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Abstract

Sensory cortices can not only detect and analyze incoming sensory information but can also
undergo plastic changes while learning behaviorally important sensory cues. This experience-
dependent cortical plasticity is essential for shaping and modifying neuronal circuits to perform
computations of multiple, previously unknown sensations, the adaptive process that is believed to
underlie perceptual learning. Intensive efforts to identify the mechanisms of cortical plasticity
have provided several important clues; however, the exact cellular sites and mechanisms within
the intricate neuronal networks that underlie cortical plasticity have yet to be elucidated. In this
review, we present several parallels between cortical plasticity in the auditory cortex and recently
discovered mechanisms of synaptic plasticity gating at thalamocortical projections that provide the
main input to sensory cortices. Striking similarities between the features and mechanisms of
thalamocortical synaptic plasticity and those of experience-dependent cortical plasticity in the
auditory cortex, especially in terms of regulation of an early critical period, point to
thalamocortical projections as an important locus of plasticity in sensory cortices.
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Introduction

The thalamus and its afferent projections provide the main pathway of sensory input to the
primary sensory cortices of the brain. Thalamocortical (TC) projections send streams of
information to sensory cortices, which constantly receive incoming signals, analyze their
attributes, and sort them into distinct categories such as intensity, location, movement, and
other characteristics of sound, light, and touch. With such an overwhelming amount of input,
sensory cortices require a sorting mechanism that selects only important information to
prevent functional “overload” of the finite capabilities of the cortical circuitry. Thus, some
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stimuli cause immediate behavioral responses; some leave a lasting impression on neural
networks; and others may be overlooked entirely. In this paradigm, sensory cortices are not
only input analyzers but also an information filtering and storage site. It appears that these
properties of sensory cortices do not persist throughout the lifespan. Neonatal sensory
cortices are more plastic and store information more readily than do their mature
counterparts. The neonatal brain of rodents continually produces, develops, and refines
sensory-input connections for days to weeks after birth, and the stability and persistence of
these immature pathways is directly related to the activity levels they experience. During
this early “critical period” of synapse formation and stabilization, very little filtering of
information storage occurs; the immature sensory cortices rapidly individualize to their
unique sensory environment through the persistence of active connections and the retraction
and elimination of inactive ones. During this critical period, sensory cortices are “passive
learners” of the surrounding sensory milieu. Once this period is over, however, storage of
sensory information becomes filtered or gated, resulting in the substantially greater
difficulty and less likely passive flow of sensory information affecting structure or
connectivity of the primary sensory cortices. During this period, additional mechanisms (i.e.
attention) are needed to grade incoming sensory information in order of importance and
store only information associated with important tasks or experiences. During this time,
sensory cortices become “associative learners”’ that modify their circuitry only when
sensory information is behaviorally relevant.

The sensory connections that are reinforced with relative ease during the critical period or
with more stringent requirements thereafter may have distinct purposes. Connections
stabilized during the critical period may be responsible for laying down the basic
topographic representational maps that order incoming sensory pathways, and those that are
formed or strengthened later may result in perceptual learning of behaviorally relevant
stimuli. During the development of the auditory cortex (ACx) of rodents, tonotopic
arrangements are established and refined by 2 weeks of age (Sun and others, 2010), shortly
after hearing onset (Ehret, 1976; Kraus and Aulbach-Kraus, 1981; Sally and Kelly, 1988).
Passive exposure to sounds can influence receptive fields of cortical neurons and tonotopic
maps in the ACx during a few days after hearing onset but not thereafter (Barkat and others,
2011; de Villers-Sidani and others, 2007; Insanally and others, 2009; Zhang and others,
2001). After this critical period is over, the tonotopic maps in the ACx can still be altered
but only by behaviorally important sounds. For instance, during perceptual learning unique
sound frequencies, intensities, or patterns can be associated with the presentation of either
reward or punishment, making the conditioning sounds behaviorally relevant. It is well
documented that receptive fields and tonotopic maps in the ACx of mature animals are
influenced only by sounds that have been paired with these associative cues (Bakin and
Weinberger, 1990; Blake and others, 2006; Polley and others, 2006; Diamond and
Weinberger, 1986; Gao and Suga, 1998; Gao and Suga, 2000; Ji and Suga, 2003; Ji and
others, 2005; Keuroghlian and Knudsen, 2007; Rutkowski and Weinberger, 2005; Suga and
Ma, 2003) or with the electrical stimulation of circuits or sources of modulatory (mainly
cholinergic) inputs (Bakin and Weinberger, 1996; Bao and others, 2001; Bjordahl and
others, 1998; Chowdhury and Suga, 2000; Kilgard and Merzenich, 1998a; Ma and Suga,
2003; Ma and Suga, 2005; Weinberger, 2004). Thus, the ACx of animals readily detects
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sensory signals during both young (during critical period) and mature (after critical period)
phases of development, but only during the critical period can these sensory signals alone
cause a lasting effect on the cortical circuitry. These data allow for several inferences: First,
the need for neuromodulators in experience-dependent cortical plasticity in animals aged
beyond the critical period implies that attention-related mechanisms help gate cortical
plasticity in adults (Keuroghlian and Knudsen, 2007). Second, the substrate of cortical
plasticity is in place in the adult ACx. Third, adult cortical plasticity is prevented by gating
mechanisms that are active when the animal does not pay attention to sounds or when the
detected sounds are behaviorally irrelevant. Fourth, these gating mechanisms can be released
by surges of acetylcholine or other neuromodulators once a sound becomes behaviorally
important. Fifth, gating mechanisms are developmentally regulated. The termination of the
critical period of cortical plasticity may be caused by an age-dependent emergence of such
gating mechanisms that filter unnecessary or behaviorally irrelevant information from
making changes in the finite computational circuitry that is available for storage of
perceptual memories.

Here we will propose possible mechanisms of cortical plasticity gating, with a focus on the
rodent primary ACx. We will also discuss a hypothesis that afferent thalamic inputs to the
ACXx are the sites of such gating. This hypothesis arose from our observations that TC
synapses reliably transfer sensory information to sensory cortices in both young and mature
animals but quickly lose their ability to undergo long-term synaptic plasticity after the early
critical period. Synaptic plasticity remains largely preserved at other central synapses,
including intracortical synapses in the ACx and other sensory cortices throughout and past
development and is considered a leading cellular mechanism of various forms of learning
and memory (Blundon and Zakharenko, 2008). Finally, we will review recent data that
indicate that TC synapses, in fact, do not lose their plasticity in adulthood. Instead, similar to
experience-dependent cortical plasticity, they acquire gating mechanisms that convert the
synapses from passive learners to associative learners. We will discuss the emergence of
cellular and molecular mechanisms of synaptic plasticity gating at TC synapses and suggest
that this first synaptic relay station that conveys sensory information into the cortex has the
ability to not only deliver information but also store it not only in the immature brain but in
adults as well.

Critical periods of plasticity in sensory cortices

The concept of the critical period of synaptic plasticity at TC synapses emerged from
experiments done in brain slices containing portions of the thalamus and sensory cortex
(Figure 1). This preparation allows one to measure TC synaptic strength by electrically
stimulating the thalamic radiation that contains TC projections and recording responses in
thalamorecipient neurons in Layer (L) IV of the somatosensory cortex. Crair and Malenka
(1995) showed the ease and simplicity with which the TC synapses of newborn rats adapt to
previous synaptic activity. Specifically, in slices taken from rats aged postnatal day (P) 3
through P7, electric stimulation of the thalamic radiation paired with postsynaptic
depolarization resulted in a rapid and long-lasting increase in synaptic strength, known as
long-term potentiation (LTP) (Figure 2a). Conversely, long-term depression (LTD) of
synaptic responses occurred in neonate LIV somatosensory neurons subjected to prolonged
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low-frequency stimulation of the thalamic radiation (Feldman and others, 1998) (Figure 2b).
Repetition of these experiments in slices from animals just a few days older had entirely
different results: stimulation of the thalamic radiation that yielded LTP or LTD in neonates
produced no long-lasting changes in synaptic responses in older animals (Figures 2a, b).
Similar results have been reported for LIV neurons of the visual cortex (Jiang and others,
2007). These experiments led to the notion of an early critical period: TC synaptic plasticity
extinguishes within the first 2 weeks after birth (Figure 2c).

Critical periods have implications in early brain development as well. For decades, research
has shown that the development and stabilization of neural pathways and synapses is
ongoing during neonatal critical periods and that unstimulated synapses and pathways often
retract or die (Shatz, 1996). In this way, the brain of the newborn animal quickly
individualizes to its unique environmental experiences. The large-scale morphologic
changes, as seen throughout this critical period during axonal and synaptic structural
refinement, are no doubt metabolically costly. Therefore, having a prolonged critical period
would be evolutionarily disadvantageous. Yet, there are costs associated with the
termination of the critical period as well. Environmental stimuli that were not experienced
by the neonate but are novel to the adult animal may be more difficult to incorporate into
memory or even to perceive. For example, monocular deprivation for just a few weeks after
birth results in the retraction and death of quieted neural pathways from the thalamus to the
primary visual cortex, and as a result, adult animals experience permanent cortical blindness
of the deprived eye (Wiesel and Hubel, 1965).

Although many in vitro experiments have described the disappearance of TC synaptic
plasticity beyond an early critical period, in vivo experiments clearly show that cortical
plasticity also has a critical period (Keuroghlian and Knudsen, 2007). Cortical maps in the
ACx expand in response to the enrichment of the environment with a sound of a certain
frequency in neonatal but not mature rodents (Figure 2d, e). These experiments take
advantage of the fact that the rodent ACx is organized in a tonotopic pattern with low-
frequency-responsive neurons located at the caudal region and high-frequency—responsive
neurons distributed toward the rostral region (Figure 2d). The restructuring of these
tonotopic maps is used as a readout of experience-dependent cortical plasticity. Passive
exposure to a single-frequency conditioning tone given during the first 2 weeks after birth
shifts the map’s frequency distribution toward the frequency of the conditioning tone
(Figure 2e) but does not induce changes in auditory tonotopic maps when given to animals
aged past this critical period (Barkat and others, 2011; de Villers-Sidani and others, 2007;
Insanally and others, 2009; Zhang and others, 2001). Thus, in vivo cortical plasticity elicited
by passive sound exposure has a critical period similar to that of in vitro TC plasticity,
beginning at the age of hearing onset in rodents (approximately P10-P11) (Ehret, 1976;
Kraus and Aulbach-Kraus, 1981) and ending within the first 2 weeks of life (Figure 2f).

Cortical plasticity, however, can be induced in adults, if they are given the appropriate
training protocol (Keuroghlian and Knudsen, 2007). Unlike passive-conditioning
experiments, associative-conditioning protocols that induce or mimic attention coincident
with the presentation of conditioning tones do induce tonotopic reorganization in adult
animals. For example, the pairing of tones with reward (Blake and others, 2006; Polley and
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others, 2006), punishment (Bakin and Weinberger, 1990), the activation of cholinergic
projections from the nucleus basalis (Bakin and Weinberger, 1996; Edeline and others,
1994; Froemke and others, 2007; Hars and others, 1993; Kilgard and Merzenich, 1998b;
Kilgard and Merzenich, 1998a; Ma and Suga, 2005), or the direct activation of cholinergic
muscarinic receptors (Miasnikov and others, 2001; Thiel and others, 2002) all induce
cortical plasticity in the adult ACx. [Note that pairing tones with other neuromodulators
such as dopamine or norepinephrine also induces cortical plasticity (Bao and others, 2001;
Edeline and others, 2011)]. Similar results are seen in other sensory cortices. In vivo cortical
plasticity in adults has been associated with the modulation by cholinergic inputs or basal
forebrain stimulation in the visual cortex (Bear and Singer, 1986; Brocher and others, 1992;
Gordon and others, 1990; Gu and Singer, 1993) or somatosensory cortex (Juliano and
others, 1990; Sachdev and others, 1998). In other words, activation of modulatory inputs
releases the gating of experience-dependent cortical plasticity in animals after the critical
period. One would expect that the synaptic mechanisms that underlie cortical plasticity in
sensory cortices should have similar properties.

The concept of synaptic plasticity gating at thalamocortical synapses

A consensus on the cellular substrate of experience-dependent cortical plasticity has not yet
been reached. Bidirectional, long-term synaptic plasticity at TC synapses was an attractive
mechanism, until the concept of a critical period for synaptic plasticity at TC synapses made
this hypothesis problematic. Although perceptual learning and cortical plasticity have a
critical period, both can occur throughout the lifespan, whereas TC synaptic plasticity
appears to be severely restricted in adults. Until recently, TC synaptic plasticity was
considered strictly a neonatal feature. The most parsimonious conclusion drawn by the field
was that TC synaptic plasticity is lost in adults; therefore, other synapses or circuits must
underlie cortical map plasticity in adulthood. For instance, in vivo recordings from neurons
in multiple cortical layers in the ACx of adult rats before and after conditioning suggested
that corticocortical but not TC synapses are the sites of experience-dependent cortical
plasticity (Froemke and others, 2007).

Corticocortical synapses do not undergo a sharp loss of LTP and LTD during development
as do TC synapses. Developmental regulation of cortocortical plasticity is less dramatic than
that of TC plasticity, i.e., it can be induced by the same experimental procedures in neonates
and adults, does not have a well-defined critical period, and is present in sensory cortices
long after the end of the early critical period described for TC synaptic plasticity (Amitai,
2001; Castro-Alamancos and Connors, 1996; Huang and others, 2012; Jiang and others,
2007; Kirkwood and Bear, 1994a). Therefore, the lack of similarity in the developmental
regulation of corticocortical synaptic plasticity and that of cortical plasticity in vivo makes it
currently difficult to recognize corticocortical synapses as the sites of experience-dependent
cortical plasticity. Besides, corticocortical synapses are not a uniform entity, they are
distributed throughout many cortical layers, several synapses downstream from thalamic
neurons. This downstream position, within complex neuronal circuitry, predicts a stochastic
pattern of presynaptic activity and low reproducibility of LTP or LTD at these synapses in
response to sensory stimulation. TC synapses, because of their more upstream position
within the cortical circuitry, reliably respond to sensory stimulation, thereby predicting more
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consistent induction of synaptic plasticity. Because of this consideration and the similarity
between the critical periods for TC synaptic plasticity and experience-dependent cortical
plasticity, TC synaptic plasticity remains an attractive candidate for cellular mechanism of
cortical plasticity in sensory cortices.

To continue being considered a site of cortical plasticity, TC synaptic plasticity should
persist into adulthood. Several reports indicate that TC plasticity persists, even after the
previously defined critical period (Blundon and others, 2011; Cooke and Bear, 2010;
Hogsden and Dringenberg, 2009a; Lee and Ebner, 1992; Yu and others, 2012; Chun and
others, 2013). Moreover, similar to cortical plasticity, TC synaptic plasticity should be gated
by modulatory inputs, especially by cholinergic inputs from the nucleus basalis. Removal or
deactivation of such gating should enable bidirectional synaptic plasticity in the form of LTP
and LTD at TC synapses of animals aged far beyond the critical period. This hypothesis
predicts that removing the gating mechanisms would eliminate or dramatically extend the
critical period for cortical map plasticity in sensory cortices.

LTD gating at thalamocortical synapses in adults

We recently tested the idea of synaptic plasticity gating at TC synapses in the ACx of mice
matured beyond the critical period (Blundon and others, 2011). In this work, we attempted
to induce LTD at the TC synapses of mature mice. Consistent with the idea of the critical
period, electrical stimulation of the thalamic radiation failed to induce any form of plasticity
in cortical neurons (Figure 3a). We hypothesized that LTD becomes gated after the critical
period and this LTD gating could occur in an element of the TC circuitry that is presynaptic
to thalamorecipient synapses in the ACx.

To bypass the presynaptic circuitry entirely, we used two-photon glutamate uncaging (TGU)
to release glutamate directly onto an individual dendritic spine of an LIII/IV
thalamorecipient neuron. Previous experiments in our laboratory identified morphologies
and locations of dendritic spines that are the targets of functional thalamic inputs
(Richardson and others, 2009). Using this information, we mimicked the pattern of electrical
stimuli, which reliably induces LTD at other central synapses (1 Hz, 15 min) with the same
pattern of TGU stimulation of individual dendritic spines that are the sites of thalamic
inputs. Consistent with the hypothesis of presynaptic plasticity gating, this approach
produced a robust LTD at TC synapses (Figure 3b). This experiment proved that TC
synapses do not lose plasticity, even when electrical stimulation of the thalamic radiation
fails to induce synaptic plasticity. It also demonstrated that TC LTD is expressed by
postsynaptic mechanisms. Subsequent experiments showed that the expression mechanisms
involve the activation of group | metabotropic glutamate receptors (mGIuRs) and an
increase in the concentration of postsynaptic calcium (Figure 4). Most importantly, these
experiments indicated that TC synaptic plasticity still exists in adults and may therefore be a
cellular mechanism of cortical plasticity. Thus, we endeavored to find more parallels
between TC synaptic plasticity and cortical plasticity with the goal of learning more about
the cellular and molecular mechanisms of perceptual learning.
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One of the parallels between TC synaptic plasticity and cortical plasticity is gating. Cortical
plasticity in the ACx can be induced in neonates by passive exposure to certain sounds, but
in adults, the same cortical plasticity occurs only if an animal attends to a sound or a sound
delivery is paired with the activation of modulatory (mainly cholinergic) systems. In the
context of gating, cholinergic activation can be seen as a switch that turns on plasticity when
acoustic information arrives to the adult ACx. If this switch is turned off, acoustic
information is delivered to the ACx but does not cause long-term changes in its circuitry.
Recently, our laboratory provided an important parallel between cortical plasticity in vivo
and synaptic plasticity in brain slices by showing that a similar switch gates plasticity at TC
synapses (Blundon and others, 2011). Pairing cholinergic activation with low-frequency
electrical stimulation of the thalamic radiation was sufficient to induce TC LTD far beyond
the critical period.

Because a brain slice preparation is substantially more amendable to subcellular imaging
and pharmacologic manipulations, the system makes it possible to investigate the molecular
mechanism of synaptic plasticity gating in the ACx in more detail. Using direct imaging of
presynaptic function (e.g., the FM 1-43 assay) (Zakharenko and others, 2001; Zakharenko
and others, 2003) and direct testing of postsynaptic function (e.g., TGU), it became clear
that gating mechanisms of synaptic plasticity operate at a presynaptic locus of a TC synapse.
We concluded that cholinergic activation can sustain glutamate release from thalamic
afferents (Blundon and others, 2011) that normally tends to quickly depress during repeated
stimulation (Castro-Alamancos, 1997; Gil and others, 1997; Gil and others, 1999; Stratford
and others, 1996). This effect is mediated by presynaptic M muscarinic receptors (M{RS)
(Figure 4). Without MR activation, the stimulation of the thalamic radiation leads to the
rapid depression of glutamate release from thalamic inputs and insufficient activation of
mGIuRs on dendritic spines of cortical neurons, and as a result, LTD is not induced.
Similarly, cortical plasticity induced by pairing sounds with cholinergic activation depends
on M4Rs (Zhang and others, 2006). Thus, presynaptic gating of plasticity at TC synapses is
mechanistically comparable to that of cortical plasticity described in the adult ACXx.

The amenability of slice preparations also allowed us to determine how M;Rs affect
neurotransmitter release from thalamic inputs. We found that presynaptic M1Rs negatively
regulate adenosine machinery (Blundon and others, 2011), a well-known negative regulator
of neurotransmitter release at central synapses (Dunwiddie and Masino, 2001). Adenosine
activates presynaptic A1 adenosine receptors (A1Rs) and suppresses the release of
neurotransmitter. Through this double-negative regulation, M{R activation leads to higher
sustained levels of glutamate release from thalamic terminals. Consistent with this model,
the deletion of A1Rs removed presynaptic gating and allowed LTD at TC synapses by
electrical stimulation of the thalamic radiation alone (Blundon and others, 2011), a method
that is effective in wild-type mice only during the critical period.

Two mechanisms gate thalamocortical LTP in adults

Shifts in the cortical maps of the ACx during associative conditioning typically show both
increases in areas responsive to the conditioning-tone frequency and decreases in areas
responsive to not conditioning-tone frequencies (Bakin and Weinberger, 1990; Weinberger,
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2007a). If TC synaptic plasticity underlies these shifts in cortical maps, one might expect
that bidirectional changes in synaptic strength (in the form of LTP and LTD) should be
present at TC synapses. Until recently, the general consensus has been that TC LTP cannot
be induced in slices from rodents older than 2 to 3 weeks (Crair and Malenka, 1995; Jiang
and others, 2007). Thus, those in the field generally agree that TC synapses lose the capacity
for LTP in adulthood. Recently, our laboratory revealed TC LTP in adult TC slices by
describing and manipulating gating mechanisms that restrict this form of synaptic plasticity
in mature animals (Chun and others, 2013). Consistent with the notion of the critical period
for LTP at TC synapses, all types of stimulating protocols that readily induce LTP at other
central synapses failed to induce LTP at TC synapses in slices from animals older than P30
(Figure 5a). However, stimulating protocols that mimic bursting activity of thalamic neurons
in response to a sound were effective once intracortical inhibitory inputs to thalamorecipient
neurons in the ACx were blocked either pharmacologically (Figure 5b) or physiologically
(Chun and others, 2013). Further experiments revealed that similar to TC LTD, TC LTP in
the ACX is expressed postsynaptically, requires activation of postsynaptic group | mGIuRs,
and depends on an increase in the concentration of intracellular calcium (Chun and others,
2013).

It appears that mechanisms of expression of TC plasticity in the ACx differ from those of
other sensory cortices. In contrast to the TC LTP and LTD expressed in the ACX, those in
somatosensory or visual cortices depend on NMDARs (Barth and Malenka, 2001; Crair and
Malenka, 1995; Gagolewicz and Dringenberg, 2011; Heynen and Bear, 2001; Dudek and
Friedlander, 1996; Feldman and others, 1998; Feldman and others, 1999; Kirkwood and
Bear, 1994b). It is not clear why the TC synapses in the ACx use a different postsynaptic
mechanism for expression of synaptic plasticity. Nonetheless, these data add another feature
to the list of morphologic and functional differences that set the ACx apart from other
sensory cortices (King and Nelken, 2009).

Unmasking LTP in adult TC synapses further strengthens the hypothesis that TC synaptic
plasticity serves as a substrate for cortical map plasticity during perceptual learning. Both
TCLTD and LTP are gated in adulthood, with more complex gating for LTP than for LTD.
TC LTP was revealed in adults by reducing an inhibitory tone in the ACX. In contrast,
inhibiting GABA transmission did not affect TC LTD in adults (Blundon and others,
2011). Both TC LTP and LTD in adults can be blocked by MR inhibitors (Blundon and
others, 2011; Chun and others, 2013). Whereas M1R appears to be a central signaling
molecule in LTD gating (Figure 4), it was not immediately clear why M1Rs are required for
TC LTP. Indeed, removing cortical inhibition is sufficient to induce TC LTP in mature mice
by stimulating the thalamic radiation. It became clear more recently when it was shown that
the thalamic radiation contains not only thalamic projections but also cholinergic projections
emanating from neurons in the nucleus basalis (Figure 6a, b) en route to the ACx (Chun and
others, 2013). Because TC LTP is conventionally induced by intense electrical activation of
the thalamic radiation, it is conceivable that this induction protocol activates both
glutamatergic and cholinergic projections to the ACx. Moreover, protocols for inducing LTP
would be more prone to activate cholinergic projections than would the protocol for
inducing LTD, because the former generally requires more robust stimulation of the
thalamic radiation. These methodological considerations also suggest that electrical
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stimulation of the thalamic radiation does not accurately replicate information transfer from
the thalamic neurons to the cortex in vivo. The optogenetic approach of controlling the
activity in specific populations of neurons (Boyden and others, 2005) alleviated these
concerns. By expressing a light-activated channelrhodopsin 2 in excitatory thalamic
neurons, Chun and others activated TC projections alone in slices without affecting
cholinergic projections. Unlike electrical stimulation, optogenetic stimulation of thalamic
projections failed to induce LTP at adult TC synapses, even in the presence of cortical
disinhibition (Figure 6¢). However, when these conditions were paired with activating
cholinergic receptors or inputs from the nucleus basalis, TC LTP was successfully unmasked
in adults (Figure 6d). Removal of either cortical disinhibition or M1R-dependent cholinergic
activation deemed LTP to fail (Chun and others, 2013), suggesting that TC LTP in adults is
gated by two independent mechanisms (Figure 7). In this paradigm, LTP and LTD require
the activation of presynaptic M;Rs that maintain glutamate release from thalamic terminals
during trains of thalamic activity. In addition, TC LTP requires a second gating mechanism,
i.e., a decrease in inhibitory tone in thalamorecepient cortical excitatory neurons.

The distinction between gating and modulation

It is important to distinguish between the processes of synaptic gating and synaptic
modulation. Cholinergic modulation of synaptic transmission and plasticity has been
described for many central synapses. For instance, the magnitude of LTP or LTD at
hippocampal excitatory synapses can change upon modulation by cholinergic agonists (Abe
and others, 1994; Blitzer and others, 1990; Kumar, 2010; Maeda and others, 1994;
McCutchen and others, 2006). Gating, on the other hand, is an all-or-none type of
modulation. In the case of TC synapses, in the absence of M1R activation, glutamate release
from thalamic terminals depresses so quickly during repeated stimulation that neither LTP
nor LTD can be expressed. Although molecular mechanisms of M4R activation may be
similar (or even the same) between TC and other glutamatergic synapses, the context of
rapid depression of neurotransmitter release at adult TC synapses effectively turns
cholinergic modulation into cholinergic gating at those synapses.

Cholinergic regulation of cortical map plasticity is of enormous importance. Only a few
facts are known with certainty about the mechanisms of cortical map plasticity in the ACx,
one of which is the important role of cholinergic projections originating from the nucleus
basalis (Bakin and Weinberger, 1996; Kilgard and Merzenich, 1998a; Ma and Suga, 2005;
Miasnikov and others, 2001; Recanzone and others, 1993; Weinberger, 1998; Weinberger,
2003). Therefore, determining the exact mechanisms of cholinergic regulation of TC
circuitry is paramount. The cellular locus of cholinergic regulation during synaptic plasticity
at TC synapses appears to be presynaptic. This conclusion is based on results of experiments
in which presynaptic and postsynaptic functions were directly tested using subcellular
imaging or manipulating individual synapses in slices. Historically, the effects of cholinergic
or other modulatory transmitters on glutamatergic synaptic transmission or plasticity have
been tested using electrophysiological tools that measure the net synaptic effect of
modulation and are not sufficiently sensitive to distinguish an effect on a presynaptic or
postsynaptic locus. Thus, an increase or decrease in synaptic transmission at glutamatergic
synapses is misinterpreted and often simplified by either postsynaptic or presynaptic
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mechanisms. Direct imaging of presynaptic activity in individual thalamic terminals and
testing the sensitivity of glutamatergic receptors in individual dendritic spines that are the
postsynaptic sites of thalamic inputs on cortical neurons (Blundon and others, 2011; Chun
and others, 2013) alleviate this uncertainty and facilitate studies on the effects of
neuromodulators on glutamate release from thalamic projections and cortical neurons in
sensory cortices.

Developmental aspects of thalamocortical gating

It is conceivable that the regulation of TC gating determines the mechanisms of the critical
period for TC synaptic plasticity and underlies the critical period for cortical plasticity in
sensory cortices. Numerous studies have concluded that plasticity at TC synapses is lost or
drastically reduced after an early critical period (Feldman and others, 1998; Hogsden and
Dringenberg, 2009b; Jiang and others, 2007; Kato and others, 1991), and some have
suggested that the role of plasticity at these synapses is to influence developmental processes
that end with termination of the critical period (Crair and Malenka, 1995; Kirkwood and
others, 1995). Therefore, it has been assumed that cortical plasticity mechanisms are
transferred to other synapses within local sensory pathways (Crair and Malenka, 1995; Jiang
and others, 2007). However, cortical plasticity appears not be lost with age, but in adults, it
becomes dependent on modulatory, attention-activated pathways. The result is that adult
experiences are integrated into memory only if they are behaviorally relevant (Fritz and
others, 2007; Weinberger, 2007b; Weinberger, 2007a). The nucleus basalis, one such
attention-activated center, releases acetylcholine throughout the sensory cortices during the
presentation of novel or relevant stimuli, and the role of acetylcholine in activating or
enhancing cortical plasticity is now well established (Kilgard and Merzenich, 1998a;
Metherate and Weinberger, 1990; Metherate and Ashe, 1993; Miasnikov and others, 2001;
Weinberger, 2007b).

The emergence of gated cortical plasticity may coincide with the maturation of cholinergic
fibers from the nucleus basalis; the cholinergic fibers accompany thalamic afferents to the
sensory cortices and are fully developed in rodents by P14 (Mechawar and Descarries, 2001;
Molnar and others, 1998). Furthermore, cholinergic activity increases during this early
developmental stage (Hohmann and Berger-Sweeney, 1998; Robertson and others, 1991).
Thus, the maturation of cholinergic innervations and activity in sensory cortices during early
development may help establish gating mechanisms for synaptic plasticity at TC synapses.

Direct imaging of presynaptic function recently revealed that cholinergic activation
increases the rate of sustained glutamate release at adult TC synapses during a train or burst
of thalamic activity (Blundon and others, 2011), but did not modify the response to a single
thalamic stimulation. Likewise, adenosine antagonists enhanced glutamate release during a
train of thalamic stimulation but not during single-pulse stimulation. Adenosine acting
through A4Rs is a well-established negative regulator of neurotransmitter release at
excitatory synapses (Bayazitov and others, 2007; Dunwiddie and Fredholm, 1989;
Dunwiddie and Masino, 2001). The adenosine machinery, in turn, can be regulated by
muscarinic receptors (Bouron and Reuter, 1997; Oliveira and others, 2009; Worley and
others, 1987), including presynaptic M{Rs at TC synapses (Blundon and others, 2011).
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Thus, the developmental trajectories of the expression of A1Rs, and/or the production of
adenosine in thalamic neurons and the developmental dynamics of cholinergic inputs from
the nucleus basalis may regulate age-dependence of the gating machinery of TC synaptic
plasticity.

Future directions: adenosine as a regulator of cortical plasticity gating

Early investigations of the mechanisms of TC plasticity showed that the adenosine
machinery on presynaptic thalamic terminals is a key component of plasticity gating. The
activation of M{Rs removes TC plasticity gating through inhibition of adenosine signaling at
TC synapses (Blundon and others, 2011; Chun and others, 2013). Pharmacological or
genetic inhibition of adenosine production by ecto-5"-nucleotidase or adenosine signaling
through A;Rs bypasses M1R-dependent gating and allows LTD and LTP at TC synapses
after the critical period (Blundon and others, 2011; Chun and others, 2013). These results
suggest that adenosine signaling in thalamic terminals in the ACx controls the gating of both
TC LTP and LTD by regulating the maintenance of neurotransmitter release from thalamic
projections during sustained activity required for LTP and LTD. Glutamate release at TC
synapses decreases quickly during both high-frequency and low-frequency stimuli that are
usually required for induction of LTP or LTD, respectively, and deletion or inhibition of
A1Rs sustains the release from thalamic neurons. This leads to an activation of postsynaptic
mGIuRs that is sufficient to induce postsynaptic LTP or LTD. These results suggest that
presynaptic adenosine signaling in thalamic neurons is an important target for extending TC
plasticity beyond the early critical period. If TC synaptic plasticity underlies experience-
dependent cortical plasticity, then manipulation of thalamic adenosine signaling may extend
the critical period for cortical plasticity. Further in vivo experiments with a targeted deletion
of A1Rs or adenosine production specifically in thalamic neurons at different developmental
stages will provide a greater understanding of developmental aspects of cortical plasticity
and perceptual memory.
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Figure 1. Thalamocortical projectionsform cortical mapsin the primary ACx in mice
(a, b) Cortical maps of sound frequencies in the primary ACx (brown region). The teal

structure is the auditory thalamus (the ventral part of the medial geniculate, MGv) sending
thalamocortical projections to the ACx, and the purple structure is the hippocampus.
Different colors represent the tonotopy of thalamic projections and the primary ACXx.
Dashed lines in (b) represent the orientation and shape of the TC slice. (c) TC slice
containing portions of the auditory thalamus, hippocampus, and ACx. LII/IV pyramidal
neurons (green) are the main thalamorecipient neurons in the primary ACx. Stimulating and
recording electrodes are placed at the thalamic radiation and ACX, respectively. Note, the
thalamic radiation contains multiple ascending and descending projections but only
ascending thalamocortical projections are shown.
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Figure 2. Critical periodsfor TC synaptic plasticity and cortical map plasticity in the ACx

(&, b) TCLTP (a) and TC LTD (b) are readily expressed in young but not mature animals.
(c) LTP and LTD expression as a function of age. This graph is based on data from previous
studies (Crair and Malenka, 1995; Feldman and others, 1998; Jiang and others, 2007). (d) A
representative cortical map of sound frequencies in the primary ACx of mice. (€) Changes in
cortical map representation in the primary (A1) area of the ACx after 2 weeks of exposure to
a 7-kHz sound in neonates and mature animals (* p<0.05) [adapted from (de Villers-Sidani
and others, 2007)]. (f) Cortical map plasticity as a function of age. Abbreviations: D,
dorsal; EPSP, excitatory postsynaptic potential; R, rostral; TR, thalamic radiation.
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Figure4. Themode of TCLTD

(a) Cholinergic synapses at thalamic projections are not active before LTD. Activity-
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dependent adenosine (Ad) release from thalamic projections gate glutamate (Glu) release

and TC LTD. (b) Activation of cholinergic projections downregulates the adenosine
machinery, sustains glutamate’s release from thalamic terminals, and releases gating

mechanisms of TC LTD. TC LTD is expressed postsynaptically through mGluR-dependent
mechanisms. Abbreviations: ACh, acetylcholine; MGv, ventral medial geniculate; NB,
nucleus basalis; NT5E, ecto-5’-nucleotidase; PN, pyramidal neuron.
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Figure5. Cortical dysinhibition isrequired for TC LTP in mature animals
(a) The 40-Hz tetanization of the thalamic radiation alone is not sufficient to induce TC LTP

in mature animals. (b) Tetanization of the thalamic radiation coincident with deactivation of
inhibitory inputs to LII1/IV pyramidal neurons via administration of intracellular picrotoxin
(iPTX) is sufficient to induce TC LTP. Abbreviations: EPSC, excitatory postsynaptic
currents; IPSCs, inhibitory postsynaptic currents. Scale bars: 100 pA, 10 ms.
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Figure 6. Thalamic radiation contains thalamic pr o ections from the auditory thalamus and
cholinergic projections from the nucleus basalis

(a) Diagram shows the expression of a red fluorescent protein in the auditory thalamus
(MGv) excitatory neurons and a green fluorescent protein in the nucleus basalis (NB)
cholinergic neurons. (b) Thalamic and cholinergic projections are visualized in the thalamic
radiation. (c, left) Diagram showing that channelrhodopsin 2 (ChR2) is expressed in the
MGv excitatory neurons only. (c, right) A 40-Hz pattern of light-activated thalamic
projections in the presence of cortical dysinhibition via picrotoxin (iPTX) is not sufficient to
induce TC LTP of light-activated excitatory postsynaptic currents (0EPSCs) (d, left)
Diagram showing that ChR2 is expressed in both the MGv excitatory neurons and NB
cholinergic neurons (Chun and others, 2013). (d, right) Stimulation of thalamic projections
paired with cholinergic activation of NB projections and cortical dysinhibition is sufficient
for TC LTP of oEPSCs in the ACX. (€) The diagram of experimental slice preparation
depicts that cholinergic afferents from the nucleus basalis are present in the thalamic
radiation and can be activated during electrical stimulations of TC LTP.
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Figure7. Model of TCLTP
(a) Active cortical inhibition and inactive cholinergic synapses prevent TC LTP during

trains of thalamic stimulations. (b) Cortical deactivation and activation of cholinergic
synapses on thalamic projections release the gating of TC LTP in adults. Similar to TC LTD
mechanisms, cholinergic activation leads to the downregulation of adenosine (Ad) release
from thalamic projections, sustained glutamate (Glu) release at TC synapses, and the
induction of postsynaptically expressed mGIluR-dependent LTP. Abbreviations: ACh,
acetylcholine; IN, cortical inhibitory neuron; MGy, ventral medial geniculate; NB, nucleus
basalis; NT5E, ecto-5'-nucleotidase; PN, pyramidal neuron.
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