per presynaptic
AP (Redman, 1990; Korn and Faber, 1991; Stevens and Wang, 1995; Dobrunz and
Stevens, 1997). The all-or-none release may be due to some winner-take-all process that
allows only one of the fusion-competent vesicles to be released by preventing the release of
the others (Schikorski and Stevens, 1997). This 1s the method used in the present model in
the univesicular mode. However, the present results suggest that all-or-none release may be
closely approximated even in multivesicular release mode, if the probability of finding a
primed vesicle in a synaptic coniact 18 low enough. For example, even though the optimal
parameters predict the presence of N=13 release sites per synaptic contact in Figure 7, the
probability 77 of finding a primed vesicle at steady-state being 0.17, the average number of
primed vesicles per active zone is 13x0.17=2.21 at rest. Moreover, since each primed
vesicle has a probability £=0.5 of undergoing release in response to an AP, the model
predicts the release of 1.105 vesicles per AP per synaptic contact on the average before
pairing. As discussed above, fits comparable to those in Figure 7 were obtained by using a
wide variety of synaptic parameters, which suggests that a model that predicts an even
lower figure might still generate a {it comparable to the optimal. Thus, priming not only
explains a release~dependent strong depression that fits the cortical data, but also provides a
possible explanation of how an average of about one vesicle may be released per synaptic
contact per AP, despite the fact that there may be up to twe dozen docked vesicles per
synapiic contact (Schikorski and Stevens, 1997).

The Predicted Effect of Hebbian Pairing

Hebbian pairing alters the properties of STD in cortical pyramidal synapses (Markram and
Tsodyks, 1996; Tsodyks and Markram, 1997; Buonomano, 1999). The present results
suggest that the effect of pairing is to increase the probability that a primed vesicle is
released in response to an AP. The increase in presynaptic release probability is one
possible mechanism by which potentiation is expressed in some synapses (Liley and
North, 1953; Tsodyks and Markram, 1997; Senn et al., 2001). The results of the present
study are consistent with these pmpo&.als and suggest that the increasc in release
probability is due either 10 an increased AP-induced Ca® influx into the presynaptic
terminal, or to an increased sensitivity of primed vesicles to this influx (Figure 4). Since
pairing does not affect the rate of recovery from STD, the plasticity in the latter scenario
appears to occur without affecting the rates of priming reactions,

Another prediction of the model has been that pairing might alter the release mode
from univesicular to muliivesicular. This prediction is not very sirong however, because
33% of the parameters that performed comparably to the optimal predicted a multivesicular
release mode before pairing. Thus, the results are also consistent with muliivesicular
release mode being the release mode both before and after pairing. As noted above, due to
smaller release probability before pairing, the average number of vesicles that are released
per synaptic contact per AP may be around one even though there may be several docked
vesicles per contact. This may be observed as the occurrence of univesicular release in
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experiments. After pairing, this average number may increase due 1o increased reiease
probability, which would be consistent with the observation that multivesicular release is
more likely to be observed under conditions of increased release probability (Tong and
Jahr, 1994). Other evidence also suggests the presence of multivesicular release in central
synapses, possibly including the TL5-TLS synapses (Auger et al., 1998; Liu et al., 1999).
Thus the present results are in agreement with the experimental observations that suggest
the existence of muitivesicular release in the synapses under study.

In conclusion, our results suggest that vesicle priming and subsequent exocylotic
processes may explain the strong STD, and its interaction with LTP, in the cortical
pyramid-pyramid synapses.
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APPENDIX

The approximate model equations are derived by treating the stochastic model variables as
representing their average values, and ignoring the statistical dependence between different
variables. At the tme of the n™ AP, a vesicle at a release site in a given active zone
(synaptic contact) can be found in one of 5 different states. These states and related
exocytotic events are isted in Table A.1 and are used in the derivation of the approximate
model.

Table A.1 States of a release site, and their occurrence probability

State Description Probability X, ., Dot
1 Primed, selected, released X, ep, (G l-or
2 Primed, selected, another site released X e(1-p,) P 1
3 Primed, not selected X (1-¢) D 1
4 Present, not primed P, 72(1-7) 1
5 Not present I-p, s l-cx

A given release site in an active zone (synaptic contact} may be found at one of the five indicated states at
the n™ AP. The second column explains the states and the third shows the probability of occurrence of a
state. The fourth and fifth columns show the values of X and p at the next AP, given the indicated state at
the present AP,

In Table A.1 the probability of each state and the associated event is indicated in the third
column. The values of X and p at the next AP, conditioned on the indicated states, are
given in columns 4-5. Note that release from a site occurs only if the site is in the first state.

‘The presence of a vesicle, its state of priming and being selected are all represented
by binary flags in the stochastic model. At each AP, the value of these flags (0 or 1) are
determined by generating a uniformty distributed random variable z that is compared to p ,
X,, and ¢, to determine the flag values. Note that the flag for the priming status cannot be 1
(primedy} if a vesicle is absent (presence flag=0), thus the state of priming is conditional on
the presence of a vesicle. Similarly, the flags for the state of selection is conditional on
priming. All selected sites have equal probability p, of undergoing release.

In the multivesicular mode, the probability p,=1, since all selected vesicles are
released. This also implies that the state 2 does not apply to the multivesicular mode. In the

univesicular mode, the probability p, is given by Equation 26, which is derived as follows.
The probability p, ; that a selected vesicle is released is 1/(j+1) if j additional vesicles are
selected in the same active zone. Summing these probabilities, we have:

N-1 N-l N1\ . ; e
PN=ZPMPT(.J’)=Z~1—( . ](X,,S) (1-x6)""", (A1)

j=0 i=0 o+ Y
I N Jq oy ¥t
p, = NZL H](X,ls) (1-X,e)", (A2)
. 1 NN k Nk . o
w mh](kJ(X,,S) (1 Xus) , with k= j+1. (A3)

The Equation 26 is equal to A3 as the summation in A3 yields 1-(1-X &)".




The probability of finding a primed vesicle (X, ,), and the probability of finding a
vesicle (p,,,) at the n+1% AP are computed by summing the products of the indicated values
with the agsociated probabilities shown in Table A.1. Equations 18-19 are obtained by
algebraic manipulations of these sums. Of the remaining model equations, that for E,
(Equation 17) is obtained by assuming that the EPSP amplitude is proportional to the
product of the average presynaptic output seen by the postsynaptic terminal at the n" AP
(R,) and the average postsynaptic sensitivity at that AP (S,). Since each contact acts
independent of the other contacts, the average EPSP elicited per connection ts C times that
elicited per contact.

The computation of S, is as in Equations 8-10. The approximate expression of &, 18
computed from Equation 11. In the univesicular mode, the presynaptic output seen by the
postsynaptic terminal is zero if no release occurs, and @, which is the fraction of receptors
occupied by the transmitter content of a single vesicle, if any of the sites in a contact
releases. Release occurs with probability [1-(1-X,&)"], which is the factor multiplying @ in
Equation 25. In the multivesicular mode, the presynaptic output varies according 10
Equation 2 as a function of the number of vesicles that are released. By weighing every
possible output with its probability, and summing the resulting products, the expression in
Equation 23 is obtained (Matveev and Wang, 2000).
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