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Abstract
The neuroadaptation theory of addiction suggests that, similar to the development of most
memories, exposure to drugs of abuse induces adaptive molecular and cellular changes in the brain
which likely mediate addiction-related memories or the addictive state. Compared to other types of
memories, addiction-related memories develop fast and last extremely long, suggesting that the
cellular and molecular processes that mediate addiction-related memories are exceptionally adept
and efficient. We recently demonstrated that repeated exposure to cocaine generated a large
portion of “silent” glutamatergic synapses within the nucleus accumbens (NAc). Silent
glutamatergic synapses are synaptic connections in which only N-methyl-D-aspartic acid receptor
(NMDAR)-mediated responses are readily detected whereas alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARs) are absent or highly labile. Extensive experimental
evidence suggests that silent synapses are conspicuously efficient plasticity sites at which long-
lasting plastic changes can be more easily induced and maintained. Thus, generation of silent
synapses can be regarded as a process of metaplasticity, which primes the NAc for subsequent
durable and robust plasticity for addiction-related memories. Focusing on silent synapse-based
metaplasticity, this review discusses how key brain regions, such as the NAc, utilize the
metaplasticity mechanism to optimize the plasticity machineries to achieve fast and durable plastic
changes following exposure to cocaine. A summary of recent related results suggests that upon
cocaine exposure, newly generated silent synapses may prime excitatory synapses within the NAc
for long-term potentiation (LTP), thus setting the direction of future plasticity. Furthermore,
because cocaine-generated silent synapses are enriched in NMDARs containing the NR2B
subunit, the enhanced NR2B-signaling may set up a selective recruitment of certain types of
AMPARs. Thus, silent synapse-based metaplasticity may lead to not only quantitative but also
qualitative alterations in excitatory synapses within the NAc. This review is one of the first
systematic analyses regarding the hypothesis that drugs of abuse induce metaplasticity, which
regulates the susceptibility, the direction, and the molecular details of subsequent plastic changes.
Taken together, metaplasticity ultimately serves as a key step in mediating cascades of addiction-
related plastic alterations.
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1. Introduction
One of the leading hypotheses guiding current molecular and cellular researches of drug
addiction is the neuroadaptation theory (Hyman, 1996; Berke and Hyman, 2000; Hyman and
Malenka, 2001; Hyman et al., 2006). This theory suggests that the brain utilizes similar
molecular and cellular mechanisms to form addiction-related memories as it does to form
normal memories (Hyman and Malenka, 2001; Hyman et al., 2006). Thus, drug addiction is
considered a form of memory--an extreme one that develops faster and lasts longer than
most other types of memories. These exceptionally efficient properties of the addiction
memory suggest that the development and maintenance of addiction-related neural plasticity
involve highly adept cellular and molecular processes.

Metaplasticity, the plasticity of synaptic plasticity, is an exceptionally effective and efficient
cellular mechanism that primes synapses for subsequent long-lasting plastic changes, such
as long-term potentiation (LTP) or long-term depression (LTD) (Abraham and Bear, 1996;
Bear, 1996; Malenka and Bear, 2004). Metaplasticity does not necessarily affect the efficacy
of synaptic transmission per se. Rather, it can significantly improve the susceptibility of
synapses for the subsequent induction of more permanent plasticity and pre-set the direction
of the future plasticity at these synapses (i.e., LTP vs. LTD). As such, metaplasticity can act
as a powerful prelude that primes synapses to be more effective and efficient for the
induction and maintenance of subsequent plasticity.

Our recent work demonstrates that during exposure to cocaine, a large portion of silent
glutamatergic synapses are generated in the nucleus accumbens (NAc) (Huang et al., 2009).
Generation of silent synapses may not affect the strength of excitatory synaptic transmission
to the NAc, but it does provide a large number of plasticity substrates that are highly
susceptible to the induction of LTP (Kerchner and Nicoll, 2008). As such, cocaine-induced
generation of silent synapses can be regarded as a form of metaplasticity, priming excitatory
synapses within the NAc for LTP or LTP-like postsynaptic strengthening. Focusing on silent
synapse-based metaplasticity, this review will discuss i) potential molecular mechanisms
which mediate cocaine-induced generation of silent synapses in the NAc; ii) subsequent
synaptic consequences dictated by cocaine-generated silent synapses and how they affect
excitatory synaptic transmission in the NAc; iii) impacts of cocaine-generated silent
synapses on other cellular targets within the NAc; and iv) roles for other forms of cocaine-
induced metaplasticity. These analyses are among the first discussions that provide a
metaplasticity point of view to understanding the extremely durable molecular and cellular
alterations induced by cocaine and other drugs of abuse.

Experimental results discussed in this manuscript are mainly from studies using non-
contingent drug procedures (e.g., intraperitoneal injection by experimenter) in the NAc shell
(simply referred to as "NAc" throughout). A wide variety of results are seen in studies using
other drug procedures or regions in the brain, such as the NAc core, but it is difficult to
reach a coherent conclusion in many of these cases, and thus they are not extensively
discussed.

2. Silent synapses as metaplasticity substrates in the NAc
2.1 Metaplasticity at excitatory synapses

The term "metaplasticity" was coined by Abraham and Bear to describe the plastic change in
the ability of synapses to undergo future plasticity (Abraham and Bear, 1996). It has long
been known that experience-dependent plasticity can be difficult to experimentally induce
and short-lived when induced at naïve synapses (synapses that have not undergone a prior
priming process) when the induction protocol is not sufficiently strong (Malenka, 1991;
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Volianskis and Jensen, 2003). However, if these synapses are previously primed by
neuromodulators (Schimanski et al., 2007; Sun et al., 2008), in vitro-activities (Huang et al.,
1992), or in vivo experience (Philpot et al., 2003), the same relatively "weak" induction
protocol can trigger more robust and long-lasting plastic changes. These observations
suggest that in addition to directly regulating synaptic transmission, experience can also
affect the ability of synapses to undergo plastic changes. With metaplasticity, synapses can
be primed such that certain types of plasticity (e.g., LTP or LTD) can be preferentially
induced. Therefore, inductions of plasticity can be more effective, and acquired plasticity
can be more durable. It is thus conceivable that experience-dependent synaptic plasticity, if
preceded by metaplasticity, results in more robust and durable memories.

Several forms of metaplasticity have been documented at different types of synapses in
several brain regions including the hippocampus (Chevaleyre and Castillo, 2004), visual
cortex (Philpot et al., 2003), cerebellum (Schweighofer and Arbib, 1998) and hypothalamus
(Kuzmiski et al., 2009). Among these, NMDAR-based metaplasticity, which can be either
inhibitory or potentiating, at excitatory synapses has been most systemically examined. The
inhibitory role of NMDAR-based metaplasticity was first demonstrated in the hippocampus,
where it has been shown that low-level activity of NMDARs increases the induction
threshold of subsequent LTP (Izumi et al., 1992; Larkman et al., 1992; Christie et al., 1995;
Moody et al., 1999). This form of inhibitory metaplasticity seems to be mediated either by
activation of the high affinity Ca2+-signaling, upregulation of the converging inhibitory
synaptic input, or desensitization of LTP-associated molecular machineries (Davies et al.,
1991; Komatsu, 1994; Chard et al., 1995; Malenka and Nicoll, 1999). On the other hand, the
facilitative role of NMDAR-based metaplasticity has been systematically illustrated in the
visual cortex, in which the induction threshold of LTP at excitatory synapses is substantially
decreased in animals with little visual stimulation (animals reared in dark) (Kirkwood et al.,
1996; Philpot et al., 2003). This facilitative form of metaplasticity appears to be mediated by
alterations in the relative weights of NR2A-and NR2B-containing NMDARs because the
NR2A/NR2B ratio at visual cortical excitatory synapses is decreased in dark-reared animals.
Additionally, preventing changes in the NR2A/NR2B ratio by knocking out NR2A subunits
erases the shift of the LTP threshold in dark-reared animals (Quinlan et al., 1999a; Quinlan
et al., 1999b; Philpot et al., 2003; Philpot et al., 2007). Thus, a potential extrapolation of
these results is that an increase in the relative weight of NR2B subunits in synaptic
NMDARs facilitates the induction of LTP at excitatory synapses. This notion has, however,
been highly debatable in the current synaptic plasticity field.

2.2. Silent synapses
Typical glutamatergic synapses contain two types of ionotropic glutamate receptors,
AMPARs and NMDARs. The number and/or function of AMPARs is often regarded as
being indicative of the strength of excitatory synapses because AMPAR-mediated currents
contribute most of the fast excitatory postsynaptic currents (EPSCs). NMDARs also
contribute to EPSCs, but the contribution is relatively limited; the more physiologically-
significant role of NMDARs is to sense the activation state of excitatory synapses and, in
turn, to regulate the function of AMPARs or other cellular targets via NMDAR-coupled
signaling. A well known example demonstrating the differential roles of AMPARs and
NMDARs is LTP at excitatory synapses. At near-resting membrane potentials, EPSCs from
a set of synapses are primarily mediated by AMPARs, whereas NMDARs are largely
inactive due to the voltage-dependent Mg2+ block (Mayer et al., 1984). But, if NMDARs are
strongly activated, typically by strong activation of AMPARs from high frequency
stimulation, NMDAR-coupled signaling positively regulates synaptic AMPARs, resulting in
long-lasting potentiation of AMPAR-mediated EPSCs, or LTP (Malenka and Nicoll, 1999).
NMDAR-induced upregulation of AMPAR function can be achieved through several
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different molecular processes, among which postsynaptic recruitment of new AMPARs, thus
increasing in the overall number of functional AMPARs, has been proven to be one of the
major means (Malinow et al., 2000).

Silent synapses are a unique type of glutamatergic synapses in that they only express
NMDAR-mediated responses whereas AMPAR-mediated responses are either absent or
highly labile (Liao et al., 1995; Isaac et al., 1997). When measured electrophysiologically,
only NMDAR-mediated currents can be reliably detected in silent synapses. Because of the
voltage-dependent Mg2+ block of NMDARs at hyperpolarized voltages, these AMPAR-
deficient silent synapses conduct little current at near-resting membrane potentials. Thus,
they are termed “silent synapses” (Merrill and Wall, 1972). In theory, the AMPAR-silent
nature of silent synapses can reside in both pre- and postsynaptic loci. At the presynaptic
site, because AMPARs have lower affinity to glutamate than NMDARs (Dingledine et al.,
1999), a potential low release probability of glutamate may contribute to the insufficient
activation of postsynaptic AMPARs (Kullmann et al., 1996; Gasparini et al., 2000).
However, presynaptic involvement can be at least partially excluded by focally applying
uncaged glutamate directly to the dendrites and showing there is still a large number of
dendritic spines exhibiting only NMDAR-signaling (Busetto et al., 2008). Thus, the silent
nature of silent synapses is at least partially mediated by postsynaptic mechanisms. At the
postsynaptic site, a debate remains whether silent synapses only express NMDARs. Whereas
the NMDAR-only synapses are observed in some morphological, biochemical, and
electrophysiological studies (Constantine-Paton and Cline, 1998; Liao et al., 1999; Petralia
et al., 1999; Washbourne et al., 2002), other biochemical and molecular results support that
both AMPARs and NMDARs are approximately simultaneously synthesized, translocated,
clustered, and equipped at newly formed synapses (Groc et al., 2002; Hanse et al., 2009).
Despite this controversy, it is in agreement that postsynaptic AMPARs, if any, are highly
unstable at silent synapses and tend to be functionally silent when measured by evoked
EPSCs (Groc et al., 2006; Kerchner and Nicoll, 2008). Given that an important mechanism
for LTP induction is postsynaptic recruitment of new AMPARs (Shi et al., 1999; Malinow et
al., 2000; Shi et al., 2001), silent synapses with their unique structural properties may have
great potential for housing incoming AMPARs or stabilizing labile AMPARs upon the
induction of LTP. Indeed, the un-silencing of silent synapses by recruitment/stabilization of
AMPARs has been shown to be a highly effective and efficient mechanism for the
expression of LTP (Isaac et al., 1995; Liao et al., 1995; Isaac et al., 1997; Kerchner and
Nicoll, 2008).

Because silent synapses themselves add little to the excitatory synaptic strength but are
highly susceptible to the induction of LTP, generation of silent synapses can be a powerful
form of metaplasticity to strengthen selective sets of excitatory synaptic connections quickly
and durably. However, exploration of experience-induced generation of silent synapses has
been slow, partially due to a popular notion that silent synapses are merely an early
developmental phenomenon. Silent synapses have been readily detected throughout the
central nervous system in the developing brain (Kerchner and Nicoll, 2008), and as the brain
matures, the number of silent synapses drops significantly (Durand et al., 1996; Isaac et al.,
1997). Thus, it has been a general belief that silent synapses are developmental endowments
that simply contribute to the enhanced learning ability in juvenile organisms.

Recently, we demonstrated that a highly salient experience such as in vivo cocaine exposure
generates a large portion of silent synapses within the NAc (Huang et al., 2009), a forebrain
region essential for developing addiction-related memories (Wolf, 2010). This finding
demonstrates that silent synapses are not exclusively present during development, and shows
they can be generated de novo in the developed brain by experience. As such, experience-
dependent generation of silent synapses can be an important form of metaplasticity that the
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brain uses to establish certain forms of subsequent plasticity more quickly and more durably.
Below we will discuss this form of metaplasticity in more detail and speculate that the
subsequent plasticity stemmed from cocaine-generated silent synapses.

2.3. Cocaine-induced generation of silent synapses in the NAc
It has long been understood that addiction-associated memories are developed in such a way
that they are much more durable than most other memories acquired during adulthood. To
explore the unique mechanisms underlying the development of addiction-associated
memories, we have been focusing on the NAc, an essential brain site for the development of
drug addiction. Our recent results suggest that silent synapses can be produced by in vivo
cocaine experience. Specifically, using the minimal stimulation assay (Isaac et al., 1995;
Liao et al., 1995) combined with the analysis of coefficient of variation of amplitudes of
AMPAR- and NMDAR-mediated EPSCs (Kullmann et al., 1996; Marie et al., 2005), we
observed that during or shortly after repeated exposure to cocaine (i.p. injection, 15 mg/kg/
day, 5 days, with 1–2 days of withdrawal), a large portion of silent synapses was generated
in NAc medium spiny neurons (MSNs) (Huang et al., 2009). Additional molecular
manipulations demonstrate that, accompanying the generation of silent synapses, NR2B-
containing NMDARs are selectively inserted into synaptic locations within NAc MSNs.
Furthermore, in the presence of selective antagonists of NR2B-containing NMDARs, the
increased portion of silent synapses in cocaine-treated animals is no longer detected (Huang
et al., 2009). These results taken together suggest that exposure to cocaine generates silent
synapses by loading NR2B-containing NMDARs to potentially new synaptic sites in NAc
MSNs (Fig 1).

The finding that cocaine induces the generation of silent synapses may provide a new angle
for understanding the identified cocaine-induced synaptic alterations. For example, an
electrophysiological study shows that during short-term (1 d) withdrawal from repeated
exposure to cocaine (a similar time point at which cocaine-generated silent synapses are
detected), the AMPAR/NMDAR ratio at excitatory synapse of NAc MSNs is decreased
(Kourrich et al., 2007). This result was previously interpreted as indicating a decrease in
AMPARs. Conversely, a biochemical study demonstrates that at a similar withdrawal time
point, the surface level of AMPAR subunits remains largely unchanged (Boudreau and
Wolf, 2005). If surface AMPARs are predominantly synaptic, this biochemical result would
suggest no change in synaptic AMPARs. These seemingly contradicting
electrophysiological and biochemical results are now well reconciled as cocaine-induced
generation of silent synapses does not necessarily change AMPARs but does increase the
number of functional NMDARs (Huang et al., 2009), contributing to the observed decrease
in the AMPAR/NMDAR ratio.

At the conceptual level, demonstration of cocaine-induced generation of silent synapses
provides at least three lines of insights for the synaptic plasticity field. First, it has been
highly debated whether the ‘silent’ nature of silent synapses originates pre or
postsynaptically (Kerchner and Nicoll, 2008), and whether or not AMPARs are present in
silent synapses (Groc et al., 2006). Detailed characterizations of NMDARs upon cocaine
exposure (Huang et al., 2009) suggests that postsynaptic NMDARs play a central role, at
least in cocaine-generated silent synapses. Second, although un-silencing of silent synapses
serves as a prominent model for LTP of excitatory synaptic transmission (Isaac et al., 1995;
Liao et al., 1995; Kerchner and Nicoll, 2008), silent synapses are not normally abundant in
the developed brain (Groc et al., 2006; Kerchner and Nicoll, 2008). Demonstration of
experience-dependent generation of silent synapses in the developed brain provides a
conceptual basis for silent synapse-based metaplasticity as a prelude for the adult brain to
undergo specific types of synaptic plasticity. Third, silent synapses are the characteristic
structures in the developing brain, and may, arguably, be created through synaptogenesis
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(Kerchner and Nicoll, 2008; Zito et al., 2009). Thus, a broader view would be that some
strong in vivo experiences may selectively ‘rejuvenate’ the related neural circuits/synapses
through silent synapse-based metaplasticity for more robust synaptic plasticity upon
subsequent experience.

2.4 Synaptic consequences of cocaine-induced silent synapse-based metaplasticity
A clear prediction for cocaine-induced generation of silent synapses in NAc MSNs would be
that these neurons have an increased ability to undergo LTP during the short-term
withdrawal period. Such enhanced LTP was indeed observed in NAc MSNs from cocaine-
pre-exposed animals, although the data were interpreted differently at that time (Yao et al.,
2004). Our laboratory, however, has not been able to reliably induce LTP in NAc MSNs
from naïve, saline-or cocaine-treated animals with the ex vivo preparations, despite rigorous
attempts with many types of induction protocols. We thus have not been able to directly
confirm the above prediction ourselves. Regardless of our “unlucky” attempts, LTP in NAc
MSNs has been successfully induced by several other laboratories using ex vivo conditions
(Kombian and Malenka, 1994; Li and Kauer, 2004; Yao et al., 2004; Schotanus and
Chergui, 2008). Thus, it is very likely that LTP is inducible in NAc MSNs, and a failure of
induction may reflect the importance of the microenvironment surrounding the affected
synapses, which can differ in each experimental condition. For example, NAc MSNs sit in a
rich modulatory environment constituted by a large number of neuromodulators including
dopamine, adenosine, and endocannabinoids. These neuromodulator systems can be
essential for LTP induction (Centonze et al., 2001) and are better preserved under some
experimental conditions but not others. Consistent with this notion, LTP in NAc MSNs
appears to be more reliably induced under in vivo conditions (Goto and Grace, 2005;
Moussawi et al., 2009).

Nonetheless, the facilitative effect of silent synapse-based metaplasticity, if any, should only
occur during or shortly after short-term withdrawal (e.g., 1–2 days) from repeated exposure
to cocaine because after this time window, the number of silent synapses gradually returns to
baseline levels (Huang et al., 2009). If cocaine-induced generation of silent synapses is
indeed a form of metaplasticity that primes NAc MSNs for subsequent LTP induction, what
would be the in vivo induction stimulation/trigger? An apparent candidate is the withdrawal
experience. After repeated exposure to drugs of abuse, withdrawal, a termination of access
to drug exposure, is no longer a passive process. Withdrawal is accompanied by a
comprehensive set of stimulations involving many types of symptoms, both physiologically
(e.g., abnormal blood pressures) and psychologically (e.g., emotional state of craving). Thus,
withdrawal can be regarded as the “trigger” procedure for subsequent plasticity.

During long-term withdrawal, both the total (Churchill et al., 1999) and surface (Boudreau
and Wolf, 2005; Boudreau et al., 2007) levels of AMPARs are substantially increased in
animals that previously exhibit cocaine-induced locomotor sensitization. If it is assumed that
surface AMPARs are mostly synaptic, these results would suggest that the overall excitatory
synaptic strength is potentiated during long-term withdrawal (Fig 1). The detailed induction
mechanism of this potentiation is not clear (Wolf and Ferrario, 2010). One possibility, as
mentioned above, is that withdrawal or withdrawal-associated stimulations serve as an in
vivo “induction protocol” that triggers an AMPAR trafficking-based LTP-like process,
resulting in more synaptic AMPARs in NAc MSNs. This potential process is somewhat
similar to Hebbian plasticity. And if this is the case, previously generated silent synapses
could greatly facilitate synaptic insertion of AMPARs. Evidence supporting this scenario
comes from two in vivo studies (Goto and Grace, 2005; Moussawi et al., 2009), which show
that during long-term withdrawal from repeated cocaine exposure, LTP at excitatory
synapses could no longer be induced in the NAc. As with most regulatory processes, the
excitatory synaptic strength is regulated within a range. If a set of synapses previously
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undergoes a strong LTP-like process and their synaptic strength has been maximized, further
attempts at induction could no longer cause additional up-regulation. Thus, one explanation
of the lack of NAc LTP during withdrawal is that the excitatory synaptic strength has
already been saturated.

Another possibility is that the increased number of synaptic AMPARs is a result of
homeostatic plasticity (thus, non-Hebbian plasticity), namely synaptic scaling (Boudreau
and Wolf, 2005; Boudreau et al., 2007). The scenario is that following repeated exposure to
cocaine, presynaptic glutamatergic terminals may become less active due to the cocaine-
induced hypoactivity of the medial prefrontal cortex or other glutamatergic projection areas
(Goldstein and Volkow, 2002; Porrino et al., 2002; Porrino et al., 2007). The reduced
presynaptic activity may homeostatically scale up postsynaptic responsiveness (Boudreau
and Wolf, 2005; Boudreau et al., 2007). In this case, silent synapses can also be facilitative;
they provide open “slots” for the upcoming AMPARs. There are other possibilities related to
withdrawal-induced up-regulation of AMPARs which will be explored in the next section
(2.5). Nonetheless, un-silencing of silent synapses can be one of the key mechanisms by
which excitatory synapses within the NAc are strengthened during long-term withdrawal.

It is important to note that the strengthening of excitatory synapses in the NAc is not likely
to be exclusively mediated by the un-silencing of silent synapses. Thomas and colleagues
demonstrated that the AMPAR/NMDAR ratio at excitatory synapses of NAc MSNs is
substantially increased during long-term withdrawal (Kourrich et al., 2007), suggesting that
the number and/or function of AMPARs is also up-regulated at non-silent synapses. Indeed,
extensive mechanistic studies in the hippocampus demonstrate that the expression of LTP
can be mediated by modification of pre-existing synaptic AMPARs, insertion of new
AMPARs to pre-existing synapses, un-silencing silent synapses, or enhancement of
presynaptic release of glutamate. And, it is not uncommon that some or all of these
mechanisms occur simultaneously during the expression of LTP (Malenka and Bear, 2004;
Shepherd and Huganir, 2007; Kessels and Malinow, 2009). As such, withdrawal from
repeated cocaine administration may strengthen excitatory synaptic transmission in the NAc
by employing several cellular and/or molecular mechanisms in parallel, including un-
silencing silent synapses.

Then, why does exposure to cocaine utilize more than one means to increase the excitatory
synaptic strength in NAc MSNs? The NAc receives extensive glutamatergic synaptic inputs
from a variety of brain regions including the limbic components of the prefrontal cortex, the
basolateral amygdala, and the hippocampus (Shepard, 2004). It is possible that these
different LTP expression mechanisms are differentially involved in different glutamatergic
afferents to the NAc upon withdrawal from cocaine administration. Furthermore, via
different LTP expression mechanisms, different afferents may recruit different subtypes of
AMPARs. Cocaine-generated silent synapses are distinctly different from other synapses in
that they not only have greater potential for recruiting AMPARs, but also are enriched in
NR2B-containing NMDARs, by which specific plasticity properties (e.g., recruiting a
specific type of AMPAR) may be bestowed upon these synapses. One candidate for such
specific AMPAR recruitment is GluR2-lacking receptors, which exhibit several unique
properties: permeability to Ca2+, relatively higher single channel conductance, and inward
rectification at positive potentials (Cull-Candy et al., 2006; Isaac et al., 2007; Liu and Zukin,
2007; Thiagarajan et al., 2007). A potential recruitment of GluR2-lacking AMPARs not only
quantitatively, but also qualitatively alters the synaptic properties. During long-term
withdrawal from a passive cocaine procedure, the appearance of GluR2-lacking AMPARs
has indeed been detected in one study (Mameli et al., 2009), whereas it has not been
detected in another (Kourrich et al., 2007). Besides various technical reasons, a possible
explanation for these inconsistent results is that GluR2-lacking AMPARs are selectively
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inserted into certain afferents, and synaptic transmission from these selected afferents is
preferentially sampled in some studies but not others. On the other hand, GluR2-lacking
AMPARs are expressed in the NAc during long-term withdrawal from prolonged cocaine
self-administration, and selectively inhibiting GluR2-lacking AMPARs within the NAc
inhibits cocaine-craving in animal models (Conrad et al., 2008). Two open questions are
whether silent synapses are selectively generated within certain afferents and whether
GluR2-lacking AMPARs are selectively inserted to silent synapses during cocaine
withdrawal.

Additionally, the seemingly de novo nature of cocaine-generated silent synapses (Huang et
al., 2009) presents the more speculative possibility that these newly-created silent synapses
are new, premature synaptic connections that are in the process of forming entirely novel
brain circuitry. The presynaptic terminals of cocaine-induced silent synapses may project
from one of the well known afferents to the NAc, or alternatively, project from a brain
region that does not normally have a connection with the NAc. Un-silencing these silent
synapses would consolidate this new circuitry, re-organize the neural network, and reshape
the pattern of information processing within the NAc, resulting in fundamental alterations of
NAc-based behaviors.

It is also worth mentioning that re-exposure (challenge) to cocaine after long-term
withdrawal appears to restore the excitatory synaptic strength of NAc MSNs back down to
normal levels. Upon a single exposure to cocaine following a long-term withdrawal,
withdrawal-induced up-regulation of AMPARs (Boudreau and Wolf, 2005) is no longer
observed; it falls even below control levels (Boudreau et al., 2007) in previously cocaine-
sensitized animals. Furthermore, the AMPAR/NMDAR ratio at excitatory synapses of NAc
MSNs, which is increased during long-term withdrawal (Kourrich et al., 2007), returns to
(Kourrich et al., 2007) or becomes lower (Thomas et al., 2001) than the baseline level (i.e.,
the ratio from naïve or saline-treated animals). This re-exposure-induced effect cannot be
explained by the acute effect of cocaine as a single cocaine injection to naïve animals does
not affect the AMPAR/NMDAR ratio (Kourrich et al., 2007). More likely, re-exposure acts
as a de-potentiation procedure that induces a de-potentiation of LTP previously induced
during the withdrawal period. It is also important to note that the surface levels of AMPARs
become higher again following additional 6–7 days after the challenge injection of cocaine
(Bachtell and Self, 2008; Ferrario et al., 2010). These results suggest that excitatory synaptic
transmission to NAc neurons undergoes dynamic potentiation, depression/de-potentiation,
re-potentiation throughout the exposure, withdrawal, and re-exposure period.

2.5 Other cellular consequences of cocaine-induced silent synapses
Although termed “silent” synapses, silent synapses are not truly silent in vivo, especially in
NAc MSNs. The membrane potential of in vivo NAc MSNs (measured from cell bodies)
frequently climbs to, if not always dwelling at, relatively depolarized voltage plateaus (i.e., ~
−55 mV) (Wilson and Groves, 1981; Mahon et al., 2006), at which Mg2+-mediated blockade
of NMDARs is incomplete (Jahr and Stevens, 1990). These depolarization plateaus likely
originate from dendrites, where the temporal synchronization of excitatory synaptic inputs
occurs (Wilson and Groves, 1981; O'Donnell and Grace, 1995). When also factoring in the
spatial effect, the depolarization should be more significant in dendrites where synaptic
NMDARs reside. Thus, synaptic NMDARs, including those in cocaine-generated silent
synapses, can be activated in in vivo NAc MSNs; they may contribute to transmission and
mediate NMDAR-signaling, which together influence the NAc-based cellular and
behavioral outputs. One such broad cellular impact of cocaine-generated silent synapses is
the selective enhancement of NMDAR NR2B-coupled signaling. NMDARs in the adult
forebrain are thought to exist as tetramers primarily consisting of NR1 and NR2 (mostly 2A
and 2B) subunits (Monyer et al., 1994; Standaert et al., 1994; Carroll and Zukin, 2002).
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Compared to NR2A-containing NMDARs, NR2B-containing NMDARs exhibit a slower
time course of inactivation and a higher binding affinity to calcium/calmodulin kinase II
(CaMKII). Thus upon activation, they may result in greater and longer stimulation of the
NMDAR/CaMKII-signaling cascade (Strack and Colbran, 1998; Leonard et al., 1999; Strack
et al., 2000; Mayadevi et al., 2002). Below we discuss two cellular/behavioral consequences
that may result from the up-regulation of NR2B/CaMKII-signaling.

The first of these potential cellular consequences may occur at the signaling level. It has
been shown that CaMKII-signaling is upregulated within the NAc upon repeated exposure
to cocaine (McClung and Nestler, 2003), and activation of CaMKII-signaling may critically
contribute to the strengthening of excitatory synaptic transmission to the NAc during
cocaine withdrawal (Anderson et al., 2008; Sun et al., 2008). At the behavioral level,
activation of NAc CaMKII-signaling is required for the expression of cocaine-induced
locomotor sensitization (Pierce et al., 1998) and reinstatement of cocaine following
withdrawal from cocaine self-administration (Anderson et al., 2008). Thus, the newly
inserted NR2B-containing NMDARs from cocaine-generated silent synapses may act with
other molecular processes to initiate and intensify these CaMKII-mediated cellular and
behavioral alterations in cocaine-treated animals.

A second potential cellular consequence involves homeostatic regulation and dysregulation
between excitatory synaptic input and membrane excitability of NAc MSNs. Excitatory
synaptic input and membrane excitability are the two key physiological parameters that
determine the functional output of NAc MSNs. Recently, our laboratory demonstrated a
form of homeostatic crosstalk in NAc MSNs between excitatory synapses and membrane
excitability, so-called homeostatic synapse-driven membrane plasticity (hSMP) (Ishikawa et
al., 2009; Huang et al., 2010). hSMP is usually triggered by a chronic increase or decrease in
the strength of excitatory synaptic transmission, and it is expressed as a decrease or increase
in membrane excitability, respectively. As such, hSMP may homeostatically maintain the
overall functional output of the NAc. Further studies demonstrate that hSMP is mediated by
synaptic NMDARs. The activity level of excitatory synapses can be detected and translated
by synaptic NMDARs into different degrees of activation, and NMDAR-coupled signaling
(e.g., CaMKII-signaling), in turn, regulates ion channels (e.g., SK channels) to change the
membrane excitability (Ishikawa et al., 2009). Our subsequent preliminary studies show that
persistent activation of NR2B-containing, but not NR2A-containing, NMDARs induces a
homeostatic decrease in membrane excitability of NAc MSNs (unpublished data). As
discussed above (section 2.3), it is likely that the excitatory synaptic strength of NAc MSNs
remains unchanged or is slightly decreased (Boudreau and Wolf, 2005; Boudreau et al.,
2007; Kourrich et al., 2007) during late stage of repeated exposure to cocaine or short-term
withdrawal from the exposure. However, during these periods, generation of silent synapses
substantially up-regulates NMDAR NR2B-signaling. Thus, even though the actual incoming
excitatory synaptic strength is not altered, the increased activity of NR2B-containing
NMDARs may provide a false homeostatic signal, misleading hSMP to decrease the
membrane excitability of NAc MSNs. Indeed, the membrane excitability of NAc MSNs is
decreased during short- and long-term withdrawal from repeated exposure to cocaine (Dong
et al., 2006; Ishikawa et al., 2009; Mu et al., 2010).

Two lines of evidence from our previous and ongoing studies support the idea that the
decreased membrane excitability of NAc MSNs during cocaine withdrawal is mediated, at
least in part, by silent synapse-associated hSMP. First, the hSMP-mediated decrease in
membrane excitability of NAc MSNs is expressed by up-regulation of SK type calcium-
activated potassium channels, and inhibiting SK channels partially reverse this membrane
effect of cocaine (Ishikawa et al., 2009). Second, in transgenic mice in which NR2B-
CaMKII-signaling is disabled, repeated exposure to cocaine no longer induces a decrease in
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membrane excitability of NAc MSNs (unpublished data). Thus, in addition to the
tremendous synaptic impact, cocaine-generated silent synapses may also impinge upon other
important cellular substrates within the NAc MSNs.

Moreover, studies in different neuronal types show that there is also a reverse form of
hSMP, a homeostatic membrane-to-synapse regulation (Turrigiano and Nelson, 2004; Frank
et al., 2006; Ibata et al., 2008). Specifically, a manipulation that decreases the membrane
excitability of a neuron causes a homeostatic increase in postsynaptic AMPARs (Ibata et al.,
2008). In NAc MSNs, the decreased membrane excitability lasts throughout the long-term
withdrawal from repeated administration of cocaine (Mu et al., 2010). If the membrane-to-
synapse homeostatic regulation also exists in NAc MSNs, it is possible that the observed up-
regulation of postsynaptic AMPARs during long-term withdrawal (Boudreau and Wolf,
2005; Boudreau et al., 2007; Kourrich et al., 2007) is partially achieved by homeostatic up-
scaling of AMPARs as a result of prolonged decrease in membrane excitability (Fig 2)
(Wolf, 2010).

Thus, in addition to LTP-like processes as discussed in section 2.4, the non-Hebbian
homeostatic plasticity may also critically contribute to the strengthened excitatory synaptic
transmission in the NAc during long-term withdrawal. Indeed, this potential homeostatic
mechanism may fit better with the robust and “across-the-board” effect of cocaine. Hebbian
LTP or LTP-like processes are typically highly pathway-specific (Malenka and Nicoll,
1999), suggesting that a small set of afferents and thus a small portion of synapses are
affected by Hebbian LTP. As such, when sampled at the tissue level, these Hebbian LTP-
associated changes may not always be detected. Despite the experimental and theoretical
demonstration that a large portion of NAc MSNs do not respond to cocaine-related
stimulations (Pennartz et al., 1994; Carelli, 2002), a robust potentiation at excitatory
synapses is detected during long-term withdrawal in NAc tissue (Churchill et al., 1999;
Boudreau and Wolf, 2005; Boudreau et al., 2007; Conrad et al., 2008) as well as across NAc
MSNs (Kourrich et al., 2007; Mameli et al., 2009). Unlike Hebbian plasticity, homeostatic
synaptic plasticity tends to be a more global effect (Turrigiano and Nelson, 2004), by which
most synapses are affected in a sweeping fashion. Thus, for this specific aspect, the
homeostatic mechanism seems to be favored. Nonetheless, because synaptic insertion of
AMPARs serves as a key expression means for both homeostatic and Hebbian strengthening
of excitatory synapses (Nelson and Turrigiano, 2008; Kessels and Malinow, 2009),
previously generated silent synapses can facilitate either of these processes by providing
open insertion “slots.”

3. Other cocaine-associated metaplasticity
3.1 NMDAR-based metaplasticity

As one of the key metaplasticity substrates, NMDARs are dynamically regulated in the
NAc. Specifically for NR2B subunits, depending on the specific cocaine procedure or
withdrawal time, a repertoire of seemingly highly inconsistent results have been reported.
Some results show an increase in the number of these subunits, while others show a decrease
or no change (Fitzgerald et al., 1996; Churchill et al., 1999; Loftis and Janowsky, 2000;
Crespo et al., 2002; Scheggi et al., 2002; Yamaguchi et al., 2002; Tang et al., 2004; Hemby
et al., 2005a; Hemby et al., 2005b; Lu et al., 2005; Ary and Szumlinski, 2007; Zhang et al.,
2007; Conrad et al., 2008; Ben-Shahar et al., 2009; Ghasemzadeh et al., 2009; Schumann
and Yaka, 2009; Ferrario et al., 2010). It is important to note that some of these studies
measure the total number, rather than surface number of NMDAR subunits. Nonetheless,
these results taken together may reflect that NR2B subunits within the NAc are differentially
regulated in various subcellular compartments by either different patterns of cocaine
administration, different exposure durations, or different withdrawal periods following
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cocaine administration. Each particular condition may set up a different direction and
intensity of NMDAR-based metaplasticity in the NAc, leading to different cellular
consequences.

In addition to the NAc, exposure to cocaine also alters NMDARs in other regions within or
associated with the mesolimbic dopamine system. In the prefrontal cortex, withdrawal from
cocaine self-administration substantially increases the total levels of both NR2A and NR2B
subunits (Ben-Shahar et al., 2009). In the ventral tegmental area (VTA), repeated non-
contingent exposure to cocaine not only increases the synaptic level of NR2B-containing
NMDARs (Schilstrom et al., 2006), but also up-regulate the function of NR2A-containing
NMDARs via Src-mediated phosphorylation (Schumann et al., 2009). The up-regulation of
NMDARs has been proposed as a mechanism (Schilstrom et al., 2006) mediating cocaine-
induced LTP-like processes in VTA dopamine neurons (Ungless et al., 2001; Saal et al.,
2003; Borgland et al., 2004), an important form of cocaine-induced synaptic plasticity that
has been implicated in addiction-related behaviors (Borgland et al., 2004; Dong et al., 2004).
In the amygdala, the total levels of NR1 and NR2B NMDAR subunits are increased at
different withdrawal time points following cocaine self-administration (Lu et al., 2005).

In addition to cocaine, other drugs of abuse also dynamically regulate NMDARs within the
NAc. Upon repeated exposure to amphetamine, a decrease in NMDARs, particularly NR2B-
contianing NMDARs, is observed in some (Mao et al., 2009) but not other studies (Nelson
et al., 2009). Following alcohol self-administration, the total levels of NR2A and NR2B
subunits of NMDARs in the NAc are increased and decreased, respectively (Obara et al.,
2009). Conversely, NR2B subunits, at least at the functional level, appear to increase in the
dorsal striatum following alcohol self-administration (Wang et al., 2007). Following
exposure to morphine, although NR2B subunits are essential for the reinstatement of
morphine administration (Ma et al., 2007), the total levels of NR1 and NR2A, but not
NR2B, subunits are increased in the NAc (Murray et al., 2007).

Taken together, these drug-induced alterations in NMDARs may differentially set up
metaplasticity processes, facilitating the formation of more persistent cellular changes in
specific directions in the NAc and other key brain sites following exposure to a variety of
drugs of abuse.

3.2 Other forms of cocaine-associated metaplasticity
GABAergic synaptic transmission can also be affected by drugs of abuse, influencing the
susceptibility of excitatory synapses to subsequent plastic changes. Typically, an LTP-like
process at excitatory synapses is triggered by co-activation of pre and postsynaptic
terminals, and the induction efficacy of LTP is sensitive to the magnitude of this co-
activation. As such, a decrease in the GABAergic tone, which disinhibits the excitatory
synaptic activation, may increase the likelihood of LTP induction. In VTA neurons, the
spike timing LTP at excitatory synapses, a type of plasticity that highly depends on the
temporal contingency of pre and postsynaptic activation, is enhanced following repeated
exposure to cocaine as a result of cocaine-induced inhibition of GABAergic synaptic
transmission (Liu et al., 2005). In the NAc, GABA-mediated metaplasticity has not been
examined but is likely to also exist. Specifically, it has been demonstrated in the
hippocampus that activation of cannabinoid 1 receptors (CB1Rs) can be a highly localized
event selective to GABAergic presynaptic terminals. Activation of these peri-GABAergic
synaptic CB1Rs facilitates the induction of LTP at excitatory synapses (Freund and Hajos,
2003; Chevaleyre and Castillo, 2004). If this effect of CB1Rs is compromised, as has been
suggested in a study showing that CB1R-mediated synaptic regulation is abolished by a
single exposure to cocaine (Fourgeaud et al., 2004), CB1R/GABA-mediated metaplasticity
might be disrupted by exposure to cocaine in NAc neurons. Therefore, exposure to cocaine
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may induce or enhance some forms of metaplasticity while simultaneously compromising
others. And by doing this, certain subcellular substrates or certain plastic changes are
favored over others, leading to more polarized changes in the affected brain regions
following exposure to drugs of abuse.

Another potentially important metaplasticity factor stems from the activity of glial cells. In
addition to supportive functions, glial cells, especially astrocytes, also dynamically regulate
neural activity by releasing a variety of chemicals (Haydon et al., 2009). Among these glia-
released molecules, D-serine is indeed the endogenous agonist for the glycine-binding site of
NMDARs (Wolosker et al., 1999; Mothet et al., 2000). D-serine has been demonstrated at
the extracellular level to act as a metaplasticity factor gating the induction of LTP and LTD
at excitatory synapses (Panatier et al., 2006). Several lines of evidence suggest that exposure
to cocaine modulates astrocytes regulatory processes (Bowers and Kalivas, 2003; Narita et
al., 2006). However, it remains to be determined whether the astrocyte-mediated release of
D-serine or other key factors (e.g., ATP and glutamate) are altered in the NAc accordingly.

4. Concluding remarks
Mainly focusing on NMDAR-dependent metaplasticity, we have discussed the potential
mechanisms through which cocaine-associated memories are effectively and efficiently
formed. These discussions emphasize that drug-induced metaplasticity acts as an important
priming process that may facilitate a specific set of plasticity while it inhibits others. As
such, the cellular history encoded in metaplasticity during or shortly after exposure to drugs
of abuse may functionally pre-define the nature of subsequent more durable plastic changes
(even before they actually occur). Thus, the initial transiently occurring cellular changes
following drug exposure may serve as an important metaplasticity process that begins a
long-lasting impact on the overall development of drug addiction.
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Figure 1.
A hypothesized diagram demonstrating the cellular processes of the development and
maturation of cocaine-generated silent synapses. (Left) The proposed state before the
generation of a silent synapse. The synaptic connection is absent, demonstrated by the dotted
lines. (Middle) After repeated exposure to cocaine, silent synapses are generated by the
insertion of new NMDARs enriched in the NR2B subunit via lateral diffusion or exocytosis.
(Right) Long-term withdrawal is a potential trigger of synaptic insertion of AMPARs thus
maturation of silent synapses.
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Figure 2.
Summary of synaptic and membrane alterations in NAc neurons during withdrawal from 5
day non-contingent exposure to cocaine. An important synaptic alteration in NAc neurons
during the late phase of cocaine exposure and short-term withdrawal is the appearance of
silent synapses enriched in NR2B-containing NMDARs. Immediately after repeated cocaine
exposure the intrinsic membrane excitability of NAc neurons is decreased and persists
throughout short-term and long-term withdrawal. Based on the timing of the cocaine-
induced synaptic and membrane alterations, we hypothesize that these cellular alterations
are linked. The increased NMDAR-mediated activity may create a false signal of increased
synaptic strength to trigger hSMP, resulting in the observed decrease in membrane
excitability. Newly generated silent synapses provide extra synaptic slots that may facilitate
the recruitment of new AMPARs in a LTP-like process during long-term withdrawal.
Simultaneously, this observed upregulation of AMPARs during long-term withdrawal may
also be mediated by homeostatic up-scaling of AMPARs as a result of the prolonged
decrease in membrane excitability.
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