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Spike timing-dependent plasticity (STDP) has been proposed as a mechanism for optimizing the
tuning of neurons to sensory inputs, a process that underlies the formation of receptive field
properties and associative memories. The properties of STDP must adjust during development
to enable neurons to optimally tune their selectivity for environmental stimuli, but these changes
are poorly understood. Here we review the properties of STDP and how these may change
during development in primary sensory cortical layers 2/3 and 4, initial sites for intracortical
processing. We provide a primer discussing postnatal developmental changes in synaptic
proteins and neuromodulators that are thought to influence STDP induction and expression.
We propose that STDP is shaped by, but also modifies, synapses to produce refinements in
neuronal responses to sensory inputs.
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INTRODUCTION

A fundamental property of the brain is its ability to change in
response to sensory stimuli. These adaptations to changes in either
the sensory environment or sensory receptor function provide a
substrate for the memory of sensory experiences and perceptual
learning. A long-term goal of neuroscience research has been
to determine the molecular mechanisms that underlie the for-
mation of cortical responses to environmental stimuli. Changes
in synaptic strength have been modeled in vitro using low- or
high-frequency stimulation to produce long-term depression
(LTD) and long-term potentiation (LTP), respectively (Bliss and
Lomo, 1973; Dudek and Bear, 1992). While frequency-dependent
plasticity has provided a wonderful tool to study the mechanism
for the strengthening and weakening of cortical synapses during
early stages of development, frequency-dependent plasticity is
not sufficient to explain many modifications in synaptic strength
that result from changes in sensory experience. Manipulations
that produce synaptic plasticity in vivo are not always associated
with significant changes in firing rates, and changes in firing rates
that induce plasticity in vitro do not always produce plasticity
when occurring naturally in vivo (Carandini and Ferster, 2000;
Celikel et al., 2004; Fox and Wong, 2005). The discovery that the
precise temporal precision of spiking between pre- and postsy-
naptic neurons in the hippocampus can dictate whether a syn-
apse is strengthened or weakened raised great excitement, as this
timing-dependent plasticity mechanism could readily account
for changes observed in vivo that were not readily explained by
frequency-dependent forms of plasticity (Levy and Steward, 1983;
Magee and Johnston, 1997).

Since the initial discoveries of spike timing-dependent plasticity
(STDP) (Levy and Steward, 1983; Bell et al., 1997; Magee and
Johnston, 1997; Markram et al., 1997; Bi and Poo, 1998; Debanne
etal., 1998), it has been proposed as a mechanism by which recep-
tive field maps and sensory selectivity can be formed and modified
invivo (Song and Abbott,2001; Clopath etal.,2010). STDP has been
observed in sensory cortices just following birth, and is also thought
to provide a mechanism for modifying synaptic strength in adult-
hood (Fu et al., 2002; Banerjee et al., 2009; Pellicciari et al., 2009).
Although synaptic plasticity can occur throughout life, the induc-
tion and expression mechanisms of both frequency-dependent
plasticity and STDP are believed to change over development.
For example, adult plasticity in response to sensory deprivation
is believed to result primarily from the potentiation of spared
(sensory-driven) inputs and not by depression of the lost (sensory-
independent) inputs (Glazewski and Fox, 1996). Similarly, both
frequency- and spike timing-dependent LTD (tLTD) are difficult
to induce following postnatal day 30 (P30) in rodents (Dudek and
Bear, 1993; Fox, 2002; Corlew et al., 2007; Banerjee et al., 2009).
This suggests that while the ability to strengthen and weaken sen-
sory synapses remains throughout life, changes in synaptic proteins
that occur throughout development may influence how plasticity
is induced or expressed. Herein, we describe mechanisms by which
STDP can be shaped through development via the expression of
synaptic proteins in the cortices of the somatosensory, visual, and
auditory systems (Table 1). Although STDP has been observed in
many neocortical layers (Egger et al., 1999; Sjostrom et al., 2003;
Kampa and Stuart, 2006; Letzkus et al., 2006), for simplicity we
focus on the synaptic connection between cortical layer (L) 4 and
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L2/3 neurons and between L2/3 neurons. These synapses represent
the major site of intracortical processing for inputs arriving from
the thalamic relays. In addition, STDP in L2/3 synapses has been
observed throughout development, is relatively well characterized
in vitro, and occurs in response to sensory deprivation (Diamond
etal., 1994; Drew and Feldman, 2009). We also consider the contri-
bution of neuromodulation to the expression and development of
cortical STDP. Although we emphasize changes in synaptic proteins
between excitatory cortical connections that may influence STDP
expression, considerable evidence demonstrates that STDP exists
at inhibitory connections (Holmgren and Zilberter, 2001; Haas
et al., 2006) and that there are considerable changes in inhibitory
circuitry during development (Yazaki-Sugiyama et al., 2009) that
are likely to be shaped by STDP.

STDP IN SOMATOSENSORY CORTEX

Spike timing-dependent plasticity in rodent primary somato-
sensory cortex (S1) has been proposed to underlie refinement of
receptive fields in response to changes in whisker stimulation (Fox
and Wong, 2005; Feldman, 2009). In support of this idea, whisker
trimming during early life alters the firing sequence of L4-12/3
synaptic connections in vivo to produce timing patterns known to
weaken synapses in vitro, and this change in the temporal precision
of spiking precedes the degradation of L2/3 receptive field maps
(Feldman, 2000; Celikel et al., 2004). Response depression can also
be produced in vivo by pairing natural spike trains with coincident
whisker deflection to mimic the timing requirements for inducing
tLTD in vitro (Jacob et al., 2007). Such findings suggest that STDP is
likely to occur naturally during receptive field refinements through
development and even into adulthood (Clark et al., 1988). Below, we
discuss the molecular mechanisms underlying STDP and how they
may be regulated to produce and tune STDP in developing S1.

tLTP IN $1

In general, the induction of timing-dependent LTP (tLTP) in
cortical areas requires glutamate binding of NMDA receptors
(NMDARSs) coincident with arrival of a backpropagating action
potential (BAP) into the postsynaptic dendrite (Magee and
Johnston, 1997; Froemke et al., 2005; Letzkus et al., 2006). The
pairing of glutamate binding with the BAP causes the removal
of Mg*" from NMDARs and produces a supralinear summation
of calcium entering through NMDARs and voltage-gated calcium
channels (VGCCs) (Koester and Sakmann, 1998; Kampa and Stuart,
2006; Nevian and Sakmann, 2006). Despite the importance of both
VGCCs and NMDAR activation for tLTP induction, postsynaptic
NMDARs are believed to act as the sole coincidence detector for
tLTP within the neocortex (Froemke et al., 2005, 2006; Rodriguez-
Moreno and Paulsen, 2008).

S1 pyramidal cells maintain the ability to express tLTP into
adulthood, and many of the induction parameters appear to be
similar throughout life. For example, the timing requirements for
tLTP induction are largely unchanged across development, as pre—
post pairings with positive intervals of ~10 ms readily induce tLTP
from P6-P100 (Feldman, 2000; Bender et al., 2006; Rodriguez-
Moreno and Paulsen, 2008; Banerjee et al., 2009). The require-
ment for postsynaptic NMDAR activation is also maintained
across development, because intracortical tLTP is blocked by the

NMDAR antagonist APV in S1 in both younger (<P20) and older
(>P35) rodents (Rodriguez-Moreno and Paulsen, 2008; Banerjee
et al., 2009; Frey et al., 2009). The induction of tLTP between S1
L4-L2/3 synapses requires postsynaptic NMDARs, because selec-
tively loading the postsynaptic recording pipette with the NMDAR
antagonist MK-801 is sufficient to abolish tLTP (Bender et al., 20065
Rodriguez-Moreno and Paulsen, 2008). In addition to having many
similar induction requirements across development, the magnitude
of tLTP expression also does not correlate with age in rats across
the P18-P32 developmental period (Feldman, 2000).

While many aspects of tLTP induction are similar throughout
life, there are also likely to be important developmental differ-
ences. Because postsynaptic NMDARs are thought to be the sole
coincidence detector for tLTP, developmental changes in NMDAR
functions may by one important modulator of the properties of
tLTP induction. In the neocortex, postsynaptic NMDARs undergo a
developmental switch from primarily NR2B-containing to NR2A-
containing receptors. In rodent S1, this switch to predominately
NR2A-containing receptors occurs ~P9 in L2/3 pyramidal cells
(Flint et al., 1997; Liu et al., 2004). As would be predicted based
on this expression pattern in S1, NR2A-, but not NR2B-containing,
receptors are required for tLTP induction at L4-L2/3 synapses in
P11-P15 mice (Banerjee et al., 2009). The contribution of NR2B
to tLTP induction has not been studied at young ages (<P6), thus
it is not yet clear how the developmental switch from NR2B to
NR2A influences tLTP induction. There are currently two ideas
as to how an increased NR2A/NR2B ratio would affect tLTP, with
one prediction suggesting that a higher ratio would compress the
tLTP timing window (Shouval et al., 2002) and the other suggest-
ing that it will make tLTP less likely to be induced (Gerkin et al.,
2007).Both predictions suggest that a shift in the NR2A/NR2B ratio
would adjust the balance between tLTD and tLTP. Thus, further
studies are warranted to determine how changes in S1 postsyn-
aptic NMDAR composition and downstream signaling cascades
at different ages influence the expression, magnitude, and timing
requirements of tLTP.

tLTD

While postsynaptic NMDARs act as a coincidence detector for tLTP,
they have not been shown to act as the coincidence detector for
tLTD between L4 and L2/3 synapses. Instead, the near-simultaneous
activation of postsynaptic mGluRs coincident with both postsyn-
aptic depolarization and activation of VGCCs is thought to con-
stitute a separate coincidence detector for tLTD (Karmarkar and
Buonomano, 2002; Bender et al., 2006). In this model, tLTD is
induced when postsynaptic group 1 mGluRs (likely mGluR5) are
activated with T- or L-type VGCCs to increase PLC activity (Bender
et al., 2006; Nevian and Sakmann, 2006). Activation of PLC leads
to generation of inositol 1,4,5-triphosphate (IP,) and intracellular
release of calcium from IP,-mediated internal stores (Bender et al.,
2006; Nevian and Sakmann, 2006). This calcium, along with the
calcium released from VGCCs, combines to trigger release of the
endocannabinoid 2-arachidonyl glycerol (2-AG) from the postsy-
naptic neuron (Bender et al., 2006). Activation of presynaptic CB1
receptors and presynaptic NMDARs results in lasting reductions in
release probability from the presynaptic neuron, although the time
course and pathways by which this occurs remains to be determined.
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This type of LTD can become manifest with post-before-pre action
potential pairings occurring with intervals up to 50 ms (Feldman,
2000; Bender et al., 2006; Nevian and Sakmann, 2006), which is
much longer than the 10-20 ms pre-before-post timing window
required for tLTP induction. It should be noted that tLTD in the
visual cortex can also be induced in a manner thought to rely on
postsynaptic NMDARs as the coincidence detector (Froemke et al.,
2005; Urakubo et al., 2008), and a similar mechanism is likely to
occur in S1. Exactly how these two forms of tLTD cooperate or are
segregated is not clear, and it is possible that development influences
tLTD in a location or spike-dependent manner.

While tLTP is thought to be inducible throughout life, a dramatic
reduction in the ability to induce tLTD in vitro between L4 and L2/3
synapses in rodent S1 occurs by P25 (Banerjee et al., 2009). This
decrease in tLTD magnitude is reminiscent of the developmen-
tal loss of frequency-dependent LTD in CA1 of the hippocampus
(Dudek and Bear, 1993) and to the loss of LTP at S1 thalamocortical
synapses (Crair and Malenka, 1995). A developmental reduction
in tLTD magnitude has also been observed in L4-12/3 synapses
in primary visual cortex, and this loss is curiously dependent on
inhibition (Corlew et al., 2007). This suggests that a developmental
increase in inhibition might limit tLTD induction, perhaps through
shunting inhibition, but this hypothesis has yet to be rigorously
tested. Since standard experimental protocols do not reliably induce
tLTD in mature neocortex, it is possible that the requirements
for tLTD induction are different, and will require increasing the
number or adjusting the timing of the pairings. In support of this
idea, a very narrow window for inducing tLTD has been observed
in adult rats in vivo (Jacob et al., 2007).

Before P25 in rodents, it is remarkable that the magnitude of
tLTD is similar at all ages tested (P6—P32; Feldman, 2000; Banerjee
etal., 2009, despite large changes in many of the proteins involved
in tLTD induction. Among these proteins, mGluRs and their down-
stream effectors are developmentally upregulated before P15. The
requirement for group 1 mGluRs for tLTD at L2/3 synapses has
been shown at P13—-P23, when mGluR expression begins to plateau
(Bender et al., 2006; Nevian and Sakmann, 2006). In S1, mGIuR5
expression is uniform in all layers by P16 and remains constant at
these levels through adulthood (Blue et al., 1997). Similarly, the
expression of group 1 mGluR’s downstream effector, PLC, reaches
stable expression in S1 by P14 (Hannan et al., 1998). The early
developmental upregulation of mGluR5 and PLC expression do
not seem to influence the magnitude or induction of tLTD, because
mice aged P6-P8 show tLTD with a similar magnitude to mice at
P11-P25 (Banerjee et al., 2009). This suggests that mGluRs do not
developmentally gate tLTD induction, but may influence tLTD in
other ways. It is clear that mGluRs and their downstream effec-
tors play an important role in S1 development because the genetic
deletion of mGluR5 or PLC causes barrels to form improperly
(Hannan et al., 2001), yet whether this is a direct consequence of
altered tLTD remains unknown.

Synaptic proteins involved in tLTD induction have also been
suggested to be segregated based on synapse. For example, the
requirement both for endocannabinoid signaling and specific
preNMDAR subunits differs by synaptic pathway. In mice, CB1Rs
are not required for tLTD between L4 and L2/3 synapses at either
P11-P15 or P28-P42 but are required between L2/3 and L2/3

synapses at P11-P15 (Hardingham et al., 2008; Banerjee et al,,
2009). In contrast, CB1Rs and postsynaptic endocannabinoid
synthesis are required for tLTD induction between L4 and L2/3
rat neurons at P16-P23 (Bender et al., 2006). These differences
may reflect laminar and species-specific differences in the activa-
tion of CB1Rs or their downstream signaling. The expression of
CB1Rs reaches stable adult levels by P16 in rats and CB1R function
is required during this period for barrel receptive field formation
(Bodor et al., 2005; Deshmukh et al., 2007). Chronically blocking
CBI1Rs with the in vivo administration of the antagonist AM251
between P13 and P16 disrupts whisker tuning and results in the loss
of experience-dependent plasticity in L2/3 rat S1 (Li et al., 2009).
This demonstrates the importance of CBI1R signaling in rats at a
time when tLTD is readily inducible both in vivo and in vitro by
CBIR activation, suggesting that there may be a causal relationship
between tLTD induction and receptive field tuning in S1.

In a similar fashion to the segregation of endocannabinoid sig-
naling across cortical layers, there are differing layer-dependent
requirements for presynaptic NMDAR subunits. Moderately selec-
tive NR2C/D antagonists, but not NR2B or NR2A antagonists, block
the induction of tLTD between L4 and L2/3 S1 synapses (Banerjee
etal., 2009). In contrast, L2/3-L2/3 synapses show a requirement
for NR2B-containing receptors, but not NR2C/D (Banerjee et al.,
2009). The segregation of presynaptic NMDAR subunits may
permit differential modulation of tLTD depending on the syn-
aptic pathway, which is consistent with previous findings that the
induction requirements and timing windows of STDP depend
on dendritic location (Froemke et al., 2005; Letzkus et al., 2006).
The mechanisms by which STDP are induced appear diverse and
synapse-specific. Due to the wide variety of synaptic mechanisms
for induction, tLTD may be developmentally regulated in a unique
way at each synapse. Studies that compare the pathway-specific
tLTD mechanisms could determine the exact requirements for tLTD
induction at each S1 synapse. The existing evidence suggests that the
molecular mechanisms of tLTD are not universal across synapses
within sensory cortices.

STDP IN VISUAL CORTEX

The importance of coordinated activity in the developing visual
cortex was first demonstrated in groundbreaking experiments by
Hubel and Wiesel (1965) where binocular receptive fields were con-
verted to monocular receptive fields by changing the synchrony of
visual inputs in kittens with artificial strabismus. STDP within the
visual cortex likely follows constraints unique to the environmen-
tal stimuli it receives, allowing this form of plasticity to modulate
synaptic connectivity in a manner that is different from S1. Like
plasticity in S1, STDP in V1 is a relevant mechanism for synaptic
strengthening and weakening. Indeed, pairing action potentials
with precisely timed visual stimuli induces STDP in vivo (Meliza
and Dan, 2006). In further support of the idea that STDP can shape
visual processing, manipulating the temporal order of spiking in V1
neurons is sufficient to change orientation preferences and receptive
fields in vivo, and these modifications can occur in a bidirectional
manner similar to STDP timing rules observed in vitro (Schuett
et al., 2001). For example, when visual stimuli of a particular ori-
entation are paired with electrical stimulation of a neuron, the
orientation preference of that neuron shifts toward that of the given
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stimuli (Schuett et al., 2001). Reversing the pairing order (so that
the neuron fires before the visual stimuli) weakens the orientation
preference away from the given orientation in a tLTD-like manner.
Additionally, the pairing of visual stimuli at two orientations shifts
the orientation preference of V1 neurons depending on the tempo-
ral order of the pairings and can be predicted based on the temporal
windows of STDP induced in vitro (Yao and Dan, 2001). The ability
to modify visual responses via STDP learning rules exists through
adulthood, as the pairing of visual stimuli can rapidly modify recep-
tive fields and orientation preferences in adult cats (Yao and Dan,
2001; Fuetal.,, 2002). Lastly, STDP learning rules have been shown
to be sufficient to segregate sensory inputs onto specific dendritic
branches, underscoring how STDP may be essential for shaping
cortical connectivity (Froemke et al., 2005). Overall these observa-
tions suggest that STDP provides a powerful mechanism by which
visual cortical circuitry can be modeled and by which neurons can
rapidly adapt to an ever-changing visual environment through-
out life. Many synaptic proteins implicated in STDP induction or
expression are developmentally regulated between P10 and P35
in rodents, overlapping with periods of receptive field develop-
ment and the visual cortical critical period (Hensch, 2005; Smith
and Trachtenberg, 2007). The regulation of these synaptic proteins
may therefore favor the development and stability of visual circuits
through adulthood by modulating STDP.

A surprising observation, which we will discuss below, is that the
mechanisms of STDP appear largely similar between S1 and V1.
The most pronounced differences in STDP between these regions
are due to a developmental delay in V1 development compared to
S1 development, and this delay is likely due to a delay in sensory-
driven activity in V1.

tLTP
Similar to tLTP observed in the somatosensory cortex, tLTP in V1
is believed to rely on the interaction of BAPs with calcium influx
through postsynaptic NMDARs and L-type VGCCs (Froemke et al.,
2005,2006). NMDARs are required for tLTP induction between P12
and P35 at both L5 and L2/3 V1 synapses (Markram et al., 1997;
Froemke et al., 2006; Zilberter et al., 2009). Unlike S1, the exact
postsynaptic NMDAR subunits required for tLTP have not been
investigated. Postsynaptic NMDARs in V1 show a developmental
shift from NR2B to NR2A at a period later in development (~P25)
as compared to other cortical areas (de Marchena etal., 2008). This
suggests that a greater proportion of NR2B-containing receptors
may participate in tLTP induction before P25 in the visual cortex
compared to somatosensory cortex, although it has been reported
that the NR2B antagonist ifenprodil does not have a major impact
on the NMDA:AMPA ratio in L5 neurons of P14-P15 rats (Sjostrom
etal.,2003). How the switch in NMDAR subunits during the visual
critical period influences STDP induction and expression is not
known, but it may involve temporal changes in NMDAR glutamate
binding (Laurie and Seeburg, 1994), magnesium sensitivity (Clarke
and Johnson, 2006), or allosteric interactions (Urakubo et al., 2008)
that could alter dendritic calcium and shape the temporal window
for inducing STDP (Shouval et al., 2002).

Surprisingly little is known about how the properties of tLTP
adjust over development in the visual cortex, but some assump-
tions can be made based on known tLTP mechanisms. In addition

to the aforementioned changes in NMDAR subunit expression,
there are other developmental changes in tLTP-related proteins
that can affect tLTP induction across the length of the dendrite.
The magnitude of tLTP in L2/3 pyramidal neurons varies with
location of the stimulated inputs, such that stimulation of syn-
apses on the proximal dendrite produce a larger magnitude of tLTP
than stimulation of synapses on more distal dendrites (Froemke
etal.,2005). This effect probably depends on the attenuation of the
BAP along the extent of the dendrite (Magee and Johnston, 1997;
Froemke et al., 2005; Sjostrom and Hausser, 2006), which would be
predicted to affect the supralinear potentiation of calcium that has
been observed with tLTP induction (Nevian and Sakmann, 2006).
Such an interpretation is consistent with studies in the somatosen-
sory cortex showing that voltage-gated sodium channel dependent
action potentials, in turn activate VGCCs (Kampa and Stuart, 2006;
Komai et al., 2006). Consequently, any developmental changes in
the magnitude or localization of dendritic sodium or calcium chan-
nels would be expected to alter the timing requirements and mag-
nitude of tLTP, perhaps by changing the resulting calcium transient.
Developmental changes in other dendritic proteins that can affect
the shape or size of the BAP, such as A-type potassium channels
(Hoffman et al., 1997; Froemke et al., 2005), would likewise be
expected to alter tLTP induction and expression.

tLTD

Like tLTP, NMDAR activation is required for the induction of
tLTD. Unlike tLTP, there appears to be both a presynaptic and a
postsynaptic contribution of NMDARs. The relative contribution
of pre- and postsynaptic NMDARs may vary by age and pathway.
Initial studies using bath-applied APV to globally block NMDARs
led to the assumption that the NMDARs relevant to tLTD were
exclusively postsynaptic (Markram et al., 1997; Feldman, 2000).
Later studies in ~P14—P18 rodents found that tLTD could still be
induced when postsynaptic (but not presynaptic) NMDARs were
blocked (Sjostrom et al., 2003; Corlew et al., 2007). This form of
tLTD appeared to have a dual requirement for presynaptic NMDAR
and CBIR activation, similar to what has been described for S1
(Sjostrom et al., 2003; Bender et al., 2006; Rodriguez-Moreno and
Paulsen, 2008), although whether preNMDARs are acting on a
rapid or slow time scale has been debated (Sjostrom et al., 2003;
Bender et al., 2006).

While some studies have shown that tLTD at L5-L5 and L4-12/3
synapses requires presynaptic NMDAR activation (Sjostrom et al.,
2003; Corlew et al., 2007), others have shown that tLTD is fully
blocked by postsynaptic inhibition of NMDARs in L2/3 V1 neu-
rons (Froemke et al., 2005; Urakubo et al., 2008). This apparent
discrepancy might be explained by age-related modifications in the
mechanisms of tLTD. Presynaptic NMDARs, which are required
for tLTD during early life, are sharply downregulated between P16
and P27 (Corlew et al., 2007). Remarkably, this anatomical reduc-
tion in presynaptic NMDARs coincides with the loss of presynapti-
cally expressed tLTD between L4 and L2/3 synapses, which occurs
around 3 weeks of age, suggesting that there may be a causal rela-
tionship between the two events. In support of this idea, studies
showing a requirement for presynaptic NMDARs in tLTD have
been performed in P14-P18 rodents, while those that support a
postsynaptic requirement for NMDARs have been performed in
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rodents including ages >P21. The form of tLTD involving postsyn-
aptic NMDARSs requires activation of the phosphatase calcineurin
(Froemke et al., 2005; Urakubo et al., 2008), but it is not known if
this is a requirement in younger rodents (Figure 1).

In addition to developmental changes in the contribution of
presynaptic NMDARs to tLTD, there are also likely to be differences
in the role that inhibition plays in tLTD. A developmental loss of
tLTD at L4-L2/3 synapses is evident in V1 by ~P23 (Corlew et al.,
2007), similar to that observed in S1 by ~P25 (Banerjee et al., 2009).
However, the induction of tLTD can be restored in older mice by
performing the post-before-pre pairing protocol in the presence
of GABA, receptor antagonists (Corlew et al., 2007). When inhi-
bition is blocked at these older ages, tLTD requires postsynaptic
NMDARSs instead of presynaptic NMDARs. This suggests develop-
ment may shape the mechanism by which tLTD is induced from
one that is predominately presynaptic to one that is predominately
postsynaptic. It is interesting that tLTD that relies on postsynap-
tic NMDAR activation in older animals is smaller in magnitude
than that induced at younger ages, suggesting development may
also subtly affect tLTD magnitude in V1 (Corlew et al., 2007).
As the loss of presynaptically expressed tLTD coincides with a
period of rapid inhibitory development (Hensch, 2005), it suggests
that inhibition may influence the mechanisms underlying tLTD.
An unresolved issue is whether tLTD requires one or two coin-
cidence detectors. While inhibition is one factor that influences
tLTD induction mechanisms, others such as dendritic location
(Froemke et al., 2005) and dendritic calcium buffering (Kampa
and Stuart, 2006; Nevian and Sakmann, 2006) may also influence
how tLTD is induced.

STDP IN AUDITORY CORTEX

Sounds in the acoustic environment have complex temporal struc-
tures that overlap in time, space, and frequency content. Cortical
lesion studies demonstrate the importance of the auditory cortex in
the perception of time-varying sounds across a large range of time
scales (Whitfield, 1980). As in visual cortex, coordinated activity
may play a role in plasticity in auditory cortex. Raising rats in a
noisy environment devoid of structured spectral and temporal cues
delays the refinement of the tonotopic map in primary auditory
cortex (Al), and this can be reversed by experience in an acoustic
environment with tonal structure (Chang and Merzenich, 2003).
Neurons in Al can fire with millisecond precision to the fine tempo-
ral structure of acoustic stimuli (for example, Eggermont, 2007),and
it was recently shown that millisecond differences in neural activity
in Al can be exploited to guide decisions (Yang et al., 2008). Given
the robust plasticity, importance of temporal features in sound iden-
tification and discrimination, and the precision of spiking timing
in Al (Recanzone et al., 1993; Kudoh and Shibuki, 1994; Bao et al.,
2004), it is natural to wonder whether A1 has unique timing rules
for STDP. Although surprisingly few studies of STDP have been
performed in Al, the studies to date suggest that the properties of
STDP in Al are fundamentally similar to those observed in other
sensory cortices.

Spike timing-dependent plasticity-like rules have been observed
in a variety of species (Gerstner et al., 1996) throughout the audi-
tory pathway, including brainstem (Tzounopoulos et al., 2004) and
cortical areas (Schnupp et al., 2006). STDP in the dorsal cochlear
nucleus appears to follow Hebbian and anti-Hebbian patterns in a
cell-specific manner (Tzounopoulos et al., 2004). In contrast, STDP
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in the auditory cortex, at least at some synapses onto pyramidal
cells, appears to follow a traditional Hebbian rule. In P12-P18 rat
auditory cortical slices, repetitive pairing of pre-before-post spik-
ing activity at 10 ms intervals produces tLTP and post-before-pre
intervals at 40 ms produces tLTD at L2/3-L2/3 synapses (Karmarkar
and Buonomano, 2002). Although the entire STDP window in A1l
was not investigated in this study, the results are consistent with
findings at similar synapses in P10-P35 rat V1 (Froemke et al,,
2006) and in P13—P15 rat S1 (Nevian and Sakmann, 2006). These
data suggest that, at least in vitro, STDP rules between L2/3 neurons
appear roughly similar in all sensory cortices.

In vivo studies also support a role for STDP in Al. In anes-
thetized and awake adult ferrets, repetitive and asynchronous
pairings of pure tones of different frequencies produce shifts
in the frequency selectivity of neurons recorded extracellularly
(Dahmen etal., 2008), and the temporal specificity of these shifts
is similar to that observed in vitro. In this study, a non-preferred
tone frequency was paired with a preferred tone frequency with
an 8- to 12-ms time delay between the two tones. When the non-
preferred tone was presented before the preferred tone, there was
a shift in the neuronal best frequency toward the non-preferred
tone frequency. Conversely, when the non-preferred tone fre-
quency was played after the preferred tone frequency, then the
neuronal best frequency shifted away from the non-preferred
tone. The duration of STDP in Al observed in vivo is similar to
that reported in visual receptive fields of V1 in anesthetized cats
(Yao and Dan, 2001) and for STDP in whisker-evoked responses
of barrel cortex in rats (Jacob et al., 2007). Interestingly, in A1, the
shifts in cortical frequency tuning are restricted to cortical L2/3
and L4 (Dahmen et al., 2008). These observations highlight that
the temporal relationships among the components of acoustic
stimuli on a millisecond scale to influence auditory processing
and suggest that STDP is a relevant mechanism for plasticity in
the auditory cortex.

To date, little is known about the mechanistic pathway or
developmental modifications of STDP in Al. As STDP displays
components of frequency-dependent LTP and LTD, it is rational
to speculate that it may use the same mechanisms known to
underlie associative LTP and LTD (Malenka and Bear, 2004).
Indeed, many of the mechanisms for frequency-dependent plas-
ticity in S1 and V1 are similar to those demonstrated for STDP,
it is reasonable to assume that the same may be true for Al. In
Al, frequency-dependent LTP and LTD have been demonstrated
at thalamocortical synapses and at excitatory intracortical syn-
apses (Kudoh and Shibuki, 1994, 1996, 1997; Bandrowski et al.,
2001). The induction of frequency-dependent LTP is regulated
by age and experience (Speechley et al., 2007), suggesting that
the same may be true for tLTP. Frequency-dependent LTP of
thalamocortical synapses requires activation of NMDARs
(Kudoh and Shibuki, 1994, 1996), while LTD at the same synapse
requires activation of mGluRs receptors and protein kinase C
(Bandrowski et al., 2001). It might be expected in A1 that tLTD
requires mGluR activation and activation of a PKC pathway,
while tLTP may involve the classic postsynaptic NMDAR path-
way. While such a finding would be consistent with tLTP and
tLTD mechanisms in V1 and S1, there is not yet experimental
evidence that this is true.

NEUROMODULATION OF STDP IN SENSORY CORTICES
Neuromodulators alter receptive field plasticity in sensory cor-
tices by expanding the cellular representation of sensory stimuli
(Weinberger, 2003). Examples thought to engage neuromodula-
tors include the observations that (1) classical conditioning using
whisker stimuli expands the representation of trained whiskers
in S1 (Siucinska and Kossut, 2004), (2) perceptual training on
visual stimulus orientation discrimination tasks alters V1 tun-
ing for the trained feature (Fu et al., 2002), and (3) activation of
cholinergic or dopaminergic inputs during tonal stimuli increases
Al responses to the tone frequency (Bakin and Weinberger, 1996;
Bao et al., 2001; Weinberger et al., 2006). At the cellular level,
neuromodulators have both facilitating and depressing effects on
cortical activity that depend on the type of neuromodulators and
the pattern of neuromodulator receptors expressed in sensory
cortices (Spehlmann, 1971).

The effects of neuromodulators on receptive field plasticity appear
to depend on the engagement of STDP-like mechanisms. The proper-
ties of STDP can be powerfully adjusted by neuromodulators, which
can control the polarity, magnitude, or even the ability to induce
STDP through development. In the absence of neuromodulators,
tLTD and tLTP can be induced in L2/3-L2/3 synapses in develop-
ing V1 by temporally pairing EPSPs to B or v oscillations produced
by injected sinusoidal currents, such that EPSPs synchronous with
hyperpolarizing and depolarizing membrane potentials produced
tLTD and tLTP, respectively (Wespatat et al.,2004). This form of tLTP
is impaired in V1 slices from older rats (>P21), but it can be rescued
when pairings are made while muscarinic receptors are activated
(Wespatat et al., 2004). Similarly, both tLTP and tLTD are impaired
at L4-12/3 synapses in older rat V1, but both tLTD and tLTP can
be recovered when AP—EPSP pairings are made in the presence of
M1 muscarinic or -adrenergic receptor activation, respectively
(Seol et al., 2007). These results demonstrate that neuromodulators
gate STDP in the adult brain. In addition to their role as permissive
gatekeepers for STDP induction, neuromodulators are also likely to
control the polarity and temporal requirements for inducing STDP
plasticity in sensory cortices, as such roles for neuromodulators have
been observed in other areas of the brain. For example, in L2/3-L5
synapses in prefrontal cortex, nicotine application converts tLTP to
tLTD (Coueyetal.,2007). In hippocampal CA1,a 3-adrenergic recep-
tor agonist broadens the tLTP window from 3-10 to 15 ms without
affecting tLTP magnitude (Lin et al., 2003). Also at hippocampal
synapses, dopamine agonists not only extends the tLTP window from
20 ms to at least 45 ms but, also converts tLTD to tLTP (Zhanget al.,
2009). Thus, neuromodulators can adjust multiple aspects of STDP
induction, and the precise effects of neuromodulators on STDP
induction likely depend on the neuromodulator, receptor types,
synaptic pathway, and age.

How might neuromodulators alter the properties of STDP?
Although there are many targets of neuromodulators, the common
denominator for most of these mechanisms is that they ultimately
influence local calcium levels associated with AP—-EPSP pairings.
There are several mechanisms by which neuromodulators bring
about their effects on calcium levels. First, neuromodulators can
activate kinases and phosphatases that regulate the kinetics and
availability of dendritic ion channels, such as transient (I,) and
Ca**-activated K™ channels (Watanabe et al., 2002). Such modula-
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tion brings about profound changes in the width and amplitude
of BAPs, ultimately influencing dendritic calcium (Magee and
Johnston, 1997; Froemke et al., 2006). For example, B-adrenergic
and muscarinic receptor agonists enhance spike backpropagating
efficacy by phosphorylating protein kinase A and protein kinase C
that result in reduction of I, channel availability (Tsubokawa and
Ross, 1997; Hoffman and Johnston, 1998, 1999). Such changes in
I, might contribute to the observations that M1 muscarinic recep-
tors promote tLTD induction through a PLC-dependent pathway,
while B-adrenergic receptor activation promotes tUTP through the
adenylate cyclase cascade (Seol et al., 2007). Second, neuromodula-
tors can target IP, receptors and activate calcium-induced-calcium-
release from intracellular stores, thereby influencing polarity and
input-specificity of STDP (Nishiyama et al., 2000). Third, neuro-
modulators can facilitate NMDAR currents (Brocher et al., 1992;
Kirkwood et al., 1999) and presumably directly regulate STDP
induction. Although it has not yet been investigated, developmen-
tal changes in neuromodulator influences are also likely to affect
the timing rules for inducing STDP in sensory cortices and could
play a role in defining critical periods. In support of this possibility,
the expression of certain neuromodulator receptor families, such
as alpha 7 nicotinic receptors and 5SHT receptors, exhibit dramatic
regulation around the critical period for receptive field plasticity in
sensory cortices (Broide etal., 1995, 1996; Aramakis and Metherate,
1998; Basura et al., 2008).

CONCLUSION

The studies discussed here support the argument that STDP is
a key mechanism used in sensory processing in somatosensory,
visual, and auditory cortices, both for the establishment of cir-
cuits during development, and for the storage and processing
of sensory information later in life. At a cellular level, STDP
is shaped by, but also modifies, specific synapses to produce
refinements in neuronal responses to sensory stimuli. While
we have emphasized the role of synaptic proteins in shaping
STDP, very little is known about how these changes influence
the exact characteristics of induction, expression, and timing of
STDP. As STDP depends not just on timing, but on spike pat-
terning (Sjostrom et al., 2001; Froemke and Dan, 2002; Nelson
et al., 2002; Froemke et al., 2006), dendritic location (Froemke
et al., 2005; Letzkus et al., 2006; Sjostrom and Hausser, 2006),
and previous neuronal activity (Zilberter et al., 2009), the roles
of specific synaptic proteins in regulating STDP are likely both
state- and context-dependent. These changes likely coincide with
developmental changes in inhibition and neuromodulation that
also shape how STDP learning rules are applied to sensory infor-
mation (Kirkwood et al., 1999; Meredith et al., 2003). Therefore,
STDP refines sensory inputs in a manner that is dependent on
the developmental context while providing feedback that further
changes cortical structure and function.
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