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1 MINI-REVIEW
Communicative & Integrative Biology 4:5, 543-548; September/October 2011; ©2011 Landes Bioscience

The diverse functions of short-term plasticity
components in synaptic computations

Pan-Yue Deng and Vitaly A. Klyachko*

Department of Biomedical Engineering, Cell Biology and Physiology; Center for Investigation of Membrane Excitability Disorders; Washington University School of Medicine;
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Short-term plasticity (STP) comprises several rapid synaptic
processes that operate on millisecond-to-minute timescales
and modulate synaptic efficacy in an activity-dependent
manner. Facilitation and augmentation are two major STP
components in central synapses that work to enhance synaptic
strength, while various forms of short-term depression work
to decrease it. These multiple components of STP interact to
perform a variety of synaptic computations. Using a modeling
approach in excitatory hippocampal synapses, we recently
described the contributions of individual STP components to
synaptic operations. In this mini-review, we summarize the
recent findings that revealed a wide palette of functions that
STP components play in neural operations and discuss their
roles in information processing, working memory and decision
making.

Short-term synaptic plasticity (STP) represents a rapid, bidi-
rectional and reversible modulation of synaptic strength and
is believed to serve as an important mechanism for modifying
synaptic and circuit functions during computation.! STP com-
prises several rapid synaptic processes that operate on millisec-
ond-to-minute timescales and work to either increase synaptic
strength (facilitation, augmentation), or decrease it (various com-
ponents of depression), as reviewed in references 1-4. In most
central synapses, these major forms of STP have a presynaptic
origin: facilitation and augmentation are thought to arise from
elevation in presynaptic calcium levels during repetitive activ-
ity, and subsequent increase in the probability of vesicle fusion.
Short-term depression, on the other hand, is attributed to several
mechanisms that are differentially expressed in various types of
synapses, including depletion of release-competent vesicles, inac-
tivation of release sites, reduction in calcium influx due to cal-
cium channel inactivation or calcium-induced calcium channel
inhibition.??

Synapses in different neural circuits express various combi-
nations of these processes, which determine the types of opera-
tions that a given synapse performs. STP is often viewed as a
dynamic filter optimized for transmission of specific input
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frequencies or patterns, i.e., performing low-pass, band-pass or
high-pass filtering operations.">* The expression of specific types
of filtering is thought to depend on whether components of short-
term enhancement or short-term depression dominate synaptic
dynamics. The view of STP as a dynamic filter is supported by
numerous experimental studies of cortical and hippocampal cir-

8-17

cuit operations,®" and by a large number of theoretical studies of

synaptic computations that are based on computational models
of synaptic dynamics.>">"-2

Until recently, however, the difficulty of separating contri-
butions from various forms of STP to synaptic dynamics made
it difficult to examine the roles of individual types of STP to
synaptic operations. This technical limitation has been partially
alleviated by the recent development of extensive computational
models of STP, which are based on fundamental principals gov-
erning synaptic dynamics and provide a close agreement with the
experimental data.”*® These new approaches together with the
recent computational and experimental studies have provided
strong support for the long hypothesized roles of STP in infor-
mation processing and suggested importance of STP in other
essential brain functions such as decision making and working
memory. In this mini-review, we discuss recent findings on the
function of individual STP components and overall STP in syn-
aptic and circuit computations.

Roles of Facilitation in Synaptic Computations

Facilitation, the most rapid component of synaptic enhancement,
is prominent on the tens to hundreds of milliseconds time scale.
Facilitation is probably the most well-studied component of STP
that can be easily assessed in many synaptic model systems by
a pair of closely spaced stimuli in what’s known as the paired-
pulse protocol. At some synapses, facilitation has been subdi-
vided into a very rapid component lasting tens of milliseconds
and a relative slower component lasting approximately a hun-
dred milliseconds under physiological conditions.? Facilitation is
thought to depend on elevation in presynaptic residual calcium
levels that may arise from several mechanisms, including satura-

tion of presynaptic calcium buffers, -

32-35

enhancement of presyn-

aptic calcium currents
36,37

and possibly changes in sensitivity of
calcium sensor,**?” which, however, remains to be identified.
Possibly because of the difficulty of separating contributions

of facilitation from other calcium-dependent forms of short-term
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synaptic enhancement, such as augmentation, knowledge about
the specific roles of facilitation in synaptic computations in dif-
ferent neural circuits is currently limited. The role of facilita-
tion in information processing has been described particularly

well in the auditory pathway.*3*

In the cochlear nucleus angu-
laris, which encodes sound intensity information, facilitation
was found to be precisely balanced with short-term depres-
sion, thereby maintaining the postsynaptic response amplitude
throughout the stimulus train at high firing rates."* This balance
serves to linearly convey the input rate information and there-
fore works to transmit sound intensity information encoded as a
rate code. At the calyx of Held synapses, which serve as a highly
reliable relay in the sound localization circuit of the auditory
brainstem, the interplay between facilitation and depression
also plays important roles in auditory information process-
ing.””
lower frequency range corresponding to the rates of spontane-

3942 Although these synapses are tonically depressed at

ous activity of the auditory neurons in vivo, sudden increases
in input frequency during sound-evoked activity induce robust
facilitation on top of the tonically depressed state of the syn-
apse.” Facilitation in this partially depressed state transiently
compensates for the effects of depression, thereby stabilizing the
transmitter output at the beginning of high-frequency activity.
Thus, this facilitation is believed to counteract the delay and
the temporal jitter of postsynaptic action potentials seen in
these synapses during high-frequency activity and thus works to
maintain robust information transmission during sound-evoked
activity. 14!

The hippocampal circuit represents another model system in
which the roles of facilitation as well as other STP components
is starting to emerge. Previous studies have shown that excitatory
hippocampal synapses work as an adaptive high-pass filter dur-
ing natural spike trains, optimized for the transmission of high-
frequency spike bursts that carry information about an animal’s
position in the environment known as place-fields.® This STP
filter enables synapses to perform a highly nonlinear, switch-like
operation permitting the passage and amplification of signals
with place-field-like characteristics. Our recent computational
analysis of STP function using a realistic model of synaptic
dynamics at these excitatory synapses, has shown that facilita-
tion is necessary for the rapid increase in synaptic strength in
response to place-field discharges.” This rapid switch-like change
in synaptic strength occurs at tens of milliseconds timescale
and is essential for the proper tuning of the synaptic response in
CA3-CALl synapses to recognize and amplify activity patterns
with place-field-like characteristics.®"

In addition to these functions of facilitation in synaptic
information processing, recent computational and experimen-
tal studies revealed potential roles of facilitation as a substrate
for working memory and decision making in the cortex*** (see
below for a detailed discussion). It is important to note, how-
ever, that the term facilitation is used broadly in the above studies
of working memory and decision making to describe the entire
phenomenon of short-term enhancement. The timescale of the
described effects reaches several seconds and may include a sub-
stantial contribution from augmentation.
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Facilitation thus emerges as an important contributor to vari-
ous types of synaptic information processing and may mediate
some of the complex cognitive functions in neocortical networks.

Functions of Augmentation in Synaptic Processing

Augmentation represents a slower component of presynap-
tic enhancement than facilitation and is also believed to act by
potentiating vesicle fusion.” Augmentation builds up gradually
during stimulus trains, and also decays much slower than facili-
tation, with a time constant of ~5-8 s%. Thus, augmentation is
apparent following sustained, high-frequency stimulation,>" but
the decay time constant of augmentation is independent of stim-
ulus duration and frequency.” Similarly to facilitation, augmen-
tation depends on residual calcium buildup in the presynaptic
terminals during spike trains.> Several presynaptic mechanisms
are thought to contribute to augmentation buildup in various
synapses, including increased calcium influx due to action poten-
tial (AP) broadening,”* calcium-induced calcium release from
internal stores® (but see a contrasting report™), increase in quan-
tal size (vesicle-to-vesicle fusion),” and changes in the size of the
readily-releasable pool (RRP).?

Several diverse roles of augmentation in modulating synap-
tic function have been proposed. Because the time course of
augmentation is comparable in many cases to that of short-
term depression,*? augmentation was found to work as a main
depression-counteracting mechanism to maintain the trans-
mitter release during high levels of neural activity. At the frog
neuromuscular junction (NM]), the model system in which
augmentation has been originally described,” augmentation
was shown to sustain transmitter release during prolonged high-
frequency activity by increasing the release probability of vesi-
cles within the RRP.*® Although augmentation is fully masked
by the dominating depression in the NMJ under physiological
conditions, it was found to maintain transmitter release even
when depression reduces the RRP sufficiently to completely
mask any apparent increase in synaptic strength.® Similarly,
augmentation has been shown to control the fast rebound from
depression at excitatory hippocampal synapses®* and is essential
to sustain the elevated levels of release during high-frequency
activity in these synapses.” In addition to augmentation’s criti-
cal role in maintaining transmitter release, our recent studies
at the hippocampal excitatory synapses showed that augmen-
tation is tuned to precisely counterbalance depression during
place-field discharges leading to their content-independent
processing. As a result, place-field discharges are detected and
amplified to a similar extent, independently of the particular
temporal pattern within individual discharges.® Moreover, we
found that this augmentation/depression balance controls the
dynamic range of the synaptic filter, presumably to allow for
robust place-field discharge recognition while limiting resource
consumption.”

Although augmentation has also been observed in some types

of cortical synapses,”

its contribution to cortical processing
remains to be determined. As pointed out above, recent compu-

tational studies suggest that some forms of short-term synaptic
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enhancement operating on the timescale of seconds may func-

tion as cellular substrate for working memory**44

and decision
Kine  Since little is k b . o
making.® Since little is known about augmentation properties in
cortical synapses, future studies will be needed to provide experi-
mental support for these functions of augmentation.

Together, the rapidly expanding number of functions revealed
for different forms of short-term enhancement emphasizes the
importance of these STP components in many fundamental syn-

aptic operations.

Diverse Roles of Depression
in Synaptic Computations

Short-term depression, which is represented by a transient
decrease in synaptic strength during and after epochs of high-fre-
quency stimulation, is commonly observed in most central syn-
apses. Unlike components of short-term enhancement that have
a predominately presynaptic origin, both pre- and postsynaptic
mechanisms of short-term depression have been described. On
the presynaptic site, the mechanisms responsible for short-term
depression include depletion of the RRP, inactivation of release
sites and inhibition or inactivation of calcium channels.!4
Presynaptic forms of depression are interdependent with compo-
nents of short-term enhancement via their common dependence
on presynaptic calcium levels that regulate replenishment of ves-
icle pools, and determine vesicle use by controlling the release
probability.**** A number of postsynaptic processes such as
receptor saturation and desensitization have also been found to
contribute to short-term depression in several experimental sys-
tems.> However these mechanisms have been found not to play
a significant role in STP in some central synapses, including the
hippocampal ones. ®¢>¢¢

A wide variety of different roles have been described for short-
term depression in synaptic computations and information pro-
cessing."** In cortical synapses, short-term depression has been
shown to provide a dynamic gain control mechanism that allows
equal percentage rate changes for inputs of different frequen-
cies to produce equal postsynaptic responses.”’ This gain con-
trol mechanism is essential for proper scaling of synaptic inputs,
since neurons in the central nervous system receive thousands of
synaptic inputs at frequencies ranging from <1 Hz to >200 Hz.
In the absence of such a subtle synaptic gain control mechanism,
synaptic transmission would lose the dynamic fidelity of input
information due to the large number of inputs and their broad
spatial and temporal range. Unlike inhibitory and adaptive
mechanisms that reduce responsiveness to all inputs, synaptic
depression is input-specific, leading to a dramatic increase in the
sensitivity of a neuron to subtle changes in the firing patterns of
its inputs.”’

In the hippocampal excitatory synapses, we used a com-
putational deletion analysis to understand the role of depres-
sion in the processing of natural patterns of neural activity.”
We found that in the absence of depression, synaptic strength
does not rapidly saturate during place-field discharges, like
that observed under normal conditions, but rather continues
to increase throughout the discharge. Depression thus controls

www.landesbioscience.com
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the dynamic range of this synaptic filter and provides rapid
response saturation, thereby preventing runaway synaptic
enhancement.”

Short-term synaptic depression has also been recognized to
play important roles in the processing of sensory information.
In the mammalian primary visual cortex, for example, short-
term depression serves as an important element in the nonlin-
ear temporal dynamics that leads to enhancement of transient
responses, nonlinear temporal summation and direction selec-
tivity.” Synaptic depression of thalamic input to the cortex
contributes to the dynamic regulation of neuronal sensitivity
during rapid changes in sensory input.'"” In the sound localiza-
tion circuits of the brain stem, the synapses of the timing path-
way are also characterized by strong short-term depression,®®
and the depression at the synapse onto coincidence-detection
neurons in the nucleus laminaris provides an adaptive mecha-
nism for preserving interaural time-delay information (a proxy
for the location of sound in space), despite the confounding
effects of sound-intensity-related information. This mecha-
nism may help nucleus laminaris neurons pass specific sound-
localization information to higher processing centers.!’ At the
endbulb of Held (the synapse made by auditory-nerve fibers
onto bushy cells of the cochlear nucleus), short-term depres-
sion enhances response probability or timing under different
stimulus conditions.”” The endbulbs of Held are chronically
depressed even at low input rates corresponding to spontaneous
activity. They exhibit an essentially rate-independent extent of
depression during low activity, but are more resistant to fur-
ther depression when driven by higher-frequency inputs cor-
responding to sound-evoked activity.”” A somewhat less clear
picture on the role of depression, however, emerges in studies
of the calyx of Held, the synapse between globular bushy cells
in the cochlear nucleus and the medial nucleus of the trap-
ezoid body. This synapse is viewed as a highly reliable relay in
the sound localization circuit of the auditory brainstem, with
nearly every presynaptic action potential triggering a postsyn-
aptic spike in vivo.* At high stimulation frequencies associated
with sound-evoked activity, however, significant depression
occurs®>? accompanied by increases in transmission delay and
in the width of the postsynaptic response. Surprisingly, in vivo
whole-cell recordings at these synapses show no evidence for a
contribution of short-term depression to synaptic responses.*’
This observation in vivo could also be recreated in the slice
recordings by mimicking the in vivo low release probability
conditions through lowering external calcium concentration.*’
These recent results thus question the extent and the func-
tion of short-term depression in the calyx of Held synapses in
vivo. It is possible, however, that depression is indeed present
in vivo, but similar to the NMJ, the shift to lower release prob-
abilities in vivo unmasks facilitation,* which may counterbal-
ance effects of short-term depression under these physiological
conditions.*

Together, these recent studies provide evidence for the key
roles of short-term depression in the processing of sensory infor-
mation as well as for controlling a variety of synaptic operations
in many neural circuits.
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Figure 1. Model of STP functions in synaptic computations and information processing. Wide blue arrows and white arrows indicate information
flow directions; green arrows show the factors that may influence information processing; and red arrows represent increase or decrease in synaptic

STP and Working Memory

Working memory (also termed short-term memory) is a system
for temporarily storing and managing information required
to carry out complex cognitive tasks such as learning, reason-
ing and comprehension.”” Working memory is involved in the
selection, initiation and termination of information processing
tasks. Studies over the last several decades supported a view that
enhanced AP firing activity in the neural networks in the form
of persistent reverberation for several seconds serves as the neural
correlate of working memory.”> However, recent computational
analyses of neural networks’ ability to store and recall informa-
tion have demonstrated that such working memory operations
can be mediated instead by calcium-dependent synaptic facili-
tation in the recurrent connections of neocortical networks.#44
The short-term increase in residual presynaptic calcium levels is
used in this case as a memory buffer that transiently stores the
memory of an item, which is then extracted from synaptic to

546 Communicative & Integrative Biology

spiking form by appropriately timed external signal. The dura-
tion of such working memory can be regulated by modulating
the levels of spontaneous network activity. Such a role for STP
in working memory is supported by the analysis of single neu-
ron recordings in the prefrontal cortex of monkeys performing
a delayed memory task. Population analysis of these recordings
are consistent with the model in which the frequency of the
stimulus is reflected in the graded facilitation profile of recurrent
connections, and this facilitation state is subsequently extracted
and translated into the firing rates by increasing excitatory input
applied uniformly to the entire network.** At least from a theo-
retical standpoint, this STP-dependent type of working memory
storage appears to be a more energy-efficient mechanism than
network spiking reverberations.”* This idea opens an intriguing
possibility that the molecular factors that control presynaptic cal-
cium dynamics (such as presynaptic calcium channels, calcium
buffers and calcium sensors) might be involved in the modula-
tion of working memory.
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STP and Decision Making

Decision making is commonly viewed as a cognitive process
resulting in the selection of a course of action among several
alternatives.”” During decision making, a common task involves
comparing two sets of stimuli that occur sequentially at different
times. Understanding the cellular and network basis of decision
making then involves elucidating what operations are performed
by synapses and neural networks to store the first set of stimuli in
memory and then compare it with the second one. A recent study
proposed that neurons encode the stimuli by the pattern of AP
firing, and then use synaptic facilitation not only to temporarily
store the first set of stimuli during the delay period (which would
represent working memory) but also during the presentation of
the second set of stimuli.® In this case, neurons could respond to
a combination of both stimuli, as was observed for so-called “par-
tial differential” neurons in the premotor cortex during vibro-
tactile decision making.’® In other words, during the decision
making process, facilitation-based working memory in partial
differential neurons is involved in storing information about the
first set of stimuli, thus allowing comparison with the second set
of stimuli, which is then read out by applying an external non-
specific stimulation to all neurons in the network. The resulting
combination of the first and second stimuli provides important
input to a subsequent attractor decision-making network that
compares it with inputs from other neurons that respond only to
the second stimulus.” While the facilitation-based model of deci-
sion making will require experimental verification, these recent
studies argue for the importance of STP not only in certain forms
of synaptic information processing, but also in fundamental cog-
nitive processes including working memory and decision making,.
As pointed out above, however, the models that use facilitation to

account for working memory and decision making require short-
term enhancement on the timescale of several seconds and may
thus include both facilitation and augmentation.

Summary

In summary, the diverse set of STP components and their inter-
actions provide synapses with a powerful toolbox to perform syn-
aptic computations. The differential expression and integration
of STP components in different synapses enhances and sustains
the synaptic input filtering functions and are used in various
information processing operations. This information can be held
as working memory by the neural circuits, and then can serve
in the decision-making process. STP may thus be involved in
the wide range of synaptic operations from sensory stimuli pro-
cessing to decision making, as summarized in Figure 1. Despite
significant advances in understanding the roles of STP in synap-
tic computation and information processing, less is known about
the precise molecular mechanisms responsible for regulating
STP, such as, for example, modulation of presynaptic calcium
channels, identity of calcium sensor(s), regulation and functional
significance of heterogeneity of synaptic vesicles and release sites.
Further studies will be needed to determine the significance of
the regulatory factors that may control the presynaptic dynamic
and tuning of the STP properties during computations.
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