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Abstract
The auditory system must be able to adapt to changing acoustic environment and still maintain
accurate representation of signals. Mechanistically, this is a difficult task because the
responsiveness of a large heterogeneous population of interconnected neurons must be adjusted
properly and precisely. Synaptic short-term plasticity (STP) is widely regarded as a viable
mechanism for adaptive processes. Although the cellular mechanism for STP is well characterized,
the overall effect on information processing at the network level is poorly understood. The main
challenge is that there are many cell types in auditory cortex, each of which exhibit different forms
and degrees of STP. In this article, I will review the basic properties of STP in auditory cortical
circuits and discuss the possible impact on signal processing.
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1. Introduction
A major goal in auditory neuroscience is to understand how sound is represented in the
brain. Sound pressure is converted into electrical signals in the cochlea and somehow the
rich acoustic space is represented as sequences of action potentials in neural networks.
Equally remarkable is that this representation is preserved in a dynamic acoustic
environment. The underlying processes that enable the auditory system to make the
necessary adjustments to preserve information are not well understood.

A viable mechanism is short-term plasticity (STP) of postsynaptic potentials (PSPs).
Throughout cortex, repetitive, brief stimulation of afferents or presynaptic neurons evoke
PSPs in target neurons whose amplitude either decrease (depress) or increase (facilitate)
with each stimuli. STP changes systematically with stimulus intensity and with recent
history, making it an ideal neural substrate for adaptive processes. In the visual and
somatosensory systems, for example, STP provides a mechanism for adjusting the
magnitude of thalamic input to cortex depending on the level of activity or state of the
animal (Boudreau et al., 2005; Castro-Alamancos et al., 2002). Depressing PSPs have been
proposed to be a mechanism for adjusting the gain of the network so as to maintain
sensitivity to input of varying intensities (Cook et al., 2003; Rothman et al., 2009). Finally,
the time-dependent changes in PSP amplitudes caused by STP confer filtering capabilities to
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neurons (Abbott et al., 1997;Abbott et al., 2004; Dittman et al., 2000) and provide a means
for processing rate and temporal signals (Markram et al., 1998b; Tsodyks et al., 1997).

These mechanisms apply generally to the nervous system but there is also evidence that
links STP specifically to auditory processing (Oswald et al., 2006). The time scales of STP
are well within the range of typical auditory stimuli: low spontaneous rates of 1-5 Hz and
responses evoked with brief 25-50 ms tones or clicks would all be expected to produce
significant changes in the amplitude of PSPs. The relatively long history dependence
imparted by synaptic depression provides a good explanation for forward suppression
(Bartlett et al., 2005; Brosch et al., 2000; Brosch et al., 1999; Wehr et al., 2005). STP may
also underlie context dependent phenomena such as adaptive shifts in tuning properties
(Malone et al., 2002). The inherent non-linearities produced by STP may underlie stimulus-
dependence of spectro-temporal receptive fields (David et al., 2009) and explain the major
features of temporal modulation transfer function obtained with periodic clicks (Eggermont,
1999). Finally, afferent input exhibiting different degrees of depression or facilitation could
give rise to the phasic/tonic firing profiles of many neurons in auditory cortex (Oswald et al.,
2006; Recanzone, 2000).

The important role for STP in the auditory system is underscored by the fact that it is highly
regulated. As discussed below, the level of STP exhibited by specific cell types change with
age, experience, neuromodulators, and background activity. The overall effect of these
changes to the behavior of the network is likely to be very complicated. In a small patch of
auditory cortex, there are thousands of excitatory and inhibitory neurons that make extensive
connections with each other. Conceivably, a small change in the STP of some of these
connections could have a profound effect in the way the network responds to input. It is
therefore important to characterize fully the STP exhibited by the various cell types in
cortex. In this review, I will summarize what is currently known about STP in the primary
auditory (A1) cortical circuits and discuss its potential effect on signal processing.

2. General properties of Short-term plasticity
Before delving into STP in the auditory cortex, it is useful to briefly summarize general
properties of STP, which have been more thoroughly characterized in other cortical areas
( Tsodyks et al., 1997; Markram et al., 1998a; Reyes et al., 1998; Reyes & Sakmann, 1999;
Thomson et al., 2002; Feldmeyer et al., 2006). In depressing synapses, the PSP amplitudes
decrease with successive stimulus pulses, reaching near steady-state levels in the range of
hundreds of milliseconds (Fig. 1B, left, middle). For facilitating synapses (Fig. 1B, top
right), the amplitude of PSPs increase systematically during the stimulus train, also reaching
steady-state levels on the order of hundreds of milliseconds. The effects of STP is relatively
long lasting and full recovery can be in the range of seconds. Mechanistically, both
processes occur via presynaptic events (Neher et al., 2008; Zucker et al., 2002). Depression
is generally thought to result from depletion of readily releasable pool of vesicles, which
decrease with successive stimuli. In facilitating synapses, the probability that vesicles are
released increases with each action potential owing to the accumulation of [Ca2+] with
successive pulses (so-called residual calcium hypotheses but see Zucker et al., 2002 for
alternate mechanisms). Facilitating PSPs are generally much smaller than depressing PSPs
(Markram et al., 1998a; Reyes et al., 1998) consistent with the notion that because fewer
vesicles are released after the first action potential, more are available for the next.

Whether depression or facilitation occurs depends on the identities of the pre- and
postsynaptic cell (Markram et al., 1998a; Reyes et al., 1998; Reyes et al., 1999).
Simultaneous triple whole-cell recordings in divergent circuits (1 presynaptic cell and 2
postsynaptic cells of different types) show that stimulation of presynaptic pyramidal cells
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can evoke facilitating PSPs in one postsynaptic cell and depressing PSPs in the other. On the
other hand, recordings in convergent circuits (2 presynaptic cells and 1 postsynaptic cell)
show that the PSPs evoked in a postsynaptic tend to either both depress or both facilitate.

STP shapes the way neurons respond to a given input (Oswald et al., 2006; Tsodyks et al.,
1997). For illustrative purposes, consider a neuron that receives sustained input from a
population of presynaptic cells (Fig. 2, inset). In the presence of a stimulus (e.g. a long
duration tone), the presynaptic cells start to fire, causing synaptic barrages in the
postsynaptic cell. Simple simulations with leaky-integrate-and-fire (LIF) neurons show that
when the presynaptic inputs have no STP (Fig. 2A, left), the neuron fires tonically for the
duration of the stimulus (Fig. 2B, left). When the inputs depress (Fig. 2A, middle), the
neuron fires mostly at the onset of the stimulus (Fig. 2B, middle), where the PSPs are
greatest. When the inputs facilitate (Fig. 2A, right), firing occurs after a delay and then
ramps up slowly to a steady level (Fig. 2B, right). These simulations, while providing useful
insights into the effects of STP on network activity, are gross simplifications of auditory
processing. As will be shown below, neuronal activity reflects the overall interaction of
excitatory and inhibitory neurons whose synapses exhibit differing degrees of STP.

3. Characteristics of STP in primary auditory cortex
Depending on the classification scheme (Ascoli et al., 2008), there are potentially many
types and subtypes of neurons in cortex. Categorizing STP for all of these defined cell types
is impractical because the experimental procedures are both difficult and time-consuming.
To isolate unitary PSPs and document STP, simultaneous whole-cell recordings must be
performed from many pairs of excitatory and/or inhibitory neurons. Thus, as a first
approximation, cell types are usually classified in 3 broad categories: excitatory pyramidal
cells (P), inhibitory fast spiking (FS) interneurons, and inhibitory low threshold spiking
(LTS) interneurons. These cell types can be identified based on their electrophysiological
properties, morphology (Ascoli et al., 2008; Kawaguchi, 1995; McGarry et al.), and recently
by using transgenic mice where specific cell types express EGFP transgene for parvalbumin
(FS cells)(Chattopadhyaya et al., 2004) or somatostatin (LTS cells) (Ma et al., 2006;
McGarry et al., 2010). These experiments are usually performed on an in vitro rodent slice
preparation that contains the primary auditory cortex (A1), the auditory thalamus (ventral
division of the medial geniculate or MGv), and the interconnecting fibers (Cruikshank et al.,
2002).

The 3 cell types make extensive connections with each other. When plotted against
intersomatic distance, the connection probability is approximately Gaussianly distributed.
Connection probabilities depend on the cell-to cell pairings. P cells connect with low
probability to each other (peak connection probability is ~0.01-0.2; Oswald et al., 2008) but
connect (in both directions) with high probability (0.4-0.6) to FS and LTS interneurons
(Oswald et al., 2010; Levy & Reyes, 2009). Connection probabilities are near zero for
intersomatic distances of greater than 300 μm. P cells in layers 2/3 & 4 and FS cells in layer
4 have been shown to receive afferent input from MGv (Cruikshank et al., 2001; Cruikshank
et al., 2002; de la Rocha et al., 2008; Hsieh et al., 2000; Metherate et al., 1999; Rose et al.,
2001; Theyel et al., 2010; Viaene et al., 2011; Xu et al., 2007). Figure 1 summarizes the
connections and STP of synapses that have been characterized thus far in A1. In general,
these properties are similar to those found in somatosensory and visual, and motor cortices
(Feldmeyer et al., 2006; Reyes & Sakmann, 1999; Thomson et al., 2002; Viaene et al.,
2011).
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3.1 STP in pyramidal to pyramidal cell connections
In mature tissue (>P18, see below), the excitatory PSPs (EPSPs) evoked between P cells
depress (Fig. 4A) (Atzori et al., 2001; Oswald & Reyes, 2008). In layer 2/3, the amplitudes
of unitary PSPs evoked with single pulses are small (~0.6 mV; Oswald & Reyes, 2008) and
exhibits relatively little depression: the average paired pulse ratio (PPR=amplitude of 2nd

PSP/amplitude of 1st PSP) examined with 10 Hz stimulation of the presynaptic cell is close
to 1 (0.94). Depression, however, appears to be slightly greater for connections in L4 where
PPR~0.6 (Levy & Reyes, 2009). There is some evidence (Atzori et al., 2001; but see Oswald
& Reyes, 2008) that there are two subclasses of connections: one where the PSP amplitudes
are large and exhibit strong depression and another where the PSPs are small and, on the
average, exhibit no depression.

An important feature of these and the other synapses is that synaptic depression becomes
greater at higher stimulus frequencies (Fig.4A,B). Increasing the stimulus frequency from 10
to 80 Hz, for example, causes a 3-fold increase in STD, as quantified by amplitude ratio of
the 5th PSP to 1st PSP (PSP5/PSP1) evoked during the train (Fig. 4B). This may provide a
means for automatic regulation of excitation: during high activity regimes, the excitatory
recurrent inputs from neighboring P cells decrease, thereby minimizing runaway excitation.

3.2 STP in pyramidal to FS connections
The synaptic properties of connections between pyramidal and FS cells differ considerably
from those between P cells. Unitary EPSPs evoked in FS cells following single pulse
stimulation of presynaptic P cells are almost 2x larger (~1.1 mV) and have a shorter time
courses than those evoked between P cells (Figs. 1B & 5A, middle). The inhibitory PSPs
(IPSPs; Fig. 4A right, 5A bottom) evoked from FS to P cells are comparable in amplitude
(0.5 mV) to EPSPs evoked between P cells and also depress (Oswald & Reyes, 2010.;
Oswald et al., 2009; Takesian et al., 2010).

The reciprocal connections between P cells and FS neurons are among the most powerful in
cortex, owing to the high connection probability and large amplitude PSPs (Oswald &
Reyes, 2010; Oswald et al., 2009, Levy & Reyes, 2009). However, a combination of
depressing P-to-FS EPSPs, depressing FS-to-P IPSPs, and depressing thalamically evoked
EPSPs (see below) means that the net inhibitory effect of FS cells to P cells is likely to be
transient, with the peak occurring near the stimulus onset. Thus, FS cells may make more of
a contribution to processing of short stimuli, as in tone pips or clicks. Under certain
conditions, however, the reciprocal interaction between P and FS cells could also lead to
oscillatory behavior in the network (Oswald et al., 2009).

3.3 STP in pyramidal to LTS connections
LTS cells are somewhat more difficult to identify than FS cells because at least 3 cell types
express EGFP in the transgenic mice (McGarry et al., 2010). Preliminary paired recordings
from pyramidal cells and labeled interneurons, show both depressing and facilitating EPSPs
(Levy & Reyes, 2009). Based on the electrophysiological properties (McGarry et al., 2010),
cells that received the facilitating EPSPs were the low threshold spiking (LTS) interneurons.
In layer 4, the unitary EPSPs evoked in these cells are small (0. 4 mV) but exhibit PPR of
approximately 1.4 and steady state facilitation (PSP5/PSP1) of approximately 2.3. The IPSPs
evoked in P cells are small (0.3 mV) and show weak depression (PPR = ~0.7; Levy &
Reyes, 2009) during low frequency (10-20 Hz) stimulation of presynaptic LTS cells in layer
4 of mice and weak depression/facilitation in gerbils (Takesian et al. , 2010)

The contribution of LTS mediated inhibition to auditory processing is not immediately clear.
On one hand, long sustained input from P cells appear necessary for the facilitating EPSPs
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to reach steady state and generate appreciable LTS cell firing (Fig. 2B, right): brief tone pips
or clicks may not be sufficient to fully recruit LTS mediated inhibition. On the other hand,
prolonged LTS firing would allow sufficient time for IPSPs onto P cells to depress. In
addition, the effect of LTS inhibition on P cell firing is also more subtle because the LTS
axons terminate distally on the apical dendrites, unlike those of FS cells which terminate
near the soma and the spike initiation region of P cells (Kawaguchi, 1995). Therefore, LTS
inhibition may selectively attenuate dendritic inputs rather than to halt overall P cell firing.

3.4 STP of Thalamic PSPs in pyramidal and FS cells
With the auditory thalamocortical slice preparation, EPSPs may be evoked in both P cells
and FS cells by extracellular stimulation of MGv (Cruikshank et al., 2001; Cruikshank et al.,
2002; de la Rocha et al., 2008; Hsieh et al., 2000; Metherate et al., 1999; Rose et al., 2001;
Theyel et al.; Viaene et al.; Xu et al., 2007). Thalamic PSPs evoked in L 4 P cells depress
strongly, as do those evoked in FS cells (Lee et al., 2008; Rose et al., 2005; Xu et al., 2007).
In stark contrast, PSPs evoked in L2/3 P cells facilitate strongly (Viaene et al., 2011), which
is somewhat surprising given nearly all of the intracortical connections between P cells in
L2/3 depress. It is currently unknown whether LTS cells in A1 receive direct thalamic
inputs.

The depressing inputs to pyramidal and FS cells in L4 would produce transient firing in both
(Fig. 2, middle). This is in line with the observations that cortical cell firing is much more
phasic than thalamic cell firing (Creutzfeldt et al., 1980). The firing of P cells would be
further shortened by the arrival of powerful inhibition from the FS cells a few milliseconds
later (see below). Intracellular recordings in vivo studies often show a stereotypic excitatory-
inhibitory synaptic sequence following a brief tone stimulus (Tan et al., 2009; Tan et al.,
2004; Tan et al., 2007; Wehr et al., 2005; Zhang et al., 2003).

3.4 Combined effects on firing
The extensive connections between the different cell types coupled with the varying degrees
of STP can generate a wide range of firing patterns. The simulations in Fig. 2 assumed that a
given neuron received input from a homogeneous population of independently firing
presynaptic cells. Very different firing patterns are obtained when the presynaptic cells are
heterogeneous and are connected to each other.

To develop some intuition about the combined effects of network activity on neuronal firing,
it is useful to perform simulations with a network model of layer 4 auditory cortex (Fig. 3A).
The network is a sheet of neurons (10,000 P cells, triangles; 1000 FS cells, red circles; 1000
LTS cells, cyan ovals) that incorporates the documented synaptic and intrinsic properties of
P, FS, and LTS cells and connection profiles (Fig. 1; Oswald & Reyes, 2008, 2010; Levy &
Reyes, 2009). The intracortical connections are (arrows denote direction of connections):
P←→P, P← →FS, and P←→LTS. P and FS cells receive depressing inputs from the
thalamus. For the following, a portion of the network is driven with thalamic input (gray
circle, Fig. 3A) for 200 ms and the responses of P cells near the center (filled triangle) were
documented.

The simulations, though by no means complete, nevertheless provide some insights as to the
complexity introduced by the neuronal interactions. In the absence of intracortical
connections, the P cell PSTH has a strong phasic component (Fig. 3B, top), as expected
from the depressing thalamic input (bottom). In the presence of intracortical connections
(Fig. 3D, top), the initial peak narrows and is followed by a broader secondary peak. These
additional features reflect the appearance of a large input from FS cells (bottom, red) and a
multipeaked recurrent input from neighboring P cells (bottom, black). The PSTH of FS cells
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are transient and also exhibit two peaks (Fig. 3C, top) due in part to depressing thalamic
inputs (Fig. 3C, bottom, gray) and the appearance of excitatory inputs from neighboring P
cells (bottom, black). Under the condition of the simulations, the LTS cells do not provide
substantial inhibition (not shown): the EPSPs from neighboring P cells are too small and the
P cell firing too brief to generate appreciable LTS cell firing. However, further simulations
and experiments are needed to determine whether there are more optimal stimuli for
engaging LTS cells and whether LTS cells receive inputs from thalamus or other cortical
areas.

The firing patterns are likely to change with the type of the stimulus. Because of differences
in the STP of the various synapses, the relative contribution of each component may be
different for pure tone, amplitude modulated, broadband auditory, or optimal vs. non-
optimal stimuli. Moreover, as discussed in the next section, the STP of some synapses is
strongly modulated with the state or age of the animal. The strong interdependencies
between each cell type means that a change in the STP of one of the synapses could have a
substantial effect on the overall network activity.

4. Regulation of STP
There is accumulating evidence that STP in the auditory cortex is not fixed but is modulated.
In most cases, the change is not global but often occurs for a specific set of synapses,
potentially changing qualitatively the responsiveness of the network to stimuli. This is of
some consequence because it suggests that A1 might be under different operational modes at
different states or stages of development.

4.1 Development
The PSPs between P cells and between P and FS cells undergo substantial changes after the
onset of hearing (Oswald & Reyes, 2008; Oswald & Reyes, 2010; Takesian et al., 2010). In
mice, stimulation of presynaptic P cells evoked PSPs that depress strongly in other P cells
(PPR with 10 Hz stimulation = 0.68 ) and FS cells (PPR=0.4) at postnatal day age 10-11
(P10-11, Fig. 5A). As the brain matures, the PSPs become progressively less depressing
(P27, P28) reaching steady PPR values (P cells = 0.94; FS cells = 0.8) by P19 (Fig. 5B, top,
middle), approximately 7-9 days post hearing (Ehret, 1976). Similar developmental
decreases in depression were observed with longer stimulus trains and at frequencies
ranging from 10-80 Hz (Oswald & Reyes, 2008; Oswald & Reyes, 2010). The FS cell IPSPs
evoked in P cells do not seem to change much with age (PPR = 0.7; Oswald et al. 2010;
Takesian et al., 2010) (Fig. 5A,B, bottom). In gerbils, the LTS cell IPSPs evoked in P cells
depress strongly prior to the onset of hearing (P8-11) but become weakly facilitating/
depressing after P17 (Takesian et al., 2010).

Normal development of STP also depends on experience. In gerbils, hearing loss increases
synaptic depression of thalamic inputs to L2/3 P cells (Xu et al., 2007), decreases facilitation
of LTS inhibitory inputs to P cells, but has minimal effect on FS to pyramidal cell inhibitory
PSP depression (Takesian et al., 2010).

Though STP needs to be examined in other synapses, there seems to be a general trend
toward less synaptic depression as the animal matures. How this affects the overall
excitability of the network is not immediately obvious since reduced depression would
increase excitability of not only P cells but also those of the FS and LTS cells that provide
inhibitory feedback.
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4.2 Neuromodulators
Several compounds modulate STP, though relatively few studies have been performed in A1
specifically. Norepinephrine (NE) has different effects on the STP of inhibitory postsynaptic
currents (IPSCs) evoked in L2/3 P cells, depending on the source of input (Salgado et al.,
2010; Salgado et al., 2011). NE decreases depression of IPSCs evoked with extracellular
stimulation of layer 1 but has opposite effects on IPSCs evoked with simulation of L2/3. In
developing A1, activation of presynaptic GABAB receptors regulates synaptic depression in
LTS- but not FS- mediated inhibitory input to P cells (Takesian et al., 2010). There is some
evidence that, like in somatosensory cortex (Levy et al., 2008)), activation of muscarinic
receptors with Ach agonists reduces PPR of facilitating PSPs evoked in LTS cells but has no
effect on FS cells (Levy & Reyes, unpublished). In general, neuromodulators do not affect
all synapses equally but seem to selectively target STP in specific synapses.

4.3 Background network activity
STP has been studied primarily in vitro, because the preparation is sufficiently stable to
permit simultaneous recordings from pairs of cells. There is accumulating evidence that the
STP documented in the quiescent slice may differ somewhat from those under the more
active in vivo preparation (reviewed in Borst, 2010). In the intact brain, neurons are not
silent but maintain spontaneous rates ranging from 1-20 Hz under laboratory conditions
(lognormal distribution with median ~2-3 Hz; (Hromadka et al., 2008; Watkins & Barbour,
2010)) and probably more in natural environment, in the presence of ambient noise. Hence,
synaptic inputs to neurons may be tonically depressed or facilitated. In the visual system,
thalamocortical inputs from the LGN to cortex are depressed to saturated levels and no
further depression occurs when LGN is stimulated repetitively (Boudreau et al., 2005).
When the baseline activity was reduced, the evoked PSP amplitude increased transiently
presumably because of partial recovery from depression. Analogous dependence of STP on
activity was demonstrated in the somatosensory system (Castro-Alamancos et al., 2002) and
in a slice preparation (Reig et al., 2006).

Because the change in STP with frequency varies across cell types, the overall effect of
background activity on network excitability is again difficult to predict. In Fig. 4C, for
example, the level of STP (quantified as the amplitude ratio of the 5th EPSP in the train over
the 1st EPSP) exhibited by P-to-P EPSPs and FS-to-P IPSPs are different at 10 Hz but
become comparable at 40 Hz. Consequently, the balance between excitation and inhibition
is likely to shift with network activity. This is consistent with in vivo data showing that
inhibition and excitation becomes unbalanced with increasing stimulus intensity, giving rise
to non-monotonic rate-level functions (Tan et al., 2007). The background activity would also
change the release probability prior to the arrival of the stimulus, effectively altering the
neurons’ filtering capabilities (Abbott et al., 2004; Abbott et al., 1997; Dittman et al., 2000)

5. Conclusions
The presence of STP throughout cortex implies that the synaptic weights of neurons are not
fixed but rather are in constant flux. The coupling strengths between neurons increase or
decrease within tens of milliseconds effectively tracking rapid changes in the stimulus
conditions or state of the animal. Experiments in vivo and modeling studies suggest that the
network adapts to an operating regime that maintains efficient coding of stimuli.

Despite having a relatively firm understanding of the salient properties of STP, its precise
role in controlling network activity in cortex is still poorly understood. Most of the existing
models have focused mainly on STP function in single neurons (Markram et al., 1998b;
Tsodyks et al., 1997; Varela et al., 1997). However, even the simplest auditory stimuli
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probably trigger activity in a fairly large network of neurons. In A1, as in other cortical
areas, there are many classes and subclasses of excitatory and inhibitory cells, which make
extensive connections with neighbors both within and across cortical layers. Based on the
small circuit examined thus far (Fig. 1), STP and its response to modulators and activity can
vary widely, depending on the identity of the pre- and postsynaptic cells. Consequently, a
change in the STP of one synapse could potentially have substantial effects on the dynamics
of the entire network and on the balance of excitation and inhibition. The way the network
responds to stimuli may change both quantitatively and qualitatively. With the numerous
feedback and recurrent excitatory and inhibitory connections, it is difficult to trace the net
effect of STP even for the small circuit in Fig. 1. The challenge over the next few years will
be to further characterize the circuitry in A1 and to use models like Fig. 3 to elucidate the
basic principles and rules governing STP in large neural networks.
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 We summarize the basic cellular properties of short-term plasticity.

 We describe short-term plasticity in auditory cortical circuits

 We discuss the potential impact of short-term plasticity on signal processing in
auditory cortex.
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Fig. 1.
Summary of short-term plasticity in auditory cortex. (A) Schematic showing connections
between pyramidal (triangles), Fast spiking interneurons (red circle), and low threshold
spiking (blue oval) interneurons. MGv is the ventral division of the medial geniculate body.
(B) representative synaptic potentials recorded in pairs of neurons. Simultaneous whole-cell
recordings were performed from a pre- and postsynaptic cell. The presynaptic cells were
stimulated with a train of suprathreshold current pulses separated by 50 ms. From Levy &
Reyes, 2009.
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Fig 2.
Effects of short-term plasticity on neuronal firing. Simulations were performed with leaky-
integrate-and-fire neurons. Inset, schematic of the simulation scenario. A postsynaptic cell
receives a barrage of inputs from a population of presynaptic cells. (A) representative
synaptic potential train fired by each presynaptic cell. Synaptic potentials either showed no
short-term plasticity (left), synaptic depression (middle), or synaptic facilitation (right). (B)
Associated poststimulus time histograms compiled from the LIF neuron over many trials.
Bar indicates stimulus.
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Fig. 3.
Effects of short-term plasticity on network activity. (A) Schematic of network. Simulations
were performed with adaptive integrate and fire neurons with parameters adjusted to
reproduce firing of pyramidal (P, black triangles), fast spiking (FS, red circles), and low
threshold spiking (LTS, cyan ovals) neurons (Naud et al., 2008). Network is a sheet of
neurons (100×100 P; 31 × 31 FS; 31 × 31 LTS). The connections between neurons are
(arrows denote direction of connections): P←→P, P← →FS, and P←→LTS. The
experimentally determined probability of connections between each cell type is Gaussian
distributed such that connection probability is greatest for nearby cells. The input to the
network from the thalamus (gray) is Gaussian distributed (2 dimension) where the peak is
the total number of inputs. (B, top) poststimulus time histogram (PSTH) of a P cell near the
center with only thalamic inputs. Bottom shows averaged synaptic conductance from
thalamus. (C, top) PSTH from an FS cell near the center in the fully connected network.
Bottom, synaptic conductances from thalamus (gray) and neighboring P cells (black). (D,
top) PSTH from a P cell in the fully connected network. Bottom, synaptic conductances
from thalamus (gray), FS cells (red), neighboring P cells (black), and LTS cells (cyan).
Conductance from LTS cells is nearly zero.
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Fig. 4.
Dependence of short-term plasticity on stimulus frequency. (A) Left, representative
excitatory postsynaptic potentials evoked in a fast spiking (FS) interneuron following
repetitive stimulation of a presynaptic pyramidal cell (P) at different frequencies. Right,
Inhibitory postsynaptic potentials evoked in P cells following stimulation of presynaptic FS
cells. Vertical scale bars: 0.5 mV; horizontal: 100 ms. (B) plot of successive synaptic
potential amplitudes during the train at different frequencies for P-to-P connections.
Amplitudes are normalized to the amplitude of the first synaptic potential in the train. (C)
Average short term synaptic depression of the 5th synaptic potential in the train relative to
the 1st as a function of stimulus frequency for P to P and FS to P connections. Adapted from
Oswald & Reyes, 2008, 2010.
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Fig. 5.
Developmental changes of short-term plasticity. (A) representative synaptic potentials
evoked between pyramidal cells (top), from pyramidal cells to fast spiking interneurons
(middle), and from fast spiking interneurons to pyramidal cells during 10 Hz stimulation of
presynaptic cells. Left and right columns show PSPs for immature and mature synapses,
respectively. Vertical scale bars: 1.0 mV; horizontal: 100 ms. (B) plot of paired pulse ratio at
10 Hz for each synapse vs. age of the animal. Adapted from Oswald & Reyes, 2008, 2010.
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