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Abstract

Despite its limited immediate reinforcement value, alcohol has a potent ability to induce
neuroadaptations that promote its incentive salience, escalation of voluntary alcohol intake and
aversion-resistant alcohol seeking. A constellation of these traits, collectively called ‘post-
dependent’, emerges following brain exposure to repeated cycles of intoxication and withdrawal.
The medial prefrontal cortex (mPFC) and its subdivisions exert top-down regulation of approach
and avoidance behaviors, including those that lead to alcohol intake. Here, we review an emerging
literature which indicates that a reprogramming of mPFC function occurs with prolonged exposure
of the brain to cycles of alcohol intoxication and withdrawal. This reprogramming results in
molecular dysregulations that contribute to the post-dependent syndrome. Convergent evidence
has identified neuroadaptations resulting in altered glutamatergic and BDNF-mediated signaling,
and for these pathways, direct evidence for a mechanistic role has been obtained. Additional
evidence points to a dysregulation of pathways involving calcium homeostasis and
neurotransmitter release. Recent findings indicate that global DNA hypermethylation is a key
factor in reprogramming the mPFC genome after a history of dependence. As one of the results of
this epigenetic remodeling, several histone modifying epigenetic enzymes are repressed. Among
these, PR-domain zinc-finger protein 2, a methyltransferase that selectively mono-methylates
histone H3 at lysine 9 has been functionally validated to drive several of the molecular and
behavioral long-term consequences of alcohol dependence. Information processing within the
mPFC involves formation of dynamic neuronal networks, or functional ensembles that are shaped
by transcriptional responses. The epigenetic dysregulations identified by our molecular studies are
likely to alter this dynamic processing in multiple ways. In summary, epigenetic molecular
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switches in the mPFC appear to be turned on as alcoholism develops. Strategies to reverse these
processes may offer targets for disease-modifying treatments.
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Alcohol addiction: emergence of the syndrome

Alcohol addiction [hereafter equated with alcohol dependence, moderate — severe alcohol
use disorder (AUD) or simply ‘alcoholism’, the term preferred by Alcoholics Anonymous]
develops over years to decades. Most attempts to capture this syndrome by different
diagnostic systems are based on symptoms observed or reported here-and-now. However,
because of its chronic, progressive nature, it is also informative to consider the development
of this condition over time. A prolonged, repeated brain alcohol exposure at considerable
levels (above 150-250 mg/dl), interspersed with alcohol-free intervals, is necessary albeit
not sufficient for alcoholism to develop (Heilig et a/. 2010). The transition into the clinical
disorder is slow and gradual, as illustrated by the fact that the time from meeting diagnostic
criteria for alcohol dependence to seeking treatment is on average about a decade (Hasin et
al. 2007).

Epidemiological studies have long indicated that only a minority of people exposed to
addictive drugs develop addiction (Anthony et a/. 1994). While 87.6% of people aged 18 or
older in the U.S. have consumed alcohol in their lifetime, only 6.8% become affected by an
alcohol use disorder (SAMHSA 2014). The way alcohol addiction evolves in a significant
minority of people who expose their brains to alcohol has some important implications. It
suggests that neuroadaptive processes are triggered in these individuals, and that these
processes do not occur in the majority of exposed subjects who do not develop a clinical
syndrome. Alcohol-induced neuroadaptations appear to persistently change brain functions
that affect the ability to control alcohol drinking. A biological understanding of these
changes requires them to be modeled in experimental animals, where they can be studied at
a molecular level. This is a challenging task, because commonly used laboratory mice and
rats do not voluntarily consume amounts of alcohol sufficient to cause brain alcohol
exposure levels approaching those that occur clinically. An additional challenge is the long
duration of brain exposure required for alcoholism to develop in patients. In rats, following
several months of voluntary consumption, some behavioral traits believed to be relevant for
alcoholism do emerge in a significant minority of animals (Wolffgramm & Heyne 1995).
However, exposure levels in this model are still modest, and the procedure is impractical
because of its duration. Models based on genetic selection can result in voluntary
consumption approaching adequate levels of exposure, but do so at the expense of other
challenges. Perhaps most importantly, genetic selection leads to random allelic fixation
throughout the genome, resulting in a segregation of multiple behavioral and biological traits
of uncertain relation to alcohol seeking and taking (Sommer et al. 2006; Zhou et al. 2013).
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In patients who ultimately develop alcohol addiction, brain alcohol exposure occurs with a
pattern that alternates between cycles of intoxication and abstinence. This type of
intermittent exposure is at the core of two animal models that have gained considerable
popularity, every-second-day intermittent access (Hopf et a/. 2010; Simms et al. 2008; Wise
1973, 1975), and long-term drinking with repeated deprivation phases (Spanagel & Holter
1999; Vengeliene et al. 2014). These models produce several behavioral traits of
considerable interest, most importantly an escalation of voluntary alcohol consumption, and
drinking that is resistant to aversive consequences such as quinine adulteration (‘aversion
resistant’, or ‘compulsive’ drinking). However, unless exposure is for extended periods of
time [3-4 months; (Hopf et a/. 2010)], the consequences of alcohol exposure in both these
models are limited, or of limited duration. This indicates that, to the extent they trigger
neuroadaptive processes important for the evolution of alcohol addiction, these models do so
in an incomplete manner.

The use of an intermittent brain exposure pattern can be pushed a step further through the
use of an approach pioneered in its basic form by Dora Goldstein, in her classic studies of
alcohol withdrawal (Goldstein & Pal 1971). Using this method, an intermittent pattern of
brain alcohol exposure can be imposed on rats through vapor chambers, inducing blood-
alcohol levels relevant for alcoholism (about 150-250 mg/dl) that can be maintained for an
extended period of time [4—7 weeks; (O’Dell et al. 2004; Rimondini et a/. 2002, 2003,
2008)]. This results in the emergence of a cluster of traits that persist for a long time after
exposure is terminated, and make up what we have collectively called ‘the post-dependent
state’ (Heilig & Koob 2007; Heilig ef al. 2010). Key characteristics of this syndrome, and its
utility as a tool for drug discovery have recently been reviewed (Meinhardt & Sommer
2015). In brief, exposure using this approach results in escalation of subsequent alcohol
intake, both measured as home cage consumption on two-bottle free-choice access, and as
rates of operant self-administration. Self-administration on a progressive ratio schedule is
also increased, supporting an increased motivation to obtain alcohol. Furthermore, post-
dependent rats continue to consume alcohol following adulteration with quinine to a higher
extent than do non-dependent rats, showing evidence of ‘compulsivity’. These behavioral
consequences of intermittent vapor exposure typically been observed 1-3 weeks after
exposure has been terminated, in the absence of physical withdrawal. They have furthermore
been studied up to 6 weeks following termination of exposure, and have appeared stable over
this time (Meinhardt & Sommer 2015).

The use of chronic intermittent vapor exposure has allowed us to study post-dependent
neuroadaptations at a molecular level. Our initial studies used a candidate-based approach,
and focused on the role of neuroadaptations involving corticotropin-releasing hormone and
its receptors within the amygdala complex (Gehlert ef al. 2007; Sommer et al. 2008). This
work, which converged with that of other laboratories, has been reviewed previously (Heilig
& Koob 2007). In parallel, we have pursued transcriptome-wide approaches as an unbiased
discovery strategy, with the objective of identifying novel mechanisms that might ultimately
offer treatment targets. A series of these studies have focused on the medial prefrontal cortex
(mPFC), a brain area that exerts important top-down control over structures that mediate
approach and positively reinforced drug seeking, such as the Nucleus Accumbens (NAc), as
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well as structures that mediate aversion and negatively reinforced drug seeking (Koob &
Volkow 2010; Peters et al. 2009).

In the following, we first briefly review important structural features of the rodent mPFC,
and their potential role in the control of behaviors implicated in the control of alcohol
seeking and drinking. We then review studies that have shown a wide-ranging and persistent
reprogramming of the transcriptome within the mPFC in the post-dependent state, and the
molecular mechanisms we have been able to identify in the course of these studies. An
implication suggested by these findings is that molecular switches with broad and lasting
functional consequences are turned on by a history of dependence, and that strategies to turn
these switches back off may offer targets for novel, disease-modifying treatments.

Functional neuroanatomy of the PFC and control of behaviors

Drug use despite adverse consequences is a core feature of addiction. It is increasingly
recognized that this behavior does not simply reflect increased motivation to seek and take
drugs, but rather a breakdown of the balance between sub-cortical motivational processes
and top-down executive control, exerted in large part by the prefrontal cortex (Goldstein &
Volkow 2002, 2011). The past decade has therefore seen an increased interest in the
prefrontal cortex and its role in addiction. This rise has coincided with seminal work that has
established the structural and functional diversity of rodent prefrontal areas, their relation to
the primate brain, and their role in attentional and emotional processing (Seamans et al.
2008; Uylings et al. 2003).

The prefrontal cortex can be separated into medial, lateral and orbital divisions. In rodents,
the orbital and lateral divisions are formed by the orbital frontal cortex and agranular insular
cortex, while the medial division encompasses the anterior cingulate cortex (ACC), the
prelimbic and the infralimbic subdivisions of the mPFC (Uylings et a/. 2003). The mPFC
receives dopaminergic input from the ventral tegmental area (VTA), as well as other inputs
from limbic and sensory areas, including amygdala and hippocampus (Hoover & Vertes
2007). Subdivisions of the PFC, including the agranular insular cortex, are highly
interconnected. This allows them to evaluate external and internal states, integrate these with
the motivational salience of specific stimuli — including those associated with alcohol or
other drugs — and exert executive control in selecting approach or avoidance behaviors via
projections to the NAc, amygdala and other targets. Although a matter of relative density
rather than clear-cut boundaries, the projection patterns of the prelimbic and infralimbic
mPFC subdivisions differ, with the former predominantly projecting to the NAc core and the
latter predominantly to the shell (Vertes 2004).

Anatomical, cellular and functional differences between mPFC subdivisions have given rise
to a widely held dichotomous view of pre- and infralimbic mPFC function in the control of
both fear and drug responses (Moorman et al. 2015). According to this view, dorsal (largely
prelimbic) mPFC promotes conditioned approach to both drug and natural rewards, whereas
the ventral (infralimbic) mPFC suppresses it. A similar dichotomy has been thought to exist
in controlling the expression and suppression of conditioned fear responses, respectively.
Some support for a ‘prelimbic — go/infralimbic — no-go’ dichotomy in the control of
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conditioned appetitive and aversive behaviors has also been provided by human
neuroimaging findings. These have shown that the activity of dorsal ACC and ventromedial
PFC correlates with initiation and inhibition of drug and fear related behaviors, respectively
(Peters et al. 2009). However, because the human PFC has undergone a vast expansion
during evolution, it is likely that functional homologs of rodent mPFC subdivisions are more
intermixed within the larger human mPFC volume.

Evidence has emerged in recent years to challenge the simple ‘go/no-go” model for the
functional contributions of pre-vs. infralimbic mPFC to drug seeking, respectively. This has
in particular been the case outside the context of cocaine or fear conditioning with simple
discrete cues (Gourley & Taylor 2016). A striking example was provided for heroin seeking,
where selective deletion of a neuronal ensemble activated during context-induced
reinstatement resulted in suppressed, rather than increased reinstatement responding on
subsequent testing (Bossert ef al. 2011, 2012). In contrast, it was found that ablation of a
neuronal ensemble activated within the infralimbic cortex by alcohol cues promoted alcohol
seeking. The effect of inactivating the tagged ensemble was specific for the infralimbic
cortex, while manipulations of the prelimbic cortex were ineffective. The effect was also
selective for cue-induced reinstatement, while stress-induced reinstatement was unaffected.
Importantly, non-selective inactivation of infralimbic neurons was also without consequence
for reinstatement behavior (Pfarr et al. 2015). The latter finding is in agreement with the
observation that a reversible non-selective inactivation of the infralimbic cortex using a
combination of baclofen and muscimol did not affect context-induced reinstatement of
alcohol seeking (Willcocks & McNally 2013).

The functional ensemble that is activated within the infralimbic mPFC upon recall of an
alcohol memory comprises about 10% of infralimbic neurons (Pfarr et a/. 2015). This is a
larger population than that identified by their c-Fos response after similar reinstatement
experiments for cocaine or heroin seeking (Bossert e al. 2011; Koya et al. 2009). It can be
speculated that alcohol cues engage a wider network than other drugs, because the more
complex actions of alcohol generate more extensive internal representations. Because
ablation of the ensemble activated by alcohol cues resulted in increased alcohol seeking, the
function of this ensemble is likely to inhibit relapse-like behavior. However, because global
inactivation of the infralimbic cortex did not affect reinstatement of alcohol seeking, neither
when reversible (Willcocks & McNally 2013) nor permanent (Pfarr ef al. 2015), this region
does not seem to generally inhibit reinstatement of alcohol seeking. Furthermore, the stress-
responsive subset of neurons within the infralimbic cortex must be different from that
activated by alcohol cues, even though both promote the same behavioral output, i.e.
reinstatement of lever pressing.

Our findings provide further evidence that neural mechanisms underlying drug seeking
differ between drug classes, and rely on distinct interactions of mPFC circuits that are not
easily accounted for by a simple ‘prelimbic — go/infralimbic — no-go” model. This view is
also supported by recent /n vivo multiarray recording experiments. The use of this approach
has shown that prelimbic and infralimbic neurons signal contextual information that
promotes sucrose seeking in response to discriminative stimuli, irrespective of whether this
involves initiation or suppression of behavioral responses (Moorman & Aston-Jones 2015).
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A more complex model of functional compartmentalization of the mPFC proposes that the
prelimbic subdivision is mainly involved in the learning of rules, whereas the infralimbic
supports flexibility of this response and the ability to shift toward new strategies when
contingencies change (Heidbreder & Groenewegen 2003; Seamans et al. 2008).

A reprogrammed mPFC transcriptome in the post-dependent state

For some time, our work has been guided by the hypothesis that long-term changes in gene
expression within key brain structures are a likely mechanism underlying the persistent
behavioral changes observed in the post-dependent state. To examine this hypothesis, we
carried out transcriptome profiling of several brain structures from post-dependent and
control rats, and found the most pronounced differences within the mPFC (Meinhardt ef a/.
2013). Low magnitudes of differential gene expression are typically found in models of
psychiatric disorders, largely due to the heterogeneous composition of the brain tissue
samples (Reimers et al. 2005). As a result, the specificity achieved through commonly used
statistical corrections for false discovery rates is at the expense of a low sensitivity, i.e. a low
probability that true positives will be detected. To facilitate discovery, we therefore chose a
different strategy, in which we have initially screened for transcripts with nominally (i.e.
uncorrected) significant differential expression, and have then sought to confirm candidates
of interest through independent, wet analysis. This is a strategy that is standard in clinical
analytics, where optimal results are commonly achieved through the combined use of
separate screening and validation steps, allowing these to prioritize sensitivity and
specificity, respectively.

Our initial mPFC screen identified 165 transcripts with nominally differential expression
that persisted 3 weeks following a history of alcohol dependence (Tapocik et al. 2013).
Among the differentially expressed transcripts detected, 105 were significantly upregulated
and 60 significantly downregulated, arguing against a global repression or cell death due to
non-specific toxicity as major factors underlying the findings. As expected, the fold-changes
in gene expression were relatively small, consistent with what has typically been found for
brain expression in psychiatric disorders such as alcohol dependence (Reimers et al. 2005;
Sommer et al. 2005). Among the differentially expressed transcripts identified in this initial
screen, 37 had previously been associated with alcohol use, abuse and dependence (Tapocik
etal. 2013).

Because a known effect of alcohol is to influence the excitation — inhibition balance
controlled by gamma aminobutyric acid (GABA) and glutamate, a first, focused knowledge-
based follow-up analysis used Gene-Set Enriched Analysis (Subramanian et a/. 2005) to
examine the potential presence of persistent neuroadaptations in GABAergic or
glutamatergic mPFC neurons. For this purpose, two marker gene sets were used that have
previously been described as highly divergent between GABAergic and glutamatergic
neurons (Sugino et al. 2006). The results of this analysis indicated a marked enrichment of
downregulated glutamatergic marker genes in the mPFC of post-dependent rats. Several
transcripts corresponding to these genes were confirmed by independent quantitative
polymerase chain reaction (QPCR) or /n situ hybridization analysis (Meinhardt et a/. 2013).
Among them, GrmZ, which encodes the metabotropic glutamate receptor 2 (mGIuR2), was

Genes Brain Behav. Author manuscript; available in PMC 2017 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Heilig et al.

Page 7

markedly downregulated in post-dependent rats, as well as in postmortem tissue from mPFC
of human alcoholics.

The mGIuR2 has recently been implicated in control of alcohol consumption in some Wistar
rat populations, including the genetically selected Indiana alcohol preferring P-rat line
(Wood et al. 2016; Zhou et al. 2013), and is considered a promising candidate medication
target (Augier et al. 2016; Holmes et al. 2013). /n situ hybridization was used to localize the
downregulation of mGIuR2 expression in greater anatomical detail. This analysis once again
confirmed a marked downregulation of mGIuR2 expression, but also showed that this
downregulation was restricted to the infralimbic mPFC; expression in the prelimbic area was
unaffected. The specificity of infralimbic mGIuR2 repression in post-dependent rats was
further highlighted by the observation that the expression of a closely related metabotropic
glutamate receptor subtype, mGIuR3, was unaffected by a history of dependence, both in the
pre- and the infralimbic areas. These findings suggested that the infralimbic mPFC is a key
structure affected by alcohol-induced neuroadaptations, and that presynaptic control of
glutamate release by mGIuR2s is a candidate mechanism underlying some of these
neuroadaptations. Based on these observations, an extensive functional validation effort was
undertaken, which is described in detail in the next section.

As a second knowledge-based strategy, a broader, unbiased Gene Ontology (GO) analysis
was carried out (Tapocik et al. 2013). Overall, 90 of the 165 differentially regulated genes
belonged to significantly overrepresented GO categories. Among the top categories of genes
with differential expression in the mPFC identified as significant by the GO analysis were
two related categories, associated with ion channels and synaptic transmission, respectively.
These categories are functionally related in that they both have as members genes that
influence transmitter release. Specifically, several synaptic proteins involved in vesicle
docking and transmitter release were downregulated, including synapsin Il (Syn2) and
synaptotagmin 7 (Syt7). This was also the case for several ion channels that influence
transmitter release through effects on membrane potentials and Ca** flux, such as, e.g. the
pore-forming alpha 1B subunit of the N-type voltage-dependent calcium channel. We have
subsequently discovered differential expression of genes encoding additional calcium
channel and synaptic protein transcripts in an RNA sequencing screen of mPFC gene
expression in the post-dependent model. These findings were confirmed by qPCR, and
subjected to functional validation (Barbier ef a/. 2015), in work that is discussed in a
subsequent section.

A third category of differentially expressed genes identified by the GO analysis was
associated with neuronal plasticity. Within this category, several members of the Early
Growth Response gene family (Egr1, 2and 4) were downregulated together with other
transcription factors of the immediate early gene class (e.g. of the Fos, Junor Nrdafamilies).
Downregulation of these transcripts was in each case independently confirmed by qPCR of
bulk mPFC tissue extracts or by /n situ hybridization; the downregulation of £gr2and Egr4
was also confirmed in identified projection neurons from the infralimbic mPFC to the NAc,
isolated using laser capture microscopy (Meinhardt et a/. 2013). This experiment showed
that modest expression changes detected in bulk extracts of neuronal tissue may reflect much
more robust expression differences, 10- to 500-fold, within specific neuronal populations. A
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further transcript in the category of plasticity-associated genes that was of functional interest
was brain-derived growth factor (Bdnf), which was robustly downregulated in the array
analysis, and confirmed by independent gPCR analysis of bulk mPFC tissue as well as in
situ hybridization (Tapocik et al. 2013). The Bdnfand several of the plasticity-associated
transcripts were significantly linked when the array dataset was evaluated using the
Ingenuity Pathway Analysis software (IPA, QIAGEN; Methodological details on IPA can be
found at http://www.ingenuity.com/science/knowledge_base.html.). Collectively, the
expression data, the bioinformatics analysis, and prior data indicating a role for Banfwithin
corticostriatal projections in regulating excessive alcohol intake (Jeanblanc et al. 2006, 2009;
Logrip et al. 2009; McGough et al. 2004) made Bdnfa high priority candidate for a
functional validation effort, described in a subsequent section.

The expression changes within the mPFC of post-dependent rats have been replicated in
multiple batches of animals in different laboratory settings. Downregulation of £gr and
Bdnfwas also observed in the PFC of mice immediately following chronic intermittent
alcohol exposure, but was not detected 8 h into withdrawal (Melendez et a/. 2012). When the
expression analysis in this model was extended 7 days into abstinence, only a limited
overlap with the rat studies was found within the mPFC (Smith et a/. 2016). Differences
between species, procedures and time points analyzed could each contribute to the
differences in findings. The time-course is a particularly important factor to assess, given
recent findings of highly dynamic changes in dopamine D1 receptor and dopamine
transporter expression in the striatum of post-dependent rats across different phases
following initiation of abstinences (Hirth et al. 2016).

Limited human data are available to assess the extent to which our rat expression data
translate to the human situation. Early microarray studies from prefrontal cortex of
alcoholics found robust downregulation of the immediate early genes (IEG) JunB and Nrdal
(lwamoto ef al. 2004). A subsequent report used expression data from rodent and human
PFC to enrich the results of a genome-wide association study (GWAS) of alcoholism, and
identified Jun, Fosl2, Nrd4a3and Banfas significant hits (Zhao ef al. 2012). Recently, a more
comprehensive study found that the expression of multiple ion channels within the PFC was
associated with lifetime alcohol consumption. Glutamatergic and GABAergic receptors were
among the most central elements of these altered gene networks (Farris et al. 2015). Another
report that integrated a GWAS of alcohol dependence with human and animal gene
expression data found members of the synaptotagmin and metabotropic glutamate receptor
families among its top hits (Levey et al. 2014). A brain bank that provides carefully
phenotyped postmortem brain tissue samples matched for age and postmortem interval, the
Tissue Resource Center of the University of South Wales, was used for the following work
(Sheedy et al. 2008). The GrmZ expression was determined in the anterior cingulate cortex
(ACC), a brain region that is anatomically and functionally related to the rodent mPFC
(Uylings et al. 2003). Within the ACC, a significant, 2.6-fold decrease in GrmZ2transcript
levels was found in alcoholics compared with controls (Meinhardt ef a/. 2013).

In summary, there is convergent evidence for long-lasting reprogramming of gene
expression networks in the pre-frontal cortex by a history of alcohol dependence, with some
candidate genes receiving support from both human and rodent studies. This holds
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particularly true for the metabotropic glutamate receptor mGIuR2 and for the neurotrophin
Banf. Both these potentially offer molecular targets for novel alcoholism therapeutics, and
therefore merit a detailed functional analysis.

Functional role of infralimbic mGIuR2 receptor repression

In a series of experiments, the functional consequences of the suppressed mGIluR2
expression observed following a history of dependence was assessed in infralimbic mPFC
neurons that project to the NAc shell (NAcSh). Extracellular glutamate levels in the target
area of this projection were measured using /1 vivo microdialysis in freely moving rats.
Given its role as a presynaptic autoreceptor, stimulation of mGIuR2 was expected to reduce
glutamate release. As expected, systemic administration of the mGIluR2/3 agonist LY 379268
decreased extracellular glutamate levels in dialysate obtained from the NAcSh of control
rats. This effect of the agonist was absent in post-dependent rats. Thus, downregulation of
mGIUR2 expression in the mPFC-NAcSh pathway resulted in a loss of mGIuR2 function
(Meinhardt et al. 2013).

Next, behavioral consequences of suppressed mGIuR2 expression within this circuit were
assessed. Post-dependent rats showed markedly higher response rates following cue-induced
reinstatement of extinguished alcohol seeking, a widely used model of relapse (Sanchis-
Segura & Spanagel 2006; Shaham et a/. 2003). A rescue of infralimbic mGIuR2 expression
in the mPFC of post-dependent rats using local injections of a lentiviral construct, was found
to result in a rescue of cue-induced alcohol seeking. Following viral injections, reinstatement
response rates of post-dependent animals declined by about 40%, bringing them into the
range of non-dependent controls (Meinhardt ef a/. 2013). Together, these experiments
provided consistent evidence that a profound, anatomically restricted mGIuR2 pathology in
the mPFC causally contributes to excessive alcohol seeking in post-dependent rats; and that
restoring mGIuR2 function in this region is sufficient for regaining control over alcohol-
seeking behavior.

It will be important to examine possible functional consequences of a post-dependent
mGIuR2 repression for other behaviors controlled by the mPFC. One useful test for this
purpose is the attentional set shifting task (ASST), a rodent equivalent to the human
Wisconsin Card Sorting Test (WCST); both assess an aspect of executive function
commonly referred to as cognitive flexibility, and their performance depends largely on
mPFC in both primates and rodents (Berg 1948; Brown & Tait 2016). In alcohol-dependent
patients, impaired performance on the WCST is a predictor of relapse (Wicks et al. 2001). In
mice, experiments have shown performance deficits in the ASST after 1 week of abstinence
from chronic intermittent alcohol exposure (Kroener et al. 2012). Patch clamp recordings in
brain slices from these mice showed increased presynaptic transmitter release, consistent
with impaired mGIluR2 autoreceptor function.

The mechanism underlying reduced mGIuR2 expression in the mPFC of post-dependent rats
is presently not known. The Grm2was not detected by a DNA methylation screen (see
below), but could be a target for other types of direct epigenetic regulation that have not
been assessed in those studies. For instance, treatment with L-acetylcarnitine, a drug that
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promotes histone acetylation and is approved as a medication for the treatment of
neuropathic pain, leads to increased K27-acetylation of H3 histones bound to the Grm2
promoter as well as Bdnfpromoter in the PFC, and this is associated with respective
increased expression of the respective gene in this region, as well as rapid antidepressant
actions in rodent models of depression (Nasca et al. 2013). Also, mice with a deletion of the
5-HT2A receptor show repressive histone marks at the GrmZ2promoter, and this is associated
with a pronounced downregulation of prefrontal GrmZexpression (Kurita et al. 2013).
Regulation of mGIuR2 expression by alcohol exposure could also be indirect, resulting from
the downregulated expression of transcription factors belonging to the Egr-family
(Meinhardt et al. 2013). The GrmZ promoter contains binding sites for this family of
transcription factors, and viral mediated £grZ overexpression can induce mGIuR2 expression
(Kurita et al. 2013). Furthermore, E£grZ, which has a specific binding site within the Grm?2
promoter, can itself be subject to epigenetic regulation via hypermethylation of intron 1
(Swanberg et al. 2009; Unoki & Nakamura 2003). It is thus possible that a network of IEG is
dysregulated by epigenetic mechanisms, ultimately leading to reduced GrmZ2in the mPFC of
post-dependent rats.

Small molecule mGIluR2/3 agonists are available, and are able to reduce self-administration
and drug seeking for several drugs of abuse, including alcohol, nicotine, cocaine,
methamphetamine and heroin (Baptista et al. 2004; Bossert et al. 2006; Cannella et al. 2013,;
Crawford et al. 2013; Liechti et al. 2007; Peters & Kalivas 2006; Zhao et al. 2006). These
studies indicate that presynaptic group Il mGIluRs act as gatekeepers that regulate glutamate
release at synapses relevant for addictive behaviors. Available orthosteric agonists are unable
to discriminate between mGIluR2 and mGIuR3, but positive allosteric modulators (PAMSs)
selective for mGIluR2 have recently been developed (Augier et al. 2016; Holmes et al. 2013;
Johnson & Lovinger 2015; Nickols & Conn 2014). Using these PAMs, several investigators
have been able to demonstrate that mGIuR2 activation can reduce drug intake and drug-
seeking behaviors (Caprioli et al. 2015; Justinova et al. 2015; Nikiforuk et a/. 2010). Clinical
trials are currently ongoing to evaluate whether these promising data can be translated to
humans (Salih et al. 2015).

microRNA reprogramming of the mPFC

Expression regulation by microRNAs (miRNAS) represents an appealing candidate
mechanism for post-dependent neuroadaptation of mPFC function. The miRNAs are small
(~22-30 nucleotide in length), highly conserved noncoding RNAs that modulate gene
expression at the posttranscriptional level. After being processed into a mature form, they
bind to miRNA recognition elements in the 3”-untranslated region (UTR) of their target
transcripts and cause translational degradation or repression (Guo et a/. 2010). The miRNA
regulation of MRNA expression is inherently divergent, because recognition elements are
shared between multiple transcripts. A limited set of miRNAs could therefore account for a
substantial proportion of differential gene expression observed in the post-dependent state at
the mRNA level.

The miRNAs may play an important role in neuroadaptive processes triggered by chronic
drug exposure (Pietrzykowski 2010), including tolerance to alcohol (Pietrzykowski et al.
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2008). Postmortem analysis has also identified upregulation of multiple miRNAs in the
frontal cortex of alcohol-dependent patients (Lewohl et a/. 2011), but the functional role of
these dysregulations is unknown. Human studies offer limited opportunities to isolate the
consequences of brain alcohol exposure from those of preexisting vulnerability factors, or of
environmental influences associated with alcoholism such as head trauma or nutritional
deficiency. Animal models offer an important complementary tool for this type of analysis.

The smaller number of miRNAs (about 1800 in the rat genome) and their lower complexity
make the analysis of their expression more tractable than that of mMRNA transcripts.
Microarray-based screening for differential miRNA expression in the mPFC of individual
post-dependent rats resulted in 41 candidates (Tapocik et al. 2013). Among these, 17 were
upregulated and 24 were decreased, again suggesting that non-specific global processes such
as cell death were unlikely to account for the observations. Principal component analysis
indicated that a history of dependence accounted for a higher proportion of the variance in
miRNA than in mRNA expression. Accordingly, hierarchical clustering of miRNA
expression segregated post-dependent and control animals more robustly than that of mMRNA
expression. Thus, the effect size of post-dependent neuroadaptations is higher at the miRNA
than at the mRNA level.

The bioinformatic analysis identified 89 mPFC mRNA transcripts as being potentially
regulated by miRNAs. These were subjected to a pathway analysis using the Ingenuity
software tool. A major pathway that emerged from this analysis was associated with
neuronal plasticity (Fig. 1). This network contained multiple genes thought to be involved in
neuropsychiatric disorders and addiction, including Banf, Fos, Per2and Arc, as well as the
nuclear receptors/transcription factors Nr4al and Nr4a3. The 15 differentially expressed
mRNAs within this network were targeted by 26 of the miRNAs found in the miRNA
microarray analysis, with several of the miRNAs converging on the same mRNA targets
(Tapocik et al. 2013). This observation is in agreement with prior observations that multiple
miRNAs can act synergistically to repress gene expression (Nachmani ef a/. 2010). Several
candidate miRNA-mRNAs pairs identified by these analyses above were chosen for
confirmation by qPCR. For the miRNAs selected for confirmation, results were highly
consistent with the microarray data; for the selected mMRNAs, confirmation was obtained in
most, but not all cases. Notably, an experimentally robust and functionally compelling
expression pair that emerged from this analysis was that of Bdnfand miR-206.

A functional role for miRNA-mediated BDNF repression in the mPFC

Dysregulation of BDNF expression within the mPFC offers a potential mechanism for the
persistent neuroadaptations observed in the post-dependent state. The BDNF signaling leads
to phosphorylation of the cAMP response element-binding protein (CREB) and upregulation
of CREB target genes, including the activity-regulated cytoskeleton-associated (ARC)
protein. The ARC is of particular interest for long-term neuroadaptive processes, because it
is directly involved in remodeling of neuronal connectivity via dendritic spine formation. For
instance, physical modulation of spine density by ARC is required for consolidation of long-
term synaptic potentiation (reviewed in Bramham 2008). Previous research has also shown
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that ARC mediates alcohol-induced neuroadaptations within the amygdala (Pandey et a/.
2008).

The Badnfgene has a unique, highly conserved organization. In rodents, it is composed of at
least eight 5”-exons, each with its own promoter, that are spliced to a common 3’-terminal
exon containing the coding frame and two alternative 3"-UTRs (Aid et a/. 2007; Timmusk et
al. 1993). The promoters for exons I and Il mediate constitutive expression, while the
promoters for exons IV and VI have been shown to share properties with IEG and seem to
mediate much of the activity-dependent gene regulation of Banf(Hansson et al. 2006, 2011;
Jiang et al. 2008). The short and long 3’-UTR Bdnftranscripts are involved in different
cellular functions. Short 3’-UTR mRNAs are restricted to cell bodies, while long 3’ -UTR
MRNAs are also localized in dendrites, where local synthesis of BDNF occurs (An et al.
2008). The 3'-UTR of the long Banftranscript contains three predicted target sites for
miR-206, and is repressed by this miRNA in the course of muscle cell differentiation (Miura
et al 2012).

Under normal circumstances, miR-206 does not seem to be expressed in the brain at
significant levels, but its expression is induced by accumulation of amyloid in a transgenic
mouse model of Alzheimers disease, where inhibition of miR-206 activity resulted in a
rescue of low BDNF levels and spine density numbers (Lee et al. 2012). The miR-206
induction may therefore be a response to neuronal insult. Based on these findings, a chain of
events can be hypothesized to occur as post-dependent neuroadaptations develop. According
to this hypothesis, miR-206 is induced in mPFC neurons by cycles of intoxication and
withdrawal, represses BDNF expression, and results in decreased expression and activity of
ARC. Decreased activity of ARC then contributes to lasting changes in the connectivity of
mPFC neurons with their projection targets, and impaired top-down regulation of motivated
behaviors.

A series of studies was carried out to evaluate this hypothesis (Tapocik et al. 2014). In situ
hybridization confirmed a persistent induction of miR-206 in the mPFC of post-dependent
rats. This induction was region specific, as no increase was seen in the VTA, NAc or the
amygdala. When the activity of miR-206 was examined /n7 vitro using a luciferase reporter
assay, a 60% repression of the Badnfreporter construct was found. The three miR-206 target
sites in the Banf3’-UTR contributed synergistically to this effect, whereby the presence of
two of the sites, site 2 (located at bp 392-398) and 3 (bp 1294-1300) is necessary.
Functional /n vivo validation of these results was obtained by adeno-associated virus (AAV)-
mediated overexpression of miR-206 in the mPFC of rats that did not have any history of
alcohol dependence. Vector-mediated miR-206 expression resulted in a significant reduction
of BDNF levels within the mPFC. This was accompanied by a significant escalation of
alcohol self-administration rates in these animals, mimicking what is observed following a
history of dependence.

Together, these findings provide consistent support for the hypothesis that miR-206
expression is induced in the mPFC of post-dependent rats, and causally contributes to one of
the core elements of the resulting behavioral syndrome, escalation of alcohol self-
administration, through repression of BDNF. This notion has subsequently received
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independent support by data from the laboratory of Dorit Ron. Using a mouse model, this
group showed that another miRNA, miR-30a-5p, mediates a transition to escalated drinking
through repression of BDNF expression within the mPFC (Darcq et al. 2015).

A role for BDNF in addiction-related behaviors and neu-roadaptations has previously been
reported in studies with cocaine, but these effects have been highly dependent on the brain
region examined (reviewed in McGinty et al. 2010). Specifically, BDNF injections into the
mPFC have been found to result in decreased cocaine self-administration and suppression of
both cue- and priming-induced relapse to cocaine seeking. In contrast, BDNF administration
into the VTA or the NAc has largely produced the opposite effect. The mPFC findings on
alcohol intake are generally in agreement with the cocaine studies in which BDNF has been
administered into this brain area. The cocaine studies suggest the possibility that BDNF may
simply be a general mediator of drug-induced plasticity, with different functional effects
depending on the circuitry in which it acts. Based on the presented mPFC data alone, it is
therefore difficult to predict the net effect of interventions with global effects on BDNF
activity for alcohol addiction. Indeed, opposite effects of escalating alcohol intake have been
reported on cortical and striatal BDNF expression, i.e. decreased expression in the mPFC
and increase in the striatum (Jeanblanc et a/. 2006, 2009; Logrip et al. 2009; McGough et al.
2004). It is unclear whether this reflects the actions of locally produced BDNF within this
structure, BDNF provided by inputs to the striatum such as those originating from the
prefrontal cortex, or both. At a minimum, findings to date support the notion that remodeling
of mPFC output connectivity is an important mechanism in the transition to excessive
alcohol drinking, and that BDNF is an important mediator of this remodeling.

However, some data additionally suggest that a global potentiation of BDNF activity may in
fact have a therapeutic potential. Specifically, a hemizygous deletion of BDNF was reported
to result in increased alcohol consumption in mice (Hensler et al. 2003), while systemic
injections of a fusion protein that delivers Rack1 to the brain and promotes BDNF activity
resulted in decreased drinking. These findings provide a rationale for developing small
molecule BDNF mimics as therapeutics for alcohol addiction.

Global hypermethylation of the mPFC and synaptic transmission

Similar to miRNAs, epigenetic mechanisms (i.e. DNA methylation and histone
modification) represent an attractive candidate mechanism to drive alcohol-induced long-
term neuroadaptation. Like miRNAs, DNA methylation and his-tone modification can
regulate multiple genes and therefore be one of the main upstream regulators of alcohol-
induced transcriptomic reprogramming. Moreover, DNA methylation has the ability to
change dynamically in response to external factors. For instance, stress (Murgatroyd et al.
2009; Weaver et al. 2002) and exposure to drugs of abuse (Tian ef al. 2012; Wong et al.
2011) regulate methylation patterns in the brain. Both human and animal studies suggest that
alcohol can also modify methylation patterns in the brain and more specifically in the
mPFC. Manzardo and colleagues found no global methylation differences between
alcoholics and control subjects. However, they found different methylation patterns at the
gene promoter level between control and alcoholic subjects, suggesting a ‘gene specific
effect” (Manzardo ef a/. 2012). In accordance with this study, Wang and his collaborators
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recently observed different methylation patterns between mPFC tissue of controls and
subjects with alcoholism (Wang et a/. 2016). Contrary to Manzardo’s study, which measured
methylation level at the promoter region only, Wang et al., extended their analysis to the full
gene sequence and measured methylation at individual CpGs. They found that the majority
of the differentially methylated CpGs identified in male alcoholics were hypermethylated
and were dispersed over different gene regions. These results suggest that alcohol-induced
hypermethylation in non-promoter regions that comprise, for example, enhancer and
insulator regions, may regulate splicing and gene expression by influencing the binding of
regulatory proteins (Jones 2012). More experiments are needed in order to better understand
this mechanism.

Although studies of DNA methylation in human postmortem brain tissues are informative,
this approach does not allow for determination of the functional consequences of differential
DNA methylation. Animal models offer an important complement to these studies, as they
allow assessment of dependence-induced DNA methylation changes to be carried out in
relevant brain regions. More importantly, they allow the evaluation of the functional impact
of DNA methylation changes, as it is possible to manipulate the enzymes that regulate DNA
methylation levels and assess the behavioral consequences. For example, manipulation of
DNA methyltransferase in a rat model suggests that DNA methylation is involved in alcohol
addiction. Systemic inhibition of DNA methyltransferase activity (DNMT) activity
decreased excessive alcohol drinking and seeking behaviors in rodents (Warnault et al.
2013). Similarly, intraventricular infusion of the DNMT inhibitor RG-108 significantly
decreased alcohol self-administration in post-dependent but not in control rats (Barbier et al.
2015). Interestingly, micro-infusion of RG-108 into the mPFC was sufficient to inhibit
escalation in alcohol intake in post-dependent rats, suggesting that alcohol-induced
hypermethylation in this region is involved in increased alcohol intake.

In order to identify methylation-dependent gene expression changes that occur after a history
of alcohol dependence, whole transcriptome analysis was performed using RNA-seq
(Barbier et al. 2015). Seven hundred and eighty-four genes with significant expression
changes in the mPFC of post-dependent compared with control rats were identified. Similar
to what was previously found (Meinhardt ef a/. 2013; Tapocik et al. 2013), bioinformatics
analysis identified within this list two overrepresented categories of biological functions
related to gene expression and neurotransmis-sion. Specifically, a history of alcohol
dependence decreased expression of a gene network that includes proteins regulating
synaptic vesicle formation and function (Fig. 1). A subset of seven genes coding for synaptic
proteins (synap-totagmin 1: SytZ, synaptotagmin 2: Syt2, P/Q type channel: Cacnala, T-type
calcium channel: Cacaniiand the serine/threonine-protein kinase 1 and 2: Whk1 and Wnk2,
and Potassium Channel, voltage-gated Shaw related subfamily C, member 1: Kcncl) was
selected for subsequent analysis. Expression of these genes was not influenced by alcohol
exposure in other brain regions known to play a role in addiction (Nac, amygdala and
hippocampus). These data suggest a persistent dysregulation of synaptic transmission in the
mPFC after a history of alcohol dependence, which is consistent with the hypothesis of
mPFC hypoac-tivity associated with drug addiction (Goldstein & Volkow 2011).
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Importantly, we found that micro-infusion of RG-108 into the mPFC restored the expression
of four out of the seven transcripts (Syt1, Syt2, Cacnala and Wnk2), indicating a regulatory
effect of alcohol-induced DNA hypermethylation on those genes. Pyrosequencing analysis
did not show altered methylation on the promoter region of Cacnala, suggesting an indirect
regulation of this transcript’s expression by DNA methylation. In contrast, chronic
intermittent alcohol exposure did induce hypermethylation on exon 1 of Sy#2. There is now
evidence suggesting that, similar to promoter hypermethylation, DNA methylation on exon 1
is associated with gene silencing (Brenet et a/. 2011). Together, these results suggest a direct
regulation of Sy#2by alcohol-induced DNA hypermethylation. Interestingly, it was also
found that although Syz2knockdown in non-dependent rats does not alter alcohol
consumption, it increases tolerance to quinine adulteration. Aversion-resistant alcohol intake
has been previously interpreted to indicate compulsive motivation to consume alcohol
(Wolffgramm et al. 2000). Therefore, decreased Syz2 may be part of the molecular events
that drive compulsive-like behavior observed in alcohol post-dependent rat (\Vendruscolo et
al. 2012).

Fine-tuning histone function: PRDM2

In addition to direct methylation of DNA, environmentally sensitive epigenetic mechanisms
can also manifest as post-translational modifications to unstructured histone tails (Feil &
Fraga 2011). Histone tail modifications include acetylation, methylation and
phosphorylation, among others. While there are three enzymes that catalyze DNA
methylation (DNMT1, DNMT3A, DNMT3B), there are numerous epigenetic enzymes that
oversee the addition, interpretation and removal of various histone modifications (Borrelli et
al. 2008). For example, there are over 50 human epigenetic enzymes that catalyze the
addition of methyl groups to histones (his-tone methyltransferases), and approximately 30
enzymes that remove these methyl groups (histone demethylases) (Copeland ef a/. 2009).
Histone methylation can either facilitate or repress transcription depending on the particular
amino acid residue that is modified. For example, methylation at histone H3 lysine 4 (H3K4)
is typically associated with transcriptional activation, while methylation at H3K27
condenses chromatin and inhibits gene expression. This ‘histone code’ is further
complicated by the fact that lysine can be mono-, di- or tri-methylated, and the degree of
methylation can differentially influence gene expression. Each epigenetic enzyme
specifically catalyzes modification of a particular amino acid on a particular histone, and
further exhibits specificity toward the degree of methylation at that site. Despite the fact that
many of these epigenetic enzymes are expressed in the brain, little is known about their
neurological function.

RNA-seq analysis showed that 22 epigenetic enzyme mRNAs were dysregulated in mPFC
tissue from post-dependent rats (Barbier et al. 2015). One of these enzymes, histone
methyltransferase PR-domain containing 2 (PRDMZ2), is strongly enriched in the brain
compared with peripheral tissues and is also selectively expressed in neurons. Further, gPCR
showed that downregulation of PrdmZ2in alcohol-dependent rats could be restored by
treatment with the DNA methyltransferase inhibitor RG-108, suggesting that PRDM?2 is part
of an epigenetic pathway downstream of DNA methylation changes. While PRDM2 had
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previously been implicated in brain cancer, no studies had examined a role for PRDM2 in
psychiatric conditions.

In order to test whether PRDMZ2 contributes to alcohol-seeking behavior, a lentiviral-
mediated siRNA knockdown approach was used to downregulate Pram?2 expression in the
mPFC of alcohol-naive rats (Barbier et al. 2015). The Prdm2knockdown was sufficient to
cause escalated alcohol self-administration, aversion-resistant drinking in a quinine
adulteration task, and increased sensitivity to stress-induced reinstatement, essentially
resulting in a phenocopy of the post-dependent state. These effects were specific for alcohol
intake, as Prdm2 knockdown did not affect sucrose-seeking behavior.

Target genes of PRDM2 that could underlie the observed alcohol-seeking behaviors, were
identified using a tripartite approach. The PRDM2 is known to specifically catalyze the
addition of a single methyl group at histone H3, lysine 9 (H3K9me1) resulting in
transcriptional activation (Barski et a/. 2007; Kim et al. 2003). The H3K9mel is decreased
in the mPFC of post-dependent rats, consistent with Prdm2 down-regulation. Therefore, we
first used chromatin immunoprecipitation followed by DNA sequencing (ChIP-seq) to
identify the genomic regions differentially regulated by H3K9mel in control as compared to
post-dependent mPFC. These results were overlaid with the corresponding RNA-seq data in
order to narrow down the list of H3K9mel target genes to those that are also
transcriptionally dysregulated as a consequence of protracted alcohol exposure. Pathway
analysis of these genes showed a significant enrichment of biological functions related to
synaptic communication, specifically regulation of voltage-gated calcium signaling (Barbier
et al. 2015).

Finally, laser capture microdissection was used to quantify the expression of known alcohol-
associated genes in mPFC neurons of alcohol-naive rats subjected to Pram2siRNA
compared to scramble control. This third arm of our tripartite approach allowed us to narrow
the list of H3K9mel target genes to those most likely to be functionally involved in the
ability of the PrdmZ2knockdown to create a phenocopy of the post-dependent state. There
were four convergent target genes identified by our ChlP-seq, RNA-seq and Pradm2
knockdown studies: Bsn, Cacnali, Cacnaldand Wnk2. All four genes were downregulated,
consistent with PRDM2 downregulation, decreased H3K9me1, and subsequent
transcriptional repression in alcohol dependence. Cacnaliand Cacnaldencode subunits of
voltage-gated calcium channels, while Bsnencodes Bassoon, a protein that supports calcium
channel activity by anchoring the channels to the presynaptic terminal. The WNK2 is a
kinase that regulates cation-chloride transporters, and along with Cacnaliand Cacnald, was
part of the gene network we found to be regulated by DNA methylation in dependent rats
(Barbier et al. 2015); see Fig. 1). Calcium channels have previously been implicated in
altered patterns of cortical excitability that may underlie excessive alcohol intake and
increase the propensity for relapse. For instance, nonhuman primates that chronically self-
administer alcohol display plasticity in T-type calcium channel currents that is sensitive to
periods of intoxication and withdrawal (Carden et al. 2006; Welsh et a/. 2011). Furthermore,
our findings are in accordance with prior postmortem studies, which have shown changes in
the expression pattern of genes involved in synaptic neurotransmission (Liu et a/. 2006,
2007).
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The fact that this same gene network was implicated in distinct experimental approaches
emphasizes the validity and central importance of this epigenetically regulated signaling
pathway in mediating dependence-associated neuroadaptive changes within the mPFC.
Interestingly, functional enrichment analysis of miRNAs significantly enriched for target
genes within the H3K9mel ChlP-seq results showed miR-206 as the number one hit
(WebGestalt adj. #=0.0004), relating these recent findings to our earlier studies (Tapocik et
al. 2014). Therefore, a plausible hypothesis to test in future experiments is that PRDM2
directly mediates miR-206 dysregulation in alcohol dependence, or that PrdmZ2knockdown
or miR-206 overexpression both cause escalation of alcohol self-administration by targeting
overlapping gene networks. Altogether, this line of experimental inquiry showed that
PRDM2-mediated histone modifications are an essential component of genomic
reprogramming in the mPFC that contributes to neuroadaptive changes underlying a
transition into alcohol addiction. Because epigenetic enzymes such as PRDM2 are emerging
as novel drug-gable targets with potential to treat complex human disease (Copeland et al.
2009), this work underscores the potential for epigenetic-targeted therapies to impact
substance abuse disorders.

Integrating molecular changes with mPFC function

Our work over the past 5 years has provided evidence that prolonged brain alcohol exposure
causes a lasting reprogramming of mPFC transcriptional activity and function. It remains to
be determined by what exact mechanisms that these molecular changes impact the control of
alcohol seeking. Alcohol cues induce neural activity throughout the entire mPFC, as shown
by our c-fos studies (Pfarr ef al. 2015) and this process is altered in the post-dependent state
(Meinhardt et a/. 2013). Although only the deletion of Fos-positive neurons within the
infralimbic subregion has affected cue-induced reinstatement, activated neurons in other
mPFC subregions may serve other behavioral processes. The emerging picture is that mPFC
neurons can form highly dynamic networks. These seem to cross anatomical boundaries, and
differentially contribute to behavioral output according to contextual demands at the time.

Similar to the functional studies, the epigenetic dysregulation identified by our molecular
studies affects both infralimbic and prelimbic subregions, and is likely to alter the dynamic
communication within and between mPFC networks in multiple ways. A loss of
autoreceptor function normally provided by mGIuR2 in corticostriatal projection neurons
impairs their capacity for synaptic plasticity, as showed by the loss of post-synaptic long-
term depression in animals that do not express mGIluR2 due to a stop-codon mutation
(Meinhardt et al. 2013; Zhou et al. 2013). Loss of BDNF expression is likely to result in loss
of structural plasticity that is required for long-term maintenance of synaptic plasticity
(Tapocik et al. 2013, 2014). Repression of synaptic proteins and Ca** channels is likely to
result in impaired transmitter release from affected cell populations, leading to a loss of
inhibitory control over alcohol intake despite adverse consequences (Barbier ef al. 2015).

In conclusion, neuronal populations within the mPFC form dynamic ensembles that control
alcohol-related behaviors in a stimulus-specific manner (Fig. 2). Formation of these
ensembles and their output depends on rapid transcriptional responses mediated by
immediate early gene networks, as well as more lasting epigenetic mechanisms that shape
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the transcriptional program of these cells. A prolonged exposure to cycles of alcohol
intoxication and withdrawal results in persistent dysregulation of gene expression and
function within these circuits. This dysregulation is in large part mediated through a broad
range of epigenetic mechanisms that include induction of miR-expression, altered DNA
methylation and altered activity of epigenetic enzymes that modify histone function. The
resulting functional impairment interferes with fundamental mechanisms of top-down
control of motivational and emotional processes. The breakdown of top-down control
promotes the risk of relapse in alcoholism, but presently we have only an incomplete
understanding of the exact circuit-level mechanisms through which this occurs. We
hypothesize that future research leading to an improved understanding of mPFC function
and its dys-regulation could contribute to the development of treatment responsive
biomarkers, and the development of improved, personalized therapies (Heilig et al. 2016).
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Figure 1. Ingenuity pathway analysis showing one of the top gene networksthat is
downregulated in the mPFC by history of alcohol dependence

Green color indicates decreased expression in post-dependent compared with control rats.
Red arrows indicate genes regulated by DNA methylation. Blue arrows indicate genes
regulated by Prdm2.
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Figure 2. Post-dependent reprogramming of transcriptome responsesin the mPFC affectslocal
cue-responsive neuronal networks

Local neuronal networks characterized by coherent activity play a critical role in mPFC
function. We hypothesize that such functional ensembles are loosely formed by many
neurons during early learning (task acquisition) and as performance consolidates these
networks become more stable, comprised of discrete sets of neurons. A distinct feature
associated with coherent neuronal activity is stimulus-induced expression of Fos (here
represented by blue labeled neurons across most of the mPFC after presentation of a cue)
and of other IEG, which in turn regulate downstream effector genes. These transcriptional
responses are coordinated by epigenetic mechanisms and are crucial for shaping future
outcomes of neural responses from the mPFC that ultimately determine the level of control
over behavior. A history of alcohol dependence — such in the post-dependent state — causes
epigenetic dysregulation and blunted IEG responses. This molecular reprogramming is
likely impacting on neuronal communication and consequently on ensemble formation,
which either could result in fewer neurons participating or lessened stimulus-driven
transcriptional activity in the ensembles. This may underlie reduced behavioral flexibility
and consequently increased risk of relapse.
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