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Abstract

Introduction—Alcohol dependence is characterized by a reduction in reward threshold,
development of a negative affective state, and significant cognitive impairments. Dependence-
induced glutamatergic neuroadaptations in the neurocircuitry mediating reward, affect and
cognitive function are thought to underlie the neural mechanism for these alterations. These
changes serve to promote increased craving for alcohol and facilitate the development of
maladaptive behaviors that promote relapse to alcohol drinking during periods of abstinence.

Objective—To review the extant literature on the effects of chronic alcohol exposure on
glutamatergic neurotransmission and its impact on reward, affect and cognition.

Results—Evidence from a diverse set of studies demonstrates significant enhancement of
glutamatergic activity following chronic alcohol exposure and up-regulation of GIUN2B-
containing NMDA receptor expression and function is a commonly observed phenomenon that
likely reflects activity-dependent adaptive homeostatic plasticity. However, changes in NMDA
receptors and additional glutamatergic neuroadaptations are often circuit and cell-type specific.

Discussion—Dependence-induced alterations in glutamate signaling contribute to many of the
symptoms experienced in addicted individuals and can persist well into abstinence. This suggests
they play an important role in the development of behaviors that increase the probability for
relapse. As our understanding of the complexity of the neurocircuitry involved in the addictive
process has advanced, it has become increasingly clear that investigations of cell-type and circuit-
specific effects are required to gain a more comprehensive understanding of the glutamatergic
adaptations and their functional consequences in alcohol addiction.

Conclusion—While pharmacological treatments for alcohol dependence and relapse targeting
the glutamatergic system have shown great promise in preclinical models, more research is needed
to uncover novel, possibly circuit-specific, targets with improved efficacy and reduced side
effects.
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1. Introduction

Alcohol dependence is a chronic relapsing disorder characterized by repeated episodes of
withdrawal and relapse to heavy alcohol consumption. This repetitive process promotes the
development of maladaptive behaviors through neural adaptations that ultimately serve to
facilitate continued drinking and hinder long-term abstinence. A substantial body of work
has focused on the role of dopaminergic changes in promoting continued alcohol
consumption. However, it has become apparent that adaptations in the dopamine system are
not solely responsible for the increased propensity for relapse that occurs as a result of
alcohol dependence. In particular, accumulating evidence indicates that aberrant
glutamatergic-based plasticity plays a critical role in alcohol addiction and relapse. Early
evidence for the involvement of the glutamatergic system in alcohol dependence and
alcohol-related behaviors stemmed from the efficacy of NMDA receptor antagonists in
alleviating seizures and other symptoms of acute withdrawal (Hoffman et al., 1990) and
evidence later emerged pointing to glutamate’s role in reward regulation (Taber and Fibiger,
1995). During this same time, in vitro work examining the effects of chronic ethanol
exposure in neuronal culture systems also revealed a direct effect of ethanol on the NMDA
receptor (Chandler et al., 1998; Chandler, 2003) that has subsequently been confirmed in
vivo (Burnett et al., 2014; Szumlinski and Woodward, 2014). Together, these findings
sparked intense interest in glutamate’s involvement in the neuroadaptive processes induced
by alcohol dependence. Indeed, decades of research have uncovered glutamate’s
involvement in motivation and reward, affect, learning and memory, and cognitive
performance, all of which are fundamentally altered in alcohol dependent individuals.

The aim of this review is to explore the role of glutamatergic neuroadaptations that arise as a
result of chronic alcohol exposure and withdrawal within the overall framework of the
neurocircuitry mediating the motivational, cognitive, and affective aspects of dependence
that contribute to the neural dysfunction and heightened probability for relapse to alcohol
drinking.

2. Overview of glutamate receptors

Glutamate serves as the brain’s main excitatory neurotransmitter and acts through two
receptor types classified by their structure and function as either ionotropic or metabotropic.
While a detailed review of glutamate and its receptor subtypes is beyond the scope of the
present review, a brief overview is provided below (see Niswender and Conn, 2010;
Traynelis et al., 2010; Szumlinski and Woodward, 2014 for more comprehensive reviews).

2.1 lonotropic glutamate receptors

lonotropic glutamate receptors (iGIuRs) are tetrameric subunit complexes that are
themselves divided into four classes of receptors with distinct pharmacology and biophysical
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properties: 2-amino-3(3-hydroxy-5-methyl-isoxazol-4yl)propanoic acid (AMPA), N-methl-
D-asparate (NMDA\), kainate and delta receptors.

AMPA receptors are fast depolarizing channels with activation and deactivation rates within
the millisecond timescale and thus mediate the fast component of excitatory
neurotransmission. Four different AMPA receptor subunits have been characterized
(GluA1-4), which can form either homo- or heteromeric complexes. AMPA receptors are
localized postsynaptically and glutamate binding results in the influx of sodium ions into the
cell leading to the production of a subthreshold excitatory postsynaptic potential (EPSP)
that, upon summation with other EPSPs, can result in an action potential.

Although the existence and function of presynaptic NMDA receptors is becoming
increasingly appreciated, for the most part, NMDA receptors are localized postsynaptically
and have a high affinity for glutamate. NMDA receptors are unique among the glutamate
receptor family in that their activation requires the removal of a magnesium block. Thus, in
its inactive state, magnesium binds inside the pore of the NMDA receptor facilitating a
closed conformation that prohibits the influx of ions into the cell. Removal of this
magnesium block is voltage-dependent and therefore occurs only after the cell begins to
depolarize, which is typically associated with the release of glutamate and activation of
neighboring synaptic AMPA receptors. Upon initial depolarization, the ion channel opens
allowing sodium and calcium ions into the cell facilitating further depolarization and, more
importantly, activation of intracellular calcium-dependent processes. The unique role of
NMDA receptors as “coincidence detectors” that are activated only following glutamate
release and AMPA receptor activation serves to facilitate cellular processes (i.e., long-term
potentiation) and synaptic remodeling. NMDA receptor subunits are classified into three
subtypes referred to as GIuN1, GIuN2A-D and GIuN3A-B. Functional receptors are
comprised of two requisite GIUN1 subunits in combination with two GIUN2A-D subunits.
Activation of the receptor requires co-agonism with glutamate and glycine and, in contrast
to AMPA receptors, NMDA receptors desensitize weakly following activation. GIUN2A-
receptors tend to be localized synaptically whereas GIuN2B-containing receptors are found
both inside and outside the synapse and likely activated by astrocytic release of glutamate.
Because of the slower deactivation properties and subsequent prolonged influx of calcium of
GIuN2B-containing NMDA receptors, these receptors play a particularly important role in
mediating both structural and functional synaptic plasticity.

Much less is known about the physiology and pharmacology of kainate receptors relative to
AMPA and NMDA iGluRs. Kainate receptors appear to behave similarly to AMPA
receptors, but are found both pre- and postsynaptically. Three receptor subunits have been
identified as GluK1-3 and are characterized for their high affinity for kainite relative to
AMPA. Like both AMPA and NMDA receptors, subunit composition of kainate receptors
influences their affinity for glutamate and permeability of calcium through the ion channel
pore.

The delta family of iGIuRs was identified based on sequence homology with other iGIUR
subunits, but despite their homology, neither the GluRdeltal (GIURD1) nor the GluRdelta2
(GIuRD2) subunit responds to glutamate (Lomeli et al., 1993). Consequently, these
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receptors remain categorized as orphans and our understanding of them is limited. Of the
two receptor subtypes, GIURD2 receptors are the most well characterized likely because of
their dense expression in cerebellar purkinje neurons where they are known to play an
important role in motor coordination (Kashiwabuchi et al., 1995). Interestingly, recent work
has shown that GIuURD?2 is activated by Group 1 metabotropic glutamate receptors (Ady et
al., 2014) indicating that they are indeed involved, at least indirectly, in glutamatergic
signaling. In contrast to GIuURD2, GIuRD1 expression is diffuse but widespread throughout
the brain including in the prefrontal cortex, amygdala and hippocampus (Yadav et al., 2012;
Hepp et al., 2014). While the GIuURD1 subunit is much less well understood than its GIluRD2
counterpart, recent work suggests it is involved in mediating social and anxiety-like
behavior (Yadav et al., 2012).

2.2 Metabotropic glutamate receptors

The metabotropic glutamate receptors (mGIuRS) are seven transmembrane g-protein coupled
receptors that regulate cell excitability via second messenger systems. There are eight
mGIuRs that are classified into three groups. Group 1 mGIluRs include mGIluR1 and
mGIuRS5. These receptors are localized to the perisynaptic region of the postsynaptic
density. This family of mGIuRs is coupled to Gg/G11, and thus their activation leads to
stimulation of phospholipase C second messenger pathways and calcium signaling. In
contrast, Group 2 and 3 mGIuRs are coupled to Gi/o and agonist binding results in inhibition
of adenylyl cyclase and modulation of potassium channels. When localized presynaptically
Group 2/3 mGIuR activation typically results in the inhibition of neurotransmitter release,
whereas activation of postsynaptic Group2/3 mGIuRs typically results in cell
hyperpolarization. Group 2 mGIuRs include mGIluR2 and mGIuR3. mGIuR2 is localized
presynpatically, whereas mGIuR3 can be found both pre- and postsynaptically. Group 3
mGIuRs are localized exclusively presynaptically and include mGluR4, mGIuR7 and
mGIuR8. Of note, both Groupl mGIuR5s and Group 2 mGIuR3s are also expressed on
astrocytes where they play a key role in mediating neurotransmission occurring between
astrocytes and neighboring neurons (Sun et al., 2013).

Although iGIuRs, and in particular NMDA receptors, are frequently thought of as the
primary mediators of synaptic plasticity, emerging evidence indicates that mGIuRs also play
arole in facilitating some forms of plasticity including long-term potentiation (LTP) and
depression (LTD) (Citri and Malenka, 2008; Bellone and Mameli, 2012). Evidence for
mGIluR-mediated synaptic plasticity has focused primarily on Group 1 mGIuRs and their
ability to elicit trafficking of AMPA receptors to the membrane following agonist
stimulation, as well as their role as retrograde synaptic second messengers altering
endocannabinoid release and facilitating LTD via CBL1 receptor activation (Abraham, 2008).
In addition, while the primary focus of dopamine-mGIuR interactions has been in the
context of motor behavior dysfunction, the interaction between these two systems within the
context of reward and motivation has become increasingly appreciated (Vezina and Kim,
1999; Rouse et al., 2000; Creed et al., 2015).
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2.3 Glutamate signaling & alcohol

Dependence on alcohol produces cognitive impairments that manifest as increased risk
taking, poor decision-making and loss of inhibitory control over behavior. In addition,
repeated alcohol exposure results in tolerance to its rewarding properties requiring
increasing doses of alcohol to produce the same euphoric effect (Gilpin and Koob, 2008).
Moreover, withdrawal from alcohol is associated with a negative affective state that is
characterized by increased levels of anxiety, sensitivity to stress, and dysphoria (Heilig et
al., 2010). Together these symptoms hinder abstinence by promoting the transition away
from controlled, causal drinking toward uncontrolled and compulsive alcohol consumption.
Importantly, dependence-induced neuroadaptations in glutamate signaling are thought to
contribute to the development of these symptoms. In fact, withdrawal from alcohol is
associated with increased glutamate concentration in both humans and rodents (Hermann et
al., 2012) and severity of alcohol dependence is positively correlated with CSF glutamate
(Umbhau et al., 2010). Furthermore, a growing body of literature is emerging indicating that
significant glutamatergic adaptations occur in brain regions underlying reward, cognition,
and affect in alcohol-dependent individuals (Jin et al., 20144, 2014b; Enoch et al., 2014;
Bhandage et al., 2014; Laukkanen et al., 2015). While human studies are critical to our
understanding of the neuroadaptive processes that occur in addicted individuals, animal
models have been essential to our appreciation of the cellular adaptations that occur within
the neural circuits underlying dependence-induced symptomology, which may help to
uncover pharmacological targets for the treatment of alcoholism.

3. Glutamatergic adaptations to neurocircuitry mediating reward

Addiction is associated with increased incentive salience, or wanting, for alcohol
accompanied by decreased pleasure in response to previously rewarding stimuli (i.e.,
anhedonia) (Heilig et al., 2010; Robinson et al., 2013). As such, withdrawal from alcohol is
associated with an increased threshold for reward (Schulteis et al., 1995) that corresponds
with a reduction in dopamine that accompanies withdrawal (Weiss et al., 1996). These
effects of chronic alcohol on mood and motivation are thought to play a significant role in
promoting relapse and escalated alcohol consumption (Heilig et al., 2010).

A large body of research has focused on the role of the ventral tegmental area (VTA) and its
dopaminergic projection onto GABAergic medium spiny neurons (MSNs) of the nucleus
accumbens (NAc) in mediating dependence-induced plasticity due to its well-characterized
role in signaling reward and the salience of environmental stimuli (Figure 1) (Schultz,
2013). As such, the NAc is viewed as a sensorimotor integrator that receives dopaminergic
signaling from the VTA in response to stimuli and integrates that signal with other incoming
sensory inputs to motor areas, such as the ventral pallidum and substantia nigra, to provide
information that facilitates a behavioral response (Saddoris et al., 2013). Furthermore,
reciprocal connections between the NAc and VTA act as an additional regulator of
dopamine release (Xia et al., 2011).

Based on the prominent role that VTA dopamine plays in signaling reward, it is not
surprising that most of the work examining synaptic plasticity within this region has focused
primarily on dopaminergic adaptations following acute and chronic ethanol. Nevertheless,
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the few studies that have investigated glutamatergic neuroadaptations within the VTA
collectively suggest that prolonged ethanol exposure leads to significant alterations in
glutamatergic neurotransmission that are likely involved in promoting escalated drinking
and relapse during abstinence. For example, repeated intraperitoneal ethanol administration
for seven days resulted in enhanced NMDA receptor-mediated LTP in VTA dopamine
neurons (Bernier et al., 2011). Similarly, repeated ethanol exposure is associated with
enhanced ethanol-induced NMDA-mediated burst firing of dopamine neurons within the
VTA (Hopf et al., 2007). Prolonged ethanol self-administration also resulted in enhanced
postsynaptic AMPA receptor function in VTA neurons in the absence of any change in
presynaptic glutamate release (Stuber et al., 2008). This enhancement of postsynaptic
glutamatergic neurotransmission may be due, at least in part, to increased expression of
mGIuR1 and GluN1-containing receptors following chronic ethanol (Ortiz et al., 1995).
However, not all data are in agreement with this observation. For example, recent work in
alcohol-preferring P rats revealed a decrease in NMDA receptor sensitivity within the VTA
following prolonged alcohol consumption (Fitzgerald et al., 2012). Whether these
discrepancies may be attributed to methodological differences and/or adaptations that
necessitate physical dependence remains unclear and is an important avenue for future
exploration.

Although behavioral correlates of the reported increase in VTA glutamatergic
neurotransmission following prolonged ethanol exposure are limited, ethanol-induced
enhancements in NMDA receptor-mediated activity have been associated with enhanced
learning of drug-associated cues (Bernier et al., 2011) and sensitization to cocaine-induced
hyperlocomotion (Hopf et al., 2007). This suggests that ethanol-induced glutamatergic
plasticity within the VTA may facilitate an altered motivational state. An explicit link
between these neuroadaptive changes and alterations in reward threshold, ethanol intake,
and ethanol seeking is a critical gap that requires addressing before more definitive
conclusions can be made regarding the role of VTA glutamatergic signaling in facilitating
relapse behavior.

Another important consideration is the growing appreciation for the heterogeneity of cell
types expressed within the VTA and the anatomically distinct projections exhibited by
different VTA subregions. Indeed, it has become increasingly apparent that the VTA is a
rather heterogeneous nucleus expressing both glutamatergic and GABAergic neurons in
addition to classical dopamine neurons (Sanchez-Catalan et al., 2014; Lammel et al., 2014).
Importantly, recent work has also demonstrated co-localization of glutamate with dopamine
as well as co-localization of glutamate and GABA in non-dopaminergic neurons within the
region (Morales and Root, 2014). Notably, both GABAergic and glutamatergic non-
dopaminergic neurons of the VTA are now known to target regions outside of the VTA
including several known to play a key role in reward and aversion (Lammel et al., 2014;
Root et al., 2014a, 2014b). Recent work has also reported subregion specificity in the
expression of Iy, current — the standard physiological signature used to identify dopamine
neurons. In fact, I}, is present in only a subset of dopaminergic neurons that exhibit
connectivity that is distinct from non-Iy, expressing dopamine neurons (Zhang et al., 2010;
Lammel et al., 2012). Thus, studies measuring synaptic changes in I-expressing VTA
dopamine neurons — like those described above — are reporting changes in an anatomically
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distinct subset of dopamine neurons. Investigating whether similar changes are observed in
other dopaminergic cell populations will be important for a more comprehensive
understanding of the effects of chronic ethanol exposure on dopamine signaling. In addition,
it will be critical for future studies to discriminate between alterations in anatomically
distinct circuits within the VTA, particularly since it receives dense glutamatergic input
from a variety of brain regions including the prefrontal cortex (PFC), lateral habenula
(LHb), periacqueductal gray (PAG), raphe nuclei, hypothalamus and ventral pallidum
(Geisler and Wise, 2008).

The NAc is ideally situated to regulate behavior in response to environmental stimuli, and as
such, is known to be critically involved in alcohol-seeking behavior following exposure to
alcohol-related cues and context (Chaudhri et al., 2008, 2010). Similar to findings in the
VTA, glutamatergic signaling is also enhanced within the NAc following chronic ethanol
exposure and withdrawal. Thus, Jeanes et al. (2011) observed a transition from NMDA.-
receptor dependent LTD to LTP in the NAc of mice that underwent chronic intermittent
ethanol vapor exposure. This effect is accompanied by increased intrinsic excitability of
NAc MSNSs, reduced probability of presynaptic glutamate release, and increased AMPA
receptor-mediated activity (Marty and Spigelman, 2012a, 2012b; Spiga et al., 2014). This
enhancement of AMPA receptor signaling may be due to increased GIuA1 expression in the
NAc after chronic ethanol exposure (Neasta et al., 2010). In addition, it should be noted that
LTD in NAc MSNs requires GIuN2B-containing NMDA receptors (Schotanus and Chergui,
2008) further suggesting that the neuroadaptations observed within the NAc following
chronic ethanol are likely mediated, at least in part, by alterations in GIuUN2B receptor
expression and/or function similar to what has been observed in other areas of the brain (see
below). In support of this, increased GIUN2B expression has been observed in the NAc
following chronic ethanol exposure, along with increased expression of GIUN2A, mGIuR5
and mGIuR1 (Obara et al., 2009).

Presynaptically, prolonged ethanol exposure is associated with increased basal glutamate in
the NAc. For example, acute withdrawal from chronic ethanol vapor inhalation is associated
with significantly elevated NAc glutamate (Dahchour and De Witte, 2000, 2003). More
recently, this same finding was reported to last well into protracted abstinence (Griffin et al.,
2014). In the same study, Griffin et al. (2014) also showed that pharmacological reduction in
glutamate signaling in the NAc returned dependence-induced escalated ethanol consumption
to control levels. Of note, chronic ethanol-induced elevation in NAc basal glutamate levels
are not associated with alterations in glutamate transport (Griffin et al., 2015) suggesting
that this effect is mediated instead by increased vesicular release of glutamate and/or
reduced mGIuR autoreceptor activity. In addition, both repeated daily ethanol exposure or
binge-like ethanol exposure reportedly increased glutamate release in the NAc following an
acute ethanol challenge indicating that prolonged ethanol exposure sensitizes the
glutamatergic system within the NAc to ethanol’s effects (Melendez et al., 2005; Szumlinski
et al., 2007; Kapasova and Szumlinski, 2008). These data as well as others support findings
from clinical studies suggesting that dependence on alcohol induces a lasting
hyperglutamatergic state that facilitates continued alcohol consumption and relapse during
abstinence (Spanagel, 2009; Becker et al., 2013; Holmes et al., 2013; Becker and
Mulholland, 2014).
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Evidence suggests that these glutamatergic alterations are mediated, at least in part, by
enhanced expression of Homer proteins — scaffolding proteins that play an important role in
the regulation of receptor signaling and are highly enriched at the postsynaptic density.
Importantly, Homer proteins can directly affect the trafficking and expression of glutamate
receptors to the plasma membrane (Szumlinski et al., 2008a) and are therefore frequently
examined in association with changes in glutamate receptor expression. Consequently, many
of the same studies reporting enhanced glutamate receptor expression in the NAc also report
increased Homer expression following chronic and binge-like alcohol exposure (Szumlinski
et al., 2008b; Obara et al., 2009). In addition, viral overexpression of Homer2 in the NAc is
associated with greater operant responding for ethanol, enhanced ethanol conditioned place
preference, and tolerance to ethanol’s sedative effects (Szumlinski et al., 2008b). Neasta et
al. (2010) extended these findings to demonstrate a role for the mammalian target of
rapamycin complex 1 (MTORC1) signaling pathway in mediating glutamatergic plasticity in
the NAc. Here, the authors showed that increased GIuA1 subunit expression in the NAc of
binge-drinking mice was associated with greater Homer expression and increased activation
of the mTORC1 signaling pathway. Furthermore, intra-NAc inhibition of mMTORCL1 activity
decreased ethanol intake and seeking. Together, these studies have uncovered a key role for
Homer and the signaling pathways, including mTORC1, that affect its translation, in
mediating glutamatergic synaptic plasticity in the NAc. Further exploration of their role in
alcohol reward and continued alcohol consumption may help to identify new
pharmacological targets for relapse prevention.

Collectively, these data, in combination with the well-characterized role of NMDA receptors
in learning drug-associated cues (Harris et al., 2004; Zweifel et al., 2008) and the
involvement of the NAc in mediating behavioral responses to alcohol-associated cues
specifically (Chaudhri et al., 2008, 2010), suggest that enhanced glutamatergic signaling in
the NAc in response to chronic ethanol exposure may facilitate increased salience of
alcohol-related cues and promote cue-induced relapse. In addition, enhanced glutamatergic
signaling within the NAc may influence regulation of dopamine release via its reciprocal
connections with the VTA and may play a role in the lasting effects of chronic ethanol
exposure on dopamine signaling and the associated increase in reward threshold observed
during withdrawal. To date, however, efforts to understand the effects of chronic ethanol
exposure on NAc neuroplasticity have focused largely on MSNs throughout the region with
little appreciation for circuit specificity. The NAc receives glutamatergic input from the
PFC, hippocampus, thalamus and amygdala (Phillipson and Griffiths, 1985) yet our
understanding of the neuroadaptive changes that take place within each of these circuits as a
result of chronic ethanol exposure is still not well understood. This concept is exemplified in
findings from an elegant study using in vivo optogenetics that demonstrate that stimulation
of glutamatergic inputs from the basolateral nucleus of the amygdala to the NAc is both
necessary and sufficient to facilitate cue-induced reward seeking behavior (Stuber et al.,
2011). In contrast, it was observed that PFC inputs to the NAc are not involved in this
behavioral outcome. A greater appreciation for circuit-specificity is evolving as illustrated
by recent work by Meinhardt et al. (2013) who used retrograde labeling in combination with
laser capture microdissection to examine projection-specific changes in glutamatergic
signaling following chronic ethanol exposure. This study revealed significant down-
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regulation of the mGIuR2 gene Grin2 in NAc-projecting neurons of the infralimbic PFC
following seven weeks of chronic intermittent ethanol exposure. A similar reduction in
Grm2 expression was observed in post-mortem samples of the anterior cingulate cortex of
alcohol-dependent individuals (Meinhardt et al., 2013). The authors then demonstrated a
direct link between mGIuR2 expression in the NAc and propensity for relapse by showing
that viral expression of mGIuR2 in NAc-projecting infralimbic neurons of ethanol-exposed
rats reduced cue-induced seeking for ethanol. These results are in contrast to an earlier study
reporting no differences in mGIuR2/3 activity in the medial PFC following four weeks of
ethanol vapor exposure (Kufahl et al., 2011). However, length of exposure and the absence
of circuit-specific examination of the PFC may have contributed to this discrepant
observation. In fact, strong support for a role of NAc mGIuR2 in mediating alcohol intake
can be found in a more recent study reporting that genetic variation in the Grin2 gene
contributes to reduced mGIuR2 protein expression and decreased mGluR2-mediated
signaling in the striatum of alcohol-preferring P rats compared to their non-preferring NP
counterparts (Zhou et al., 2013). In addition, these authors showed that mGIuR2 antagonism
increased operant responding for ethanol in Wistar rats, and that Grin2 knockout mice
exhibited greater voluntary ethanol intake and preference compared to wild-types, further
supporting a causal role for mGIuR2 in mediating alcohol consumption. Clearly, additional
work aimed at parsing out the precise role of specific glutamatergic inputs to the NAc and
the changes they undergo following alcohol dependence will be critical for uncovering the
precise mechanisms underlying dependence-induced changes in behavior that promote
relapse.

4. Glutamatergic adaptations to neurocircuitry responsible for negative

affect

Withdrawal from alcohol is associated with a series of symptoms that increase the
motivation for relapse including craving, heightened anxiety, anhedonia and increased
sensitivity to stress (Heilig et al., 2010). These symptoms, collectively referred to as
withdrawal-induced negative affect, are thought to promote drinking via negative
reinforcement (i.e., alcohol consumption relieves the negative state) (Koob and Le Moal,
2008; George et al., 2014). Given the role that negative affect plays in the high propensity
for relapse during periods of both acute and protracted withdrawal, a significant body of
work has focused on understanding the neurobiological underpinnings of negative affect and
the corresponding neuroadaptations that result from chronic ethanol exposure. By far the
greatest amount of attention has been paid to components of the amygdala and extended
amygdala due to their roles in processing emaotion, fear and pain, as well as their shared
connections with brain regions involved in reward and motivation (Gauriau and Bernard,
2002; Shin and Liberzon, 2009; Janak and Tye, 2015).

The amygdala is a collection of nuclei within the mediotemporal lobe that can be divided
into three main subgroups. First is the basolateral group (BLA) made up of the basal, lateral
and accessory basal nuclei; second is the cortical group comprised of the cortical nuclei and
nucleus of the lateral olfactory tract; and third is the centromedial group comprised of the
central (CeA) and medial (MeA) amygdalar nuclei (Sah et al., 2003). This final grouping has
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come under dispute with some neuroanatomists arguing that the CeA and MeA make up the
primary nuclei of the extended amygdala along with their connections to the nearby bed
nucleus of the stria terminalis (BNST) and, more rostrally, the caudal ventral pallidum
(Alheid, 2009; McDonald, 2009).

Regardless of their categorization as amygdalar or extended amygdalar, many of these
nuclei, by virtue of their connections and functional output, have been implicated in the
neurobiology of alcohol dependence. The BLA is neuroanatomically situated to integrate
sensory information through its inputs from sensory corticies, as well as the PFC and
hippocampus. Its projections to the NAc, CeA and BNST provide a path through which this
sensory information can be transformed into a behavioral response (Figure 1) (Janak and
Tye, 2015). Importantly, projections from the BLA to the CeA are thought to be responsible
for acute responses to aversive or stressful stimuli through activation of CeA efferents to the
hypothalamus and PAG. In contrast, BLA input to the BNST is thought to be the primary
regulator of sustained anxiety, likely via its outputs to monoaminergic and cholinergic nuclei
mediating behavioral responses including the locus coreulus, substantia nigra, VTA, raphe
nuclei, and nucleus basalis (Sah et al., 2003; Davis et al., 2010). There is also a prominent
reciprocal PFC-amygdalar projection that is thought to play an important role in the
executive control of emotional response to fear, anxiety and aversive stimuli. Thus, the local
microcircuitry as well as the broader connections associated with this region serve to
influence both acute and chronic states of anxiety that may correspond respectively to acute
and protracted withdrawal from alcohol.

Within the BLA, chronic ethanol exposure and acute withdrawal are associated with both
pre-and postsynaptic enhancement of glutamatergic neurotransmission that may be pathway-
specific. For example, BLA neurons receiving cortical input via the external capsule (EC)
generally exhibit alterations in postsynaptic glutamate signaling following chronic ethanol
including increases in NMDA, AMPA and kainate receptor-mediated activity (L&ck et al.,
2007, 2009; Christian et al., 2012). These alterations in glutamatergic neurotransmission are
accompanied by sensitization of GIuN2B-containing NMDA receptors (Floyd et al., 2003)
and increased surface expression and phosphorylation of GluA1-3 receptors that likely
facilitates long-term changes in BLA plasticity following chronic ethanol (Christian et al.,
2012). Unlike EC-BLA synapses, which do not show presynaptic glutamatergic alterations
following chronic ethanol, thalamic inputs to the BLA arising via the internal capsule
exhibit an enhanced probability of presynaptic glutamate release that is likely associated
with increases in synaptic pooling of glutamate-containing vesicles (Christian et al., 2013).
Collectively these data demonstrate a significant enhancement of glutamatergic
neurotransmission in the BLA following chronic ethanol. Of note, intra-BLA administration
of an AMPA/kainate receptor antagonist reverses dependence-induced anxiety-like behavior
using a light-dark box test (L&ck et al., 2007). This is consistent with glutamatergic
adaptations within the BLA facilitating withdrawal-induced negative affect. Furthermore,
while the precise pathway-specificity of these effects is only beginning to be explored the
current data is suggestive of differential effects of chronic ethanol on different BLA circuits.

Similar to the BLA, chronic ethanol exposure also enhances NMDA receptor function
within the CeA in a manner, once again, indicative of an upregulation of GIuN2B-containing
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NMDA receptors. This effect is accompanied by enhanced ethanol-induced presynaptic
glutamate release (Roberto et al., 2004). While postsynaptic alterations in glutamatergic
signaling recovered following one week of abstinence, the effect of chronic ethanol on
presynaptic glutamatergic neuroadaptations was long-lasting and remained up to two weeks
following cessation of ethanol vapor exposure (Roberto et al., 2006). In addition, a transient
upregulation of GIuN1, GIuN2A and GIuN2B NMDA receptor subunit expression was
observed following chronic ethanol, that recovered after one week of abstinence (Roberto et
al., 2006).

In agreement with the data described above, additional work exploring glutamatergic
adaptations in alcohol-preferring P rats that chronically self-administered ethanol using a
two-bottle choice home cage drinking procedure reported similar enhancement of GIUN2B
expression in the CeA (Obara et al., 2009). Unlike previous work, however, these authors
reported long-lasting effects of chronic ethanol exposure on GIUN2B expression with
elevations lasting up to four weeks into abstinence. This same study also reported long-
lasting elevations in mGIuR1 and Homer 2a/b expression in the CeA. These effects were
accompanied by transient increases in GIUN2A and mGIuR5 expression that were present
during acute withdrawal but had recovered following protracted abstinence (Obara et al.,
2009). Interestingly, recent work using a chronic binge model of alcohol consumption in
mice reported reduced alcohol, but not sucrose, intake following intra-CeA infusion of either
an mGIluR1 or mGIuR5 antagonist pointing to a direct role for CeA mGIuR1 and mGIuR5
receptors in continued drinking following chronic exposure (Cozzoli et al., 2014). Together,
these data demonstrate significant pre- and postsynaptic glutamatergic adaptations within
the CeA following chronic ethanol exposure, some of which may be long lasting.
Discrepancies across studies are likely dependent, at least in part, on differences in species,
strain, and method/extent of ethanol exposure. Of note, while the ethanol vapor exposure
paradigm utilized in the earlier studies is well known to produce dependence, the data
obtained using home cage and binge drinking paradigms may not be reflective of
dependence-induced neuroadaptations since no clear indicators of dependence were reported
in these studies. Nevertheless, up-regulated NMDA receptor function following prolonged
ethanol exposure is commonly observed in the CeA across these studies.

While much less work has focused on glutamatergic adaptations in the BNST following
chronic ethanol exposure, recent reports are in general agreement with the effects reported in
the BLA and CeA. Thus, chronic intermittent ethanol vapor exposure produced increased
GIuN2B receptor activity and expression in the BNST. These postsynaptic adaptations are
not accompanied by a presynaptic increase in glutamate release (Kash et al., 2009). In an
extension of this work, a recent study reported enhanced LTP in the BNST of mice
chronically exposed to ethanol compared to non-exposed control mice — an effect that was
dependent on up-regulation of extrasynaptic GIuN2B-containing NMDA receptors (Wills et
al., 2012).

Collectively, these data reveal significant glutamatergic effects of chronic ethanol exposure
within the amygdala and extended amygdala. While some inconsistencies have been
reported, chronic ethanol exposure appears to exert similar postsynaptic effects throughout
the region, the most common of which is an up-regulation of both expression and function
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of GIuN2B-containing NMDA receptors. However, clear regionally-specific, and even
projection-specific, effects exist in terms of enhanced presynaptic glutamate release
following chronic ethanol exposure. Given the role of the CeA and BNST in mediating
stress- and anxiety-like behavior and the prominent glutamatergic input these nuclei receive
from the BLA, it is conceivable that hyperexcitability within these regions can promote the
increased sensitivity to stress and prolonged anxiety associated with both acute and
protracted withdrawal from alcohol. It should be noted, however, that as our understanding
of the role of specific afferent and efferent connections to the region increases, it becomes
increasingly clear that this idea is an oversimplified view of the neuroadaptive processes that
mediate dependence-induced vulnerability for relapse. Indeed, a growing body of work has
identified a distinct topography of connections between the BLA, CeA and BNST that
appear to exert circuit-specific effects on fear and anxiety-like behavior (Davis et al., 2010).
Future work aimed at parsing out the effects of chronic ethanol on the specific micro- and
macro-circuits of the amygdalar complex will be critical to improving our understanding of
the role of these nuclei in withdrawal-induced negative affect.

5. Glutamatergic adaptations involved in dependence-induced cognitive

impairment

Alcohol dependent individuals exhibit significant cognitive dysfunction that is thought to
facilitate continued drinking and relapse during periods of withdrawal and early abstinence.
Many alcoholics exhibit impairments in psychomotor and executive functions including
attention, cognitive flexibility, decision-making, working memory and problem solving
during early abstinence (Sullivan et al., 2000; Bechara et al., 2001; Ratti et al., 2002). While
the most severe impairments typically improve after at least one month of abstinence,
substantial cognitive dysfunction remains during the first year of recovery, and significant
impairments often persist during protracted abstinence (i.e., greater than one yr) (Parsons,
1998; Stavro et al., 2013). Importantly, the magnitude of cognitive impairment is predictive
of the risk for relapse in abstinent individuals (Abbott and Gregson, 1981; Parsons, 1998;
Bowden-Jones et al., 2005) suggesting that impaired executive function facilitates continued
alcohol consumption. Consequently, the neuroadaptations that result from chronic alcohol
exposure in brain regions responsible for cognitive performance are of particular importance
for identifying the neurobiological mechanisms behind vulnerability for relapse.

The PFC plays an integral role in cognitive functions. This region exerts top-down control
over behavior by integrating input from various brain regions and delivering the
corresponding information to subcortical structures to generate behavioral responses. In
addition, persistent population-level activity within the PFC enables synchronous network
signaling that facilitates the maintenance of information within the PFC and its associated
connections. The PFC is highly interconnected with other cortical and subcortical regions
sending afferents to the hippocampus, amygdala, striatum, VTA, dorsal raphe, and various
other cortical regions (Figure 1) (Ongir and Price, 2000; Vertes, 2004; Gabbott et al., 2005;
Petrides et al., 2012). Virtually all connections to the PFC are reciprocal with the exception
of its connection to the striatum, which sends efferents back to the PFC via a polysynaptic
route through the thalamus.
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As the role of dependence-induced cognitive impairments in risk for relapse became
apparent, studies have focused on neuroadaptive changes that take place in the PFC
following alcohol exposure in an attempt to define the mechanisms behind these
impairments. Early work investigated the effects of chronic alcohol in vitro using cerebral
cortical neuronal cultures. Here, chronic ethanol exposure resulted in a significant
enhancement of NMDA receptor-mediated activity accompanied by a transient increase in
NMDA receptor density (Chandler et al., 1993; Hu and Ticku, 1995). More recent studies
observed increased levels of GIuN1 and GIuN2B subunits specifically targeted to the
synapse after chronic ethanol exposure suggesting that this effect may be mediated by
increased NMDA receptor subunit expression (Carpenter-Hyland et al., 2004; Qiang et al.,
2007). Studies examining the effects of in vivo alcohol exposure have yielded similar
findings. For example, chronic intermittent ethanol vapor exposure resulted in increased
NMDA receptor-mediated activity in the medial PFC (mPFC) accompanied by enhanced
LTP, an increase in mushroom shaped spines on mPFC dendrites, and increased GIuN1 and
GIuN2B subunit expression (Kroener et al., 2012). Interestingly, while the enhancement of
NMDA receptor activity persisted, the changes in subunit expression returned to baseline
levels following one week of abstinence. Importantly, these changes were also associated
with deficits in cognitive flexibility, which lasted up to one week into abstinence. A
subsequent study examining expression of GIuN2B-containing NMDA receptors in the
mPFC following three weeks of abstinence from chronic intermittent ethanol vapor exposure
reported similar findings with unaltered total GIUN2B levels despite the presence of
significantly increased dendritic arborization of pyramidal neuron apical dendrites within
this region (Navarro and Mandyam, 2015). Interestingly, while total GIuUN2B levels were
unchanged at this time-point, the authors reported a significant reduction in the levels of
phosphorylated GluN2B-containing receptors. Given that GIuN2B dephosphorylation is
associated with receptor endocytosis (Snyder et al., 2005), these data may be indicative of a
homeostatic adaptation that presumably is a mechanism by which the brain prevents
prolonged overexpression of GIuUN2B-containing receptors. Another recent study extended
these findings to demonstrate that long-lasting enhancement of postsynaptic NMDA
receptor-mediated activity in the mPFC in response to chronic ethanol exposure may be due,
at least in part, to loss of dopamine receptor modulation of glutamatergic activity
(Trantham-Davidson et al., 2014). Of note, these authors also reported alterations in both
pyramidal neurons and fast-spiking interneurons within layer V of the mPFC suggesting that
alterations in the activity of neuronal ensembles may also contribute to the deficits in
executive function that were observed. In contrast to these studies, Holmes et al. (2012)
reported a significant decrease in NMDA receptor-mediated activity as well as decreased
expression of GluN1-containing NMDA receptors with no change in GIuN2 expression in
the mPFC following chronic ethanol exposure. The reason for these discrepant findings is
not clear, however, the studies above restricted measurement of glutamatergic
neurotransmission to deep layer V neurons, whereas Holmes et al. (2012) collected data
from both superficial layers I1/I11 and deep layer V neurons, leaving open the possibility of
layer-specific alterations in glutamate signaling following chronic ethanol.

Despite the fact that the orbitofrontal cortex (OFC) plays a critical role in value-based
decision-making and goal-directed behavior, very little work has examined the effects of
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chronic ethanol exposure on OFC glutamate. One recent study suggests that chronic ethanol
exposure does indeed, induce neuroadaptive changes in the OFC, although the role of the
glutamatergic system in these changes is not clear. Chronic intermittent ethanol exposure
was associated with an increase in dendritic spine density in layer 11/111 OFC neurons with a
specific increase in thin, long spines (McGuier et al., 2015). In contrast to changes in other
brain regions including the mPFC, these changes were not observed immediately after
chronic ethanol exposure and instead appear after one week of abstinence. Although
speculative, this suggests that withdrawal-induced hyperexcitability may have contributed to
synaptic remodeling and impairments of OFC-dependent executive functions that are also
observed during this time frame (Badanich et al., 2011). Of note, the alterations in dendritic
spine density were not accompanied by changes in NMDA receptor subunit expression
immediately following exposure or during early abstinence (McGuier et al., 2015).

Because of the breadth of PFC connections to subcortical regions, it is important to consider
that dependence-induced cognitive impairments may result not only from changes within the
PFC, but also within regions that project to and from the PFC. The PFC receives dense
monosynaptic input from the hippocampus, and synchrony between these regions is
essential for efficient cognitive performance (Jones and Wilson, 2005; Hyman et al., 2011;
Colgin, 2011; O’Neill et al., 2013). During performance of executive functions, the activity
in the PFC is phase-locked to the hippocampal theta rhythm and disruption of this
entrainment produces deficits in executive function (Uhlhaas and Singer, 2006; Burnett et
al., 2014).

In the hippocampus, chronic ethanol exposure has been reported to both diminish and
enhance NMDA receptor dependent LTP in the Schaffer collateral pathway (Durand and
Carlen, 1984; Tremwel and Hunter, 1994; Ripley and Little, 1995; Roberto et al., 2002,
2003; Thinschmidt et al., 2003; Fujii et al., 2008). In contrast to these contradictory
observations, enhanced NMDA receptor-mediated activity and NMDA receptor up-
regulation following chronic ethanol have both been, for the most part, consistently reported
in this brain region. This was first observed in studies carried out in hippocampal cultures
and has subsequently been replicated in studies of in vivo chronic ethanol exposure
(Trevisan et al., 1994; Chandler et al., 1999; Carpenter-Hyland et al., 2004; Nelson et al.,
2005; Hendricson et al., 2007; Mulholland et al., 2014). While not conclusive, some
evidence suggests that the inconsistency between diminished LTP in some studies and
enhanced NMDA receptor activity in others is indicative of changes that occur during
chronic intoxication as opposed to early abstinence. Indeed, most studies have reported
recovery of LTP after 1-5 days of abstinence (Roberto et al., 2002, 2003) suggesting that the
increase in NMDA receptor activity and expression observed during withdrawal may reflect
a compensatory mechanism that occurs upon removal of alcohol from the system (Nelson et
al., 2005; but see Tremwel and Hunter, 1994). Whether other methodological differences
including species, strain, and model of dependence employed also contribute to the
discrepant findings is an important consideration that could benefit from empirical testing.

Behavioral flexibility and inhibitory control are frequently lost or impaired in alcohol
dependent individuals (Koob and VVolkow, 2010). Causal drinkers typically exhibit goal-
directed behavior as they seek out alcohol specifically for its rewarding properties.
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However, with repeated episodes of alcohol consumption and intoxication, an individual
begins to develop an association between their alcohol seeking and taking behavior and the
surrounding environmental stimuli. Over time, for those that develop an alcohol use
disorder, these associations may promote habitual alcohol consumption whereby alcohol is
no longer sought after for its rewarding value but instead is sought habitually due to re-
exposure to alcohol-associated stimuli (Barker and Taylor, 2014). This transition away from
goal-directed behavior toward habitual responding is also thought to be mediated, at least in
part, via connections between the PFC and striatum. In particular, the dorsomedial striatum
(DMS) and the prelimbic (PrL) subregion of the mPFC are involved in the performance of
goal-directed directed behavior, whereas activity in the dorsolateral striatum (DLS) and
infralimbic subregion of the mPFC play prominent roles in the formation of habits (Barker
et al., 2014; Barker and Taylor, 2014). Importantly, learning of goal-directed behaviors
requires NMDA receptor-mediated LTP as well as the activation of dopamine D1 receptors
on MSNs of the DMS (Lovinger, 2010), which facilitate behavior via input onto neurons in
the substantia nigra (direct pathway). In contrast, both LTP and LTD on dorsal striatal
neurons projecting to the globus pallidus (indirect pathway) are likely involved in habit
formation (Lovinger, 2010).

While the effects of chronic ethanol on dorsal striatum function have only recently been
explored, recent data suggests that the consequences of chronic ethanol exposure on
glutamate receptor expression and function are generally similar to that observed in other
brain regions. For example, repeated ethanol exposure produced long-lasting increases in
GIluN2B-containing NMDA receptor activity as well as increased GIuN2B phosphorylation
and membrane localization in the DMS (Wang et al., 2010). Importantly, inhibition of
GIuN2B-containing receptors in the DMS, but not the DLS, decreased operant ethanol self-
administration and ethanol-primed reinstatement suggesting that GIUN2B activity in the
DMS plays a role in relapse (Wang et al., 2010). In an extension of this study, Wang et al.
(2012) also showed that the same exposure paradigm facilitated GIuN2B-dependent LTP in
the DMS. This effect was mediated by a long-lasting increase in the synaptic localization of
GluAl and GluA2-containing AMPA receptors. Similar to findings from their earlier study,
this group also reported that administration of an AMPA receptor antagonist into the DMS
decreases operant responding for ethanol and reinstatement of ethanol-seeking (Wang et al.,
2012). In addition to the effects of repeated ethanol exposure on striatal LTP, several studies
have also reported attenuated LTD in the DMS. Whether this effect recovers during early
abstinence may depend on length and method of chronic ethanol exposure (Xia et al., 2006;
Cui et al., 2011). A similar loss of LTD has been observed in the DLS following chronic
ethanol exposure (Adermark et al., 2011; DePoy et al., 2013, 2015). This effect was
accompanied by alterations in dendritic morphology and increased DLS activity during tasks
that measure cognitive performance (DePoy et al., 2013) as well as changes in DLS-
dependent learning (DePoy et al., 2013, 2015). In addition, a recent study utilizing a non-
human primate model of chronic heavy drinking reported enhanced glutamatergic
neurotransmission in the putamen (analogous to the rodent DLS) that appeared to be
mediated by a presynaptic mechanism (Cuzon Carlson et al., 2011). This same study also
reported increased intrinsic excitability of putamen MSNs and decreased inhibitory activity,
which collectively facilitate MSN hyperexcitability in this region.
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While animal models are often are better suited for examining the effect of chronic alcohol
on synaptic plasticity, studies have examined changes in glutamate receptor density or gene
expression in regions involved in cognitive performance including the PFC, hippocampus
and caudate using postmortem tissue from humans with a history of alcohol use disorders.
For the most part, these studies have generally supported the animal work demonstrating an
up-regulation in glutamate receptors following chronic alcohol exposure (Breese et al.,
1995; Jin et al., 2014b; Enoch et al., 2014; Bhandage et al., 2014; Laukkanen et al., 2015).
Together with the animal studies described above, these data suggest that glutamatergic
alterations within these regions likely plays a role in the impaired cognitive function and the
transition from goal-direct to habitual behavior that is characteristic of alcohol addiction.

6. Discussion

The work described above clearly demonstrates a significant role for the glutamatergic
system in the neuroadaptive processes that are associated with chronic alcohol exposure and
repeated episodes of withdrawal. Together with neuropharmacological studies that have also
implicated the glutamatergic system in alcohol drinking behavior (Gass and Olive, 2008),
these results have led to interest in the development of novel compounds targeting the
glutamate system in the treatment of alcohol addiction. While several pharmacotherapeutic
strategies focused on glutamatergic signaling are currently being considered, to date, no
single drug has proven effective at reducing alcohol craving and consumption without
prohibitive side effects (Gass & Olive, 2008), further highlighting the need to identify novel
pharmacological strategies. The significant and consistent glutamatergic changes being
reported following chronic ethanol exposure suggests that modulation of this system would
be a promising therapeutic direction, particularly for restoring cognitive function and
reducing craving. Of particular interest will be the development of compounds that exhibit
circuit-specific actions and thereby selectively target the addiction neurocircuitry.

Altered GIuN2B-containing NMDA receptor function and expression is a common finding
across virtually all regions that have been investigated (Figure 2). Consequently, much of
the focus remains on the effects of chronic ethanol on NMDA receptor-mediated synaptic
plasticity. While this is clearly an important avenue of research this focus has occurred to
the near exclusion of other glutamate receptor subtypes. This is despite a well-established
role for other receptor subtypes, particularly the mGIuRs, in synaptic plasticity and
remodeling. In particular, neuropharmacological studies have demonstrated involvement of
group one mGIuRs in mediating alcohol self-administration as well as extinction of
responding for alcohol and cue-and stress-induced seeking for alcohol (Gass and Chandler,
2013). These data make clear the need for future investigation of the mGluR-mediated
cellular processes underlying these behaviors and how these processes are altered following
chronic ethanol exposure. Furthermore, the possibility of dependence-induced alterations in
monoaminergic modulation of glutamatergic activity adds an additional layer of complexity.
This has received little attention despite its prominent role in mediating neuronal activity
and behavioral output, particularly via dopaminergic inputs to the PFC (Tseng and
O’Donnell, 2004).
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Thus far, much of the work aimed at understanding the neurobiology of alcohol addiction
has focused on brain regions that play a role in the maladaptive behaviors produced by
chronic alcohol exposure and withdrawal. The well-deserved focus on the VTA and NAc
stemmed in large part from their known role in motivation and reward. The amygdala and
extended amygdala have been of great interest based on their involvement in behavioral
measures of anxiety, while the PFC and hippocampus have been studied largely because of
their prominent roles in learning, memory and cognitive function. While these studies have
greatly advanced our current understanding of the neurobiological effects of chronic alcohol
exposure, the past decade has witnessed a move away from the theoretical framework that
assigns specific behaviors to discrete brain regions and instead, toward the investigation of
specific neural circuits and their distinct functional roles --- often despite close
neuroanatomical proximity. Moreover, it has become increasingly apparent that integration
of signals from multiple projection-specific pathways and synchronized network activity
across brain regions frequently serves to mediate behavioral output. Thus, the region
specific functions described above are likely an oversimplified view of the neurocircuitry of
addiction. Indeed, while the VTA and NAc have traditionally been associated with reward
and reinforcement, there are in fact data indicating that some dopamine neurons of the VTA
fire during exposure to aversive stimuli (Brischoux et al., 2009). Furthermore, the reciprocal
connections with the LHb --- a region involved in negative reward prediction error
(Hikosaka, 2010) --- may play a role in response to aversive stimuli. In addition, the NAc
can be divided into core and shell subregions that exhibit marked differences in connectivity
and function. Though not conclusive, the NAc core appears to play a significant role in goal-
directed action whereas the NAc shell appears to play a larger role in signaling the value of
rewards (Saddoris et al., 2013). Likewise, while the BNST and CeA have been well
characterized for their involvement in anxiety-like behavior, there are clear subregional
differences within each nucleus. For example, the CeA can be divided functionally,
neurochemically, and neuroanatomically into medial and lateral subdivisions. While both
subregions receive input from the BLA, the lateral CeA also receives a prominent, stress-
sensitive, efferent projection from the hypothalamus that, in combination with input from
the insular corte, is thought to play a role in facilitating sustained anxiety via its projection
to the lateral subdivision of the BNST. In contrast, BLA inputs to the medial CeA are
thought to facilitate immediate fear responses to aversive stimuli (Davis et al., 2010).
Interestingly, the BNST can also be subdivided into dorsal and ventral components
(separated by the anterior commissure) based on the topography of glutamatergic efferents
to the VTA (Georges and Aston-Jones, 2001, 2002). Similarly, it is now well understood
that the hippocampus can be divided into ventral and dorsal subregions (anterior and
posterior in primates), which exhibit striking differences in function and connectivity
(Fanselow and Dong, 2010). Finally, despite a large body of work ascribing different
functions to discrete subregions of the PFC, recent work has reported conflicting functions
within the same subregion that may reflect projection-specific top-down control over
behavior (Warden et al., 2012). As our understanding of the complexity of this
neurocircuitry and its functions has improved, it has become increasingly evident that
studies investigating pathway-specific glutamatergic adaptations following chronic ethanol
exposure will be critical to a comprehensive understanding of the neurobiology of alcohol
dependence.
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While much of the research to date has focused on the reinforcing aspects (both positive and
negative) of dependence that promote continued alcohol use, the aversive aspects of alcohol
and their role in limiting use have been relatively understudied. Interestingly, recent work
has characterized a functional circuit made up of the recently identified GABAergic nucleus
known as the rostromedial tegmental nucleus (RMTg), which receives glutamatergic input
from the LHb, and projects to the VTA exerting inhibitory modulation over dopaminergic
neurotransmission (Figure 1) (Kaufling et al., 2009; Jhou et al., 2009a, 2009b). This circuit
has been recently characterized for its involvement in mediating the aversive properties of
psychostimulants (Kaufling et al., 2010; Jhou et al., 2013) and it may also be involved in
alcohol-related aversion. In addition, the RMTg, which receives prominent monosynaptic
input from the BNST, hypothalamus and PAG, is reportedly involved in mediating
expression of anxiety-like behavior (Jhou et al., 2009a). Thus, the heightened anxiety
associated with withdrawal from alcohol coupled with reports of tolerance to the aversive
properties of alcohol following chronic exposure suggests that dependence-induced
neuroadaptive processes within this circuit may facilitate some of the maladaptive behaviors
associated with alcohol addiction. Recent work has also identified a role for glutamatergic
projections from both the mPFC and insular cortex to the NAc core in mediating aversion-
resistant alcohol intake (Seif et al., 2013). Determining whether or not these neural circuits
interact with the LHb-RMTg-VTA circuitry and the effects of chronic ethanol exposure on
their function will facilitate a more comprehensive understanding of the role this neural
circuit plays in mediating aversive signaling in addiction.

7. Conclusion

Dependence and withdrawal from alcohol are associated with significant hyperexcitability
that is likely mediated by a hyperglutamatergic state stemming from increased levels of
extracellular glutamate and an up-regulation of GIuN2B-containing NMDA receptor activity
throughout the brain (Figure 2). Nevertheless, chronic alcohol exposure exerts region-
specific effects on glutamatergic activity and the neurophysiological consequences of
chronic ethanol exposure on mGluR-mediated synaptic plasticity has been largely
overlooked. In addition, the complexity of connections between regions that mediate the
maladaptive behaviors characteristic of addiction makes clear the need for work examining
the effects of chronic ethanol exposure on glutamatergic neurotransmission in specific
neural circuits as opposed to simply focusing on functional nuclei. New technological
advancements including optogenetics, pharmacogenetics and the development of Cre-
expressing transgenic animals allow for the investigation of cell-type and circuit-specific
neuronal populations. Studies employing these technologies in models of alcohol
dependence will allow for the investigation of the effects of chronic ethanol exposure on
both neurophysiology and behavior of discrete neural circuits. Approaches such as these are
critical for a more complete understanding of the glutamatergic neuroadaptations that
contribute to maladaptive behaviors to aid in the development of more appropriate and
precise drug targets for the treatment of alcohol use disorders.
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Abbreviations

AMPA
BNST
CeA
CSF
DLS
DMS
EC
EPSP
iGIuR
GluAl-4
GluK1-3
GIluN1-3
LHb
LTD
LTP
MeA
mMGIuR
mPFC
MSN
NAc
NMDA
OFC
PAG
PFC
PrL
RMTg
VTA

2-amino-3(3-hydroxy-5-methyl-isoxazol-4yl)propanoic acid
bed nucleus of the stria terminalis
central nucleus of the amgydala
cerebrospinal fluid

dorsolateral striatum
dorsomedial striatum

external capsule

excitatory postsynaptic potential
ionotropic glutamate receptor
AMPA receptor subunits
kainate receptor subunits
NMDA receptor subunits

lateral habenula

long-term depression

long-term potentiation

medial nucleus of the amygdala
metabotropic glutamate receptor
medial prefrontal cortex
medium spiny neuron

nucleus accumbens
N-methyl-D-asparate
orbitofrontal cortex
periacqueductal gray

prefrontal cortex

prelimbic cortex

rostromedial tegmental nucleus

ventral tegmental area
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Highlights

«  Alcohol dependence is associated with alterations in glutamatergic
neuroplasticity.

» Alterations in NMDA receptor mediated activity are common across brain
regions.

»  Dependence-induced changes occur in regions mediating reward, affect and
cognition.

e  Circuit-specific changes may present new targets for the treatment of
alcoholism.
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Figure 1. Simplified neurocircuitry illustrating the primary neural substrates for reward,
negative affect and cognition

Alcohol dependence induces significant alterations in reward processing, the development of
a negative affective state, and significant cognitive impairments that result in loss of
behavioral flexibility and impulse control. Both dopaminergic and GABAergic projections
from the VTA to the NAc play a key role in reward signaling (shown in green). This
pathway is further modulated by glutamatergic input from the LHb, which in turn receives a
reciprocal projection from the VTA that co-expresses both glutamate and GAB. In addition,
glutamatergic projections from the LHb synapse onto GABAergic neurons of the RMTg to
form a functional circuit that exerts inhibitory control over dopamine release in the VTA.
Connections between nuclei of the amygdala and extended amygdala (shown in blue)
mediate anxiety, anhedonia and increased sensitivity to stress. Glutamatergic inputs from the
BLA impinge on neurons of both the CeA and BNST to facilitate the expression of anxiety-
like behavior. Release of glutamate from BLA terminals in the BNST is further augmented
by the release of corticotropin releasing factor (CRF) from neurons arising in the CeA. The
PFC exerts top-down control over behavior via glutamatergic inputs to various subcortical
regions including the DS, NAc, VTA and BLA (shown in red). In addition, cognitive
performance is heavily controlled through network synchrony via a dense glutamatergic
monosynaptic connection between the PFC and hippocampus (shown in red). Abbreviations:
BLA - basolateral nucleus of the amygdala; BNST — bed nucleus of the stria terminals; CeA
— central nucleus of the amygdala; DS — dorsal striatum; Hipp — hippocampus; LHb — lateral
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habenula; mPFC — medial prefrontal cortex; NAc — nucleus accumbens; OFC — orbitofrontal
cortex; RMTg — rostrmedial tegmental nucleus; VTA - ventral tegmental area.
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Figure 2. Commonly observed glutamatergic synaptic adaptations observed following chronic
alcohol exposure

Chronic alcohol exposure is associated with an overall enhancement of glutamatergic
signaling in the brain — a so-called hyperglutamatergic state. Many, though not all, brain
regions exhibit an increase in presynaptic release of glutamate accompanied by an
upregulation in receptor expression. In particular, an increase in extrasynaptic GIuN2B
expression has been consistently observed throughout the brain. Additional increases in
GIuN2A, GluAl, and GIuA2 are also frequently noted. Chronic alcohol exposure is also
associated with greater expression of the Group 1 mGIuRs. These increases in receptor
expression are driven, at least in part, by increased Homer levels, which have been observed
in association with all receptor subtypes but most frequently with the mGIuRs.
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