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Robert S Zucker, university of California, Berkeley, California, USA

The strength of synaptic transmission can increase or decrease during repetitive
presynaptic activity. These changes, usually due to variations in the amount of transmitter
released by each action potential, dynamically shape the information transfer

characteristics of synapses.

Components of Activity-dependent
Synaptic Plasticity

Phases of enhanced synaptic transmission

Chemical synapses are rarely static transmitters of infor-
mation between neurons. Their effectiveness waxes and
wanes, depending on the frequency of stimulation and the
history of prior activity. At most synapses, repetitive high-
frequency action potentials (often called a tetanus) initially
result in a rapid growth of successive postsynaptic poten-
tial (PSP) amplitudes, called synaptic facilitation (or some-
times frequency facilitation). This process builds to a
steady state within about I's, and decays equally rapidly
when stimulation stops. Decay is measured by single test
stimuli given at various intervals after a conditioning train.
Facilitation can often be divided into two exponential
phases, lasting tens and hundreds of milliseconds, respec-
tively, and are called the first and second components of
facilitation. It may reach appreciable levels, as high as a
doubling or more of the PSP amplitude in the second of two
responses at short intervals, and as much as nearly a 100-
fold increase in PSP amplitude in a high-frequency train in
some synapses. If presynaptic activity is sustained, facil-
itation is followed at most synapses by a slower phase of
increased efficacy called augmentation, with a character-
istic time constant of several seconds. Finally, prolonged
activity results in a final phase of PSP growth, called po-
tentiation, which lasts several minutes. Each of these proc-
esses can further increase transmission several-fold over
initial baseline levels. The combination of all three proc-
esses, at least some of which (facilitation and potentiation
in particular) appear to interact multiplicatively, could in
principle elevate synaptic transmission several 100-fold,
but in practice, saturation of the release mechanisms usu-
ally limits the overall enhancement to less than 100-fold.
See also: Chemical synapses; Synapses

Synaptic depression

Often superimposed on these phases of enhanced synaptic
strength is a phase of diminishing transmission called
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synaptic depression. This process is characterized by a
drop in PSP amplitude during repetitive presynaptic action
potentials. Depression can be absent or undetectable, quite
modest or so severe that transmission drops to zero. De-
pression often tends to overlap and obscure the augmen-
tation and potentiation phases. When repetitive activity
ceases, recovery from the various components of short-
term synaptic plasticity occurs in the same order in which
they developed during the previous activity, with facilita-
tion decaying first, then depression and augmentation and
finally potentiation (Figure 1). Thus, potentiation is often
visible as a distinct phase only long after repetitive activity
or a tetanus, and so is usually called posttetanic potent-
iation (PTP).

Short-term Plasticity due to Changes in
Transmitter Release

Presynaptic locus implicated by quantal
analysis

There are many points at which synapses can be modulated
to alter the strength of synaptic transmission. The possi-
bilities may initially be divided into presynaptic and
postsynaptic processes. A good way to distinguish these
two classes is to make use of the fact that synaptic trans-
mission is ‘quantized’, in the sense that each PSP represents
the cumulative effect of the fusion of a certain number of
presynaptic vesicles, each of which causes a reasonably
fixed ‘unitary’ postsynaptic response. The number of ves-
icles that contribute to synaptic transmission is not fixed,
even in the complete absence of synaptic plasticity, but is
rather a random variable that fluctuates statistically about
some average number or mean. By statistical analysis of
these fluctuations, it is possible to determine the number of
unitary components in a PSP. Furthermore, even in the
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The different kinetic components of short-term synaptic

absence of presynaptic action potentials, vesicles occa-
sionally fuse spontaneously with the plasma membrane,
and the secretion of the contents of a single vesicle can be
observed as a spontaneously occurring unitary or minia-
ture PSP (MPSP). A comparison of the size of MPSPs to
that of full PSPs evoked by action potentials also allows an
estimation of the number of vesicles contributing to a
synaptic response.

This kind of analysis, called quantal analysis, has been
applied to a large number of instances of short-term
synaptic plasticity, including facilitation, augmentation,
potentiation and depression in humans, lower mammals,
birds, amphibians, crustaceans, molluscs, insects and an-
nelids. In almost all cases, every kind of short-term plas-
ticity is accompanied by changes in the number of quanta
released, often called quantal content, with little change in
the size or postsynaptic effectiveness of the unitary re-
sponse to a quantum of transmitter. Thus, short-term
synaptic plasticity is usually a consequence of changes in
one or more presynaptic processes involved in determining
the number of vesicles that action potentials cause to be
secreted during neurotransmission. See also: Calcium and
neurotransmitter release

Changes in statistics of transmitter release

The statistics of transmitter release closely resemble those
of a binomial process, in which an average of m quanta are
released from a pool of n available quanta each with a
probability p of release by an action potential. The values
of n obtained in such analyses are usually similar to or
somewhat less than the number of anatomical synapses
observed ultrastructurally. Each such synaptic contact, or
active zone as it is sometimes called, consists of a cluster
of presynaptic vesicles, some docked at the plasma

membrane, opposed to a cluster of postsynaptic receptors
across the synaptic cleft. The approximate correspondence
between n and the number of active zones suggests that
each active zone can only release one docked vesicle in
response to an action potential. If all the apparently
docked vesicles could be released simultaneously, » would
greatly exceed the number of active zones, since it is usually
clear that postsynaptic receptors are not saturated by a
quantum, so that multiple quanta released at one site
would summate in their effects and be readily detected.
Studies of synapses consisting of a single active zone con-
firm that they are normally capable of releasing only a
single vesicle (Schikorski and Stevens, 1997).

Short-term synaptic plasticity is usually accompanied by
parallel changes in both n and p. The probable explanation
for this is that p is not uniform across all active zones (as
assumed in the simple binomial model), and may be near
zero for some sites that rarely release a vesicle. Synaptic
enhancement increases the probability of release from ac-
tive zones, and raises previously silent active zones to a
level of activity in which they begin to participate in trans-
mission. Depression has the opposite effect — fewer active
zones participate effectively in the release process, and
those still active have a reduced probability of releasing a
vesicle.

Possible Presynaptic Mechanisms

Much experimental effort has gone into exploring presy-
naptic mechanisms that could underlie facilitation,
augmentation, potentiation and depression. In a few prep-
arations, an increasingly imperfect propagation of action
potentials into nerve terminals has been found to be partly
responsible for synaptic depression. This can arise from
changes in the electrical properties of nerve terminals that
may result from changes in the intra- or extracellular con-
centrations of important ions, such as K*, Na* or Ca®",
that affect action potential propagation. There are also
exceptional instances where facilitation is caused by action
potential broadening, arising mainly from accumulating
inactivation of K™ channels involved in terminating action
potentials. In these cases, decreases or increases in Ca®"*
influx in reduced or prolonged action potentials cause de-
pression or facilitation, respectively.

At most synapses that have been studied, short-term
synaptic plasticities occur in the absence of any changes in
presynaptic action potential propagation or waveform in
presynaptic terminals, and can be elicited by trains of con-
stant presynaptic depolarizing pulses. A second possible
locus of modulation is the presynaptic Ca>" channel. In a
few instances, synaptic depression has been found to be
due to accumulating inactivation of Ca>" channels and
subsequent reduction in Ca®* influx at nerve terminals.
Some Ca’" channels also show a form of facilitation, with
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increased duration or probability of opening to repeated
depolarizations; however, this process has only rarely been
found to be involved in enhanced synaptic transmission at
neurons, although it appears to be involved in facilitation
of hormonal secretion from adrenal chromaffin cells.
See also: Calcium channels; Calcium channel diversity

The Role of Ca?* in Short-term Synaptic
Enhancement

It is now well established from experiments on several dif-
ferent preparations that facilitation, augmentation and po-
tentiation depend upon presynaptic Ca?" entry. The
pioneering experiments of Katz and Miledi (1968) demon-
strated that an action potential that invades a nerve termi-
nal in a Ca®> " -free medium not only evokes no transmitter
release but also fails to facilitate release to closely following
action potentials that were stimulated after the rapid re-
introduction of Ca®* to nerve terminals by local ion-
tophoresis. Facilitation does not require that the first action
potential trigger secretion, since action potentials that hap-
pen to cause no release (at low external [Ca® "] levels) are
still effective in inducing facilitation. Experiments on aug-
mentation and PTP also show that these longer-lasting
forms of enhanced synaptic transmission depend on Ca*™
influx into nerve terminals during conditioning stimulation.
Experimental elevation of presynaptic [Ca®"]; levels has
also been shown to substantially increase the number of
quanta released by an action potential.

Much attention has been focused on how Ca®" ions
induce these forms of plasticity. A number of possibilities
exist.

The single-site summating residual Ca**
hypothesis

The simplest possibility is that all forms of synaptic en-
hancement arise from the cooperative action of four or
more Ca®" jons in triggering secretion. This cooperativity
isinferred from the finding that the magnitude of the phasic
release of transmitter (i.e. the number of vesicles or quanta
released) by an action potential approximately depends on
the fourth power of external [Ca® " ]. Secretion can also be
evoked by the rapid elevation of [Ca®"]; liberated by in-
tense flash irradiation of presynaptically injected photo-
sensitive Ca®" chelators; again, the maximal rate of
secretion is related to the fourth power of the peak level
of [Ca®"];. This highly nonlinear dependence of secretory
rate on [Ca® " ]; could naturally lead to increased transmit-
ter release in the presence of a residual increase in [Ca® " ];
after action potentials. This is best illustrated by a simple
hypothetical calculation. Suppose an increase of [Ca®*];
by 1pumolL™" normally underlies an unfacilitated PSP

consisting of 10 quanta or vesicle fusions occurring in 1 ms,
and 20 ms later [Ca®"]; is still elevated by 0.1 pmol L'
above resting level (about 50 nmol L™"). Then another ac-
tion potential following the first by 20 ms might increase
[Ca®"]; to a peak level of 1.1 pmol L™ above rest, which,
owing to the fourth-power dependence of secretion on
[Ca®™];,, would facilitate release so that the second PSP is
46% larger (in quantal number) than the first (1.1°~1). But
the residual [Ca®"]; itself would only cause secretion to
occur at a rate of 1 quantums™' (10 x 0.1*ms™"). Such
modest increases in MPSP frequency are actually observed
during facilitation, augmentation and potentiation, and
have been regarded as strong evidence for this hypothesis.
The different phases of enhanced transmission could arise
from different phases of calcium accumulation during
nerve activity and its subsequent decay, with rapid phases
limited by calcium diffusion away from docked vesicles
near Ca®" channels and slow phases representing effects of
Ca’" binding to intracellular buffers, Ca®>" being seques-
tered into Ca’" -storing organelles like endoplasmic re-
ticulum (ER) and mitochondria, and Ca®" extrusion from
nerve terminals by pumps such as the Ca®>"-dependent
adenosine triphosphatase (ATPase) and Na'/Ca®" ex-
changer at the plasma membrane.

The trouble with this simple and elegant hypothesis is
that it should not be possible to obtain the very high levels
of posttetanic facilitation augmentation or potentiation
sometimes observed (up to 100-fold increase) without a
massive increase in MPSP frequency to levels substan-
tially higher than the maximum rate of release to a single
action potential (two times higher for an enhancement of
100 100"4~1). However, these large increases predicted in
MPSP frequency are not observed.

The situation is even worse now that it is possible to
estimate the peak [Ca”"]; level needed to trigger phasic
secretion and the residual [Ca® * ] present during periods of
facilitation, augmentation or potentiation. The former can
be obtained from measurements of local [Ca” " ] elevations
using low-affinity indicators, calculations of the effects of
presynaptically injected Ca> " buffers on secretion and the
elevations of [Ca®"]; released by photolysis of photosen-
sitive chelators needed to mimic secretory rates triggered
by action potentials. From all these methods, about
50 umol L' [Ca®™]; appears to be required to trigger a
typical PSP. On the other hand, measurements of residual
[Ca®"]; during facilitation, augmentation and PTP reveal
levels of about 1 pmol L™, which would enhance release by
only 8% maximally (1.02%~1) — far less enhancement than
any of these processes is capable of displaying.

Independent site hypotheses

These considerations led to the proposals that presynaptic
Ca®" acts in eliciting short-term synaptic enhancement at
molecular targets different from the target involved in
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phasically triggering exocytosis. Two versions of this hy-
pothesis may be distinguished. The first proposes that
Ca’" entering during action potentials binds to sites that
enhance transmitter release to subsequent action poten-
tials, and that the duration of each phase of enhancement
reflects the binding time (dissociation rate) of Ca>" from a
different site. The second version proposes that synaptic
enhancement is due to the continuing action of residual
Ca’" ions acting in equilibrium at one or more sites that
enhance transmitter release to subsequent action poten-
tials. The different phases of enhancement could reflect the
kinetics of different processes removing residual Ca®*. In
support of the latter proposal is the finding in a number of
synapses that facilitation, augmentation and potentiation
decay in parallel with phases of decay of residual Ca®™ in
active zones.

The residual-bound Ca®* hypothesis

One way to distinguish these possibilities is by the use of
exogenous Ca®" buffers. Slowly binding buffers such as
ethylene glycol bis(fi-aminoethyl ether)- N, N-tetraacetic ac-
id (EGTA), or modest concentrations of fast-acting buffers
such as 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetra-
acetic acid (BAPTA) ought to be able to hold residual rises
in [Ca®"]; to a minimum, while having little effect on the
peak [Ca®"]; concentrations at docked vesicles near Ca® "
channels that trigger exocytosis. Synaptic enhancement due
to residual-bound Ca?* would be unaffected, while effects
due to the continuing action of residual-free Ca”> " would be
blocked. However, experiments with these buffers loaded
into presynaptic terminals have yielded variable results.
Augmentation and PTP are usually (but not absolutely al-
ways) blocked, while facilitation is sometimes blocked and
sometimes not. Such variable results may reflect different
degrees of success in blocking residual [Ca® " ; elevations,
which have rarely been monitored in these experiments, and
different degrees of saturation of the exogenous buffers by
the high [Ca®"]; levels occurring in active zones.

The residual-free Ca?* hypothesis

In one study, the effect of exogenous BAPTA was mon-
itored and shown to eliminate the accumulation of re-
sidual Ca?" in short trains causing facilitation (Atluri
and Regehr, 1996). Facilitation was greatly reduced, and
what was left had a much reduced time constant (40 ms).
This was probably due to the effect of Ca’" entering
during the action potential on the facilitation site, sug-
gesting that facilitation is a process that itself lasts less
than 100 ms and is normally rate-limited by the decay of
[Ca®"]; at sites near Ca>" channels, from which Ca’>”"
will diffuse with apparent time constants of tens and
hundreds of milliseconds.

In another study, residual Ca®" was rapidly reduced
following conditioning stimulation by brief illumination of
a photosensitive buffer that takes up Ca®>* on photolysis
(Kamiya and Zucker, 1994). Facilitation then disappeared
within 10 ms after an action potential, while augmentation
and PTP were both truncated to a process lasting less than
a second. Since augmentation and PTP also show a similar
dependence of magnitude of enhancement of transmitter
release on submicromolar levels of residual [Ca® "], aug-
mentation and potentiation appear to be due to residual
Ca’" acting at a high-affinity site distinct from the sites
involved in either facilitation (intrinsically decaying more
rapidly) or exocytosis (having a much lower Ca® " affinity
than either facilitation or augmentation/PTP).

One way in which residual Ca> " could cause facilitation
is by partly saturating an endogenous Ca>" buffer. If one
of these buffers has high mobility and affinity, it can shuttle
Ca®" rapidly away from active zones in single action po-
tentials, reducing the Ca’™" available to trigger release.
Progressive saturation of this buffer by the residual Ca>*
accumulating during activity causes the buffer to lose its
effectiveness, and the quantity of local [Ca® " ]; transients to
successive action potentials increases, facilitating release.
A hallmark of this process is that reducing Ca”" influx
reduces residual Ca®" accumulation and relieves this sat-
uration, eliminating facilitation. Facilitation seems to
work this way at some synapses (Blatow et al., 2003),
where the saturable Ca®" buffer has been identified as
calbindin.

Molecular targets in short-term synaptic
enhancement

The sites of Ca®" action in facilitation and in augmenta-
tion/PTP remain to be identified, except in one instance
where the protein neuronal calcium sensor-1 has been im-
plicated (Sippy et al., 2003). The rapid rise of facilitation
after each action potential and the similarity of its kinetics
to the expected diffusion of Ca®* from active zones suggest
thatitisactivated by Ca?" acting at the level of one to a few
micromolars on a target fairly near docked vesicles, al-
though this target is apparently shielded from the very high
[Ca’"]; elevations occurring right at Ca®>® channel
mouths. Augmentation/PTP may result from Ca®" acting
at more distant sites, perhaps mobilizing vesicles to dock-
ing sites and priming them for release. But no direct ev-
idence exists to support these ideas.

The persistence of PTP

If augmentation and potentiation are due to Ca> " actingat
the same site with subsecond kinetics and high affinity, why
does PTP last so much longer than augmentation? The
answer is that both rise with the accumulation of Ca®* in
nerve terminals and last until residual Ca®>" is removed.
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Two processes slow down the removal of Ca®" after pro-
longed activity: (1) Ca®>" gradually accumulates in mi-
tochondria during sustained activity, and slowly leaks out
afterwards into the cytoplasm. The gradual loading of mi-
tochondria leads to a slow rise in cytoplasmic Ca” " during
activity, and the long time it takes to fully unload mi-
tochondria results in the prolonged small posttetanic re-
sidual Ca®* responsible for PTP. Blocking mitochondrial
uptake of Ca®>" eliminates PTP (Tang and Zucker, 1997).
(2) Presynaptic [Na'] rises and reduces the rate of Ca*"*
extrusion by Na* /Ca? " exchange. This exchanger uses the
normally high external-to-internal sodium gradient as the
energy source for removing Ca®> ", and reducing this gra-
dient retards the pump. This is why procedures that in-
crease the loading of presynaptic terminals with Na* ions
magnify and prolong PTP. See also: Mitochondria:
structure and role in respiration

Modulation of Short-term Synaptic
Enhancement

Facilitation, augmentation and potentiation can be differ-
ently affected by divalent ion substitutions for Ca®*, hor-
mone treatments, neurotrophic factors, mutations in genes
for Ca®* /calmodulin-dependent protein kinase, synapsins I
and II, cyclic adenine monophosphate (AMP) phosphodi-
esterase, Ca® " /calmodulin-dependent adenylyl cyclase and
the type 4 metabotrophic glutamate receptor. In one case,
postsynaptic hyperpolarization and [Ca®"J; chelation are
also reported to affect PTP, perhaps owing to some sort of
retrograde messenger (refer the associated paper on long-
term synaptic plasticity). These manipulations may differ-
entially affect the Ca’" targets in activating short-term
synaptic plasticity, or processes involved in the clearance of
residual Ca®* ions. Either way, they indicate a modifiability
of synaptic plasticity that could have important effects on
neural circuitry with plastic synapses (see below). See also:
Long-term potentiation; Synaptic vesicle proteins; Metabo-
tropic glutamate receptors; Protein kinases

Depression and Depletion of
Transmitter Stores

When synaptic depression is present, it usually develops
with a simple exponential time course during repetitive ac-
tivity. In most cases of depression, its rate increases with
action potential frequency, while the rate of recovery is
independent of prior frequency. When transmission is en-
hanced, for example, by increasing [Ca® "] in the medium,
depression develops more quickly and is more profound,
but recovery is unaffected. A simple mathematical model
of depletion of vesicles from an immediately releasable
pool, where each action potential releases a constant

fraction of that pool and the pool is replenished from a
depot, precursor, storage pool or from recovery of vesicles
by endocytosis and refilling and redocking, accounts quan-
titatively very well for these characteristics of depression
(Liley and North, 1953).

Synapses with high probabilities of releasing vesicles
(determined by the binomial release parameter p) are usu-
ally more susceptible to depression and less to facilitation,
augmentation and potentiation. Thisis probably due to the
fact that there is little room for enhancing the probability
of release at such synapses, and high levels of release more
readily deplete vesicle pools.

Depletable vesicle pools

At many synapses, the characteristics of depression deviate
somewhat from the simple model. Sometimes the rate of
depression slows down gradually during repetitive activity.
This may be because some vesicles are more readily released
than others, so that as depletion proceeds, the vesicles that
remain are released more gradually. At some synapses, an
early fast phase of depression is followed by a much slower
phase, as if first an immediately releasable pool of vesicles is
depleted, and then gradually another antecedent pool of
supply vesicles is also depleted. In such cases, there are two
phases of recovery, probably reflecting the rapid replenish-
ment of the releasable pool by what is left of the supply pool,
followed by the gradual recovery of the larger supply pool.
At other synapses, depression to a long tetanus is less severe
than would be predicted from the fractional reduction in
PSP amplitude during the first few action potentials, be-
cause replenishment of the store is accelerated, owing to an
accumulation of residual [Ca® " ], Sometimes recovery from
severe depression shows an early rapid phase, perhaps ow-
ing to the same mobilization process.

Attempts at anatomically identifying the vesicles corre-
sponding to the immediately releasable pool have not been
very successful. This pool seems to correspond to far fewer
than the total number of vesicles in nerve terminals, and
fewer even than the number of vesicles that appear to be
docked at the plasma membrane, and it is usually not pos-
sible to observe a reduction in vesicle number correspond-
ing to the fast early phase of depression. The later phase,
when it is evident, is usually accompanied by a reduction in
total presynaptic vesicle number; the rate of recovery in
the late phase of depression corresponds to the rate at
which fluorescent membrane-bound dyes can be observed
to reenter nerve terminals by the endocytosis of previously
released vesicle membrane, and then be filled with trans-
mitter and redocked at active zones.

Other Forms of Synaptic Depression

At some synapses, other processes have been found to un-
derlie synaptic depression. At a few synapses in mammals
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and in molluscs, depression is caused at least in part by the
inactivation of presynaptic calcium channels, so that action
potentials admit less Ca® " and hence trigger less transmitter
release. At other synapses there is a reduction in quantal
amplitude. This can be either due to incomplete filling of
vesicles released after the most releasable vesicles are
secreted, or due to reductions in postsynaptic sensitivity
due to changes in the state of postsynaptic receptors. Ex-
amples of both processes have been found. Reduction in
receptor sensitivity, called desensitization, plays a major
role in synaptic depression in some molluscan cholinergic
synapses, and also contributes to depression in some mam-
malian and insect glutamatergic synapses with the AMPA
(z-amino-3-hydroxy-5-methyl-4-isoxazolepropionate) sub-
type of receptor. Finally, at other synapses, particularly
some mammalian central GABA (y-aminobutyric acid) in-
hibitory synapses, and at certain frequencies at amphibian
neuromuscular junctions, depression is caused by the feed-
back inhibition of GABA or the enzymatic products of re-
leased ATP on presynaptic autoreceptors located on the
nerve terminals, where a substance released by the nerve acts
to inhibit its own terminals and reduce the effects of later
action potentials. See also: AMPA receptors; GABAg
receptors

The Consequences of Short-term
Synaptic Plasticity

The dynamic reshaping of synaptic strength is an essential
property of synapses, and is fundamental to the way they
respond to inputs, selectively transmit signals and shape
the responses of nerve circuits and the activity of neural
networks. Depression makes synapses respond adaptively,
reporting mainly changes in signal strength. Synaptic de-
pression can also have behavioural manifestations, such as
sensory adaptation and habituation to repeated or per-
sistent stimuli. Facilitation and augmentation allow
synapses to distinguish significant signals from noise when
the former are represented as sustained or high-frequency
activity. These properties can be used by neural circuits to
distinguish different patterns of input. The shorter forms of
synaptic enhancement, as well as PTP, can also effectively
adjust the gain or sensitivity of neuronal circuits following
prior activity and lead to alterations in neural circuit

responsiveness that last for seconds or minutes. Neurosci-
entists trying to understand how neural circuits analyse
sensory information or produce motor patterns are now
paying a good deal of attention to the important conse-
quences of short-term synaptic plasticity for the integrative
functions of the nervous system.
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