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Abstract

Understanding the interaction between fear and reward at the circuit and molecular levels has
implications for basic scientific approaches to memory and for understanding the etiology of
psychiatric disorders. Both stress and exposure to drugs of abuse induce epigenetic changes that
result in persistent behavioral changes, some of which may contribute to the formation of a drug
addiction or a stress-related psychiatric disorder. Converging evidence suggests that similar
behavioral, neurobiological and molecular mechanisms control the extinction of learned fear and
drug-seeking responses. This may, in part, account for the fact that individuals with post-traumatic
stress disorder have a significantly elevated risk of developing a substance use disorder and have
high rates of relapse to drugs of abuse, even after long periods of abstinence. At the behavioral
level, a major challenge in treatments is that extinguished behavior is often not persistent,
returning with changes in context, the passage of time or exposure to mild stressors. A common
goal of treatments is therefore to weaken the ability of stressors to induce relapse. With the
discovery of epigenetic mechanisms that create persistent molecular signals, recent work on
extinction has focused on how modulating these epigenetic targets can create lasting extinction of
fear or drug-seeking behavior. Here, we review recent evidence pointing to common behavioral,
systems and epigenetic mechanisms in the regulation of fear and drug seeking. We suggest that
targeting these mechanisms in combination with behavioral therapy may promote treatment and
weaken stress-induced relapse.
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A large body of evidence shows that prolonged stress or even a single traumatic experience
can lead to neurobiological and behavioral changes that are persistent. This has many
deleterious long-term consequences and can lead to the development of post-traumatic stress
disorder (PTSD). Post-traumatic stress disorder is associated with epigenetic changes that
result in altered gene expression and subsequent protein synthesis. These epigenetic changes
may account for the development of the disease itself in the form of exaggerated fear
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responses to neutral or mild stimuli and may render individuals more susceptible to the use
and subsequent dependence on drugs of abuse. Substance use disorders (SUDs) similarly
evoke persistent changes in gene expression that are mediated by epigenetic mechanisms.
Because both PTSD and SUDs involve a memory component and an inability to extinguish
unwanted behavioral responses, similar epigenetic changes may underlie long-term memory
effects in both anxiety disorders and addiction.

Because of the overlap in neurobiological circuits and epigenetic mechanisms that mediate
stress, fear and substance abuse, there is a high likelihood that activating this circuit even
long after trauma may cause relapse of fear, anxiety or drug-seeking behavior. There is an
emerging consensus that the best treatment strategies engage the circuits involved in
behavioral inhibition, coupled with pharmacological manipulations designed to target those
circuits, with the goal of creating lasting behavioral inhibition. Recent attention has focused
on how these circuits and signals overlap during the reactivation and suppression of different
memories. An ultimate goal of research on these processes is to understand how appetitive
and aversive memories interact, and what causes stressful experiences to induce relapse even
after long periods of abstinence. We focus this review on some of those interactions,
emphasizing how an epigenetic approach to memory suppression may be a particularly
useful avenue to pursue in designing treatments for disorders that involve failures of
inhibition, such as PTSD and substance abuse.

Stress and post-traumatic stress disorder

Post-traumatic stress disorder is classified as an axis | anxiety disorder that develops after an
individual experiences a chronic or acute stressor, one that usually involves the threat of
serious injury or death to oneself or to someone nearby (American Psychiatric Association
2013). PTSD is accompanied by a constellation of symptoms including hyperarousal,
avoidance, sleep disturbances and difficulty concentrating, the hallmark of which is a re-
experiencing of the traumatic event during which the individual relives the traumatic
experience despite no longer being in danger. At its simplest, PTSD can be conceptualized
as a disturbance of the hypothalamic-pituitary-adrenal (HPA) axis, which governs the stress
response.

The HPA axis has long been known to regulate cortisol (CORT) release in response to
stressful stimuli. Classically, this has been described in the context of ‘fight or flight” where
an organism must make the decision to flee from a stressful stimulus (a predator, for
example) or to stay and fight. In both scenarios, the organism requires a cascade of
metabolic processes that will provide the necessary energy to fight or flee. Exposure to a
stressful stimulus induces the release of corticotropin-releasing factor (CRF) from the
paraventricular nucleus of hypothalamus, which in turn promotes the release of
adrenocorticotropic hormone (ACTH) from the pituitary gland, which then acts peripherally
on the adrenal glands to induce the release of glucocorticoids. In humans, the primary stress
hormone is known as cortisol, whereas in rodents it is known as corticosterone. In both
species, glucocorticoids activate both mineralocorticoid (MR) and glucocorticoid receptors
(GR), which results in a cell signaling cascade that varies depending on which receptor has
been activated. One of the primary roles of the glucocorticoid receptors is to regulate a
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negative feedback loop, whereby the activation of the receptors results in the termination of
the production of CRF, and subsequently ACTH and cortisol itself.

The relationship between PTSD and the HPA is not as clear as was once presumed. Initial
hypotheses postulated that a hyperactive stress response, in which encounters with mild
stimuli resulted in a robust stress response, was the primary effector driving the disease.
This idea has been countered by studies finding significantly decreased urinary levels of
cortisol in individuals with PTSD (Glover & Poland 2002; Yehuda et al. 1990, 1995),
significant increases in urinary cortisol (LeMieux & Coe 1995; Pitman & Orr 1990) or no
significant changes in cortisol levels between individuals with PTSD and controls (Baker et
al. 1999). These differences are not surprising when the individual variability associated
with cortisol levels is considered. Factors such as age, weight, genetic background,
circulating levels of cortisol-binding protein (CBP; which binds cortisol and renders it
inactive), smoking status, age and even mood can affect circulating cortisol (Yehuda 2006).
It is therefore not a simple hyperactivation of the HPA in response to stressful stimuli that
leads to the development of PTSD.

One finding that does appear fairly consistent, however, is that individuals with PTSD have
higher circulating and cerebrospinal fluid (CSF) levels of CRF (Bremner & Vermetten 2001;
Bremner et al. 1997). This finding is consistent with other mood disorders, like depression,
which is a component of/highly comorbid with PTSD, in which CRF is also elevated
(Nemeroff et al. 1984). These findings suggest that PTSD may develop as a result of
alterations in glucocorticoid receptor responsiveness (Yehuda 2006). A common
endocrinological test of HPA activity is the dexamethasone (DEX) challenge. DEX is a
synthetic cortisol, and administration activates the GRs that are responsible for negative
feedback, which, in healthy individuals, suppresses cortisol levels. In response to DEX,
individuals with PTSD show an increased suppression of cortisol, which suggests a
hyperresponsiveness of GRs (Rinne et al. 2002; Stein et al. 1997; Yehuda 2002; Yehuda &
Antelman 1993). This is in stark contrast to studies on both acute and chronic stress, where
levels of CRF and cortisol are elevated, and individuals show a decrease in cortisol
suppression in response to DEX (Holsboer 2003). The exact mechanism through which this
increased GR responsiveness leads to or contributes to the pathology observed in PTSD,
however, remains unclear. Some evidence suggests that alterations in the HPA precede the
traumatic experience and may explain why certain individuals develop PTSD in response to
a traumatic event while others do not (Yehuda 2002).

It is therefore apparent that one of the difficulties in treating PTSD is the underlying
complexity in the response of the HPA axis in those patients. In patients that do develop
PTSD, the underlying challenge is to determine why the emotional aftereffects of the
memory persist and what can be done to weaken this long-term impact. Over time, PTSD
can lead to persistent issues with stress and arousal that affect other systems. These include
long-term alterations in responsiveness to stressful stimuli and memory reactivation by a
non-specific stress response. Following a traumatic incident, individuals with PTSD re-
experience the event, which in turn induces a re-experiencing of the stress and fear
associated with the original trauma (Shvil et al. 2013). As a consequence of this experience,
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PTSD patients will often self-medicate or relapse even after long periods of abstinence
(Bradizza et al. 2006).

The problem of addiction and relapse in PTSD

One of the major challenges in developing effective treatments for PTSD is the high level of
comorbidity between PTSD and SUDs; among people with lifetime PTSD, lifetime SUD is
estimated at 21-43%, compared with 8-25% in those without PTSD (Jacobsen et al. 2001).
Individuals with PTSD are more likely to develop SUDs (Kofoed et al. 1993) and once
addicted, are more likely to relapse (Brown et al. 1996) than are unaffected individuals. This
is especially troubling because those circuits and cellular signals that are involved in stress
and memory are also involved in substance abuse (reviewed in Tipps et al. 2014). Indeed,
many authors have pointed out that addiction is a disorder of learning and memory, in which
normal mechanisms in place to incorporate new information from the environment are
hijacked by drugs of abuse (e.g. Hyman et al. 2006). This results in contexts evoking drug
cravings, owing to the repeated intake of drugs in the presence of certain contextual cues
(e.g. physical, social and temporal contexts). Drugs of abuse can also maintain anxious
avoidance responses, preventing the extinction of anxiety in these situations, thus creating a
vicious cycle in which problematic behaviors are maintained and even strengthened by both
positive and negative reinforcement contingencies. As with treatment of the hyperemotional
content of memories, the treatments for addiction are also difficult because the effects of
drug abuse can persist even across long periods of abstinence. PTSD also produces
persistent changes that result in unwanted behavioral responses. Individuals who experience
a stressor or series of stressors in a specific environment demonstrate inappropriate fear
responses in otherwise innocuous environments in response to stimuli that remind the
individual of the traumatic event. For example, a veteran may hear the crash of a wrecking
ball tearing down a nearby building and be reminded of the sounds associated with his or her
experience in a combat zone. This often results in a re-experiencing of the memory
associated with the original trauma, which leads to an exaggerated fear response. Therefore,
both PTSD and addiction are examples of learning paradigms in which long-term memories
related to discrete events persist over time and context. Thus, treatments of both PTSD and
substance abuse require an understanding of the mechanisms that make memories long-
lasting and protective against disruption.

One potential mechanism through which stress may induce relapse in individuals with PTSD
is through the interaction of glucocorticoids and mesolimbic dopamine neurons. The
mesolimbic dopamine system constitutes the brains primary reward circuitry, and nearly all
drugs of abuse cause increases in dopamine in the nucleus accumbens (NAc), a primary
component of this circuit. Glucocorticoids can activate dopamine neurons by binding
directly to them and inducing excitation patterns similar to those observed with drugs of
abuse (Saal et al. 2003). Therefore, stress is able to induce a state of drug seeking even when
drugs of abuse are not present by stimulating similar neural pathways. Corticotropin-
releasing factor antagonists are able to prevent reinstatement to footshock in self-
administration studies, suggesting that CRF is a critical mediator of stress-induced
reinstatement (Shaham et al. 1998).
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As previously discussed, cortisol levels do not always increase in individuals with PTSD,
and in fact may stay the same or decrease. One explanation for this is the glucocorticoid
insensitivity hypothesis, which defines insensitivity as any state in which the normal
negative feedback mechanisms fail to restrain the stress response (Raison & Miller 2003).
This may be through hypocortisolism, where levels of cortisol are decreased, or reduced GR
sensitivity. When levels of cortisol remain unrestrained, individuals experience high levels
of stress, and this may trigger relapse to drugs of abuse. For example, Sinha et al. (1999)
found that psychological stress induced craving for cocaine in human addicts. In animals, a
wide range of stressful stimuli have been shown to induce reinstatement of responding for
drugs of abuse (Shaham et al. 2000; Shalev et al. 2000).

Thus, a major goal of treatment interventions for PTSD and substance abuse is to weaken
the ability of external and internal cues to evoke stress and/or drug seeking. A growing
literature suggests that behavioral intervention paired with a pharmacological approach that
targets the molecular mechanisms involved in stressful and drug-related memory formation
may lead to a weakening of the behavior evoked by those memories (e.g. Davis et al. 2006).
It is abundantly clear that a key aspect of these treatments is a behavioral component that
relies on principles of extinction.

Behavioral extinction as a therapeutic

At the level of behavior, treatment interventions for PTSD and substance abuse have
focused on exposure therapy — presenting patients with cues associated with trauma or drug
seeking, and allowing the responses evoked by those cues (anxiety or craving) to occur and
extinguish as the expected outcome does not occur. This basic principle of exposure therapy
is similar regardless of whether the treatment is directed toward behaviors that produce a
positive outcome (attenuation of substance abuse) or remove a negative outcome (anxiety
reduction), and there are numerous demonstrations of the power of extinction to change
maladaptive behavior that occurs in a variety of disorders (e.g. Campbell 2003).

Despite some success of exposure therapy based on extinction processes (e.g. Wachen et al.
2014), there are several challenges that can lead to poor clinical outcomes in the treatment of
PTSD or substance abuse. First, extinction is known to suppress behavior (fear, avoidance,
drug seeking) without necessarily altering the content of the original memory. This means
that that memory can still influence future behavior given the right circumstances (see
Delamater & Westbrook 2014). Second, the changes that occur during extinction may not be
long lasting; extinguished behavior returns with changes in context, with reminders of the
original association, and after the simple passage of time. This means that enhancements in
extinction that may occur within a therapeutic setting may not persist outside of that
treatment context. This is problematic, of course, because patients are likely to encounter
cues associated with trauma or drug taking within their daily lives outside of the therapist’s
office. This is especially true in the case of addiction, in which, for example, an alcoholic
may experience intense cravings when walking by the neighborhood bar or a nicotine addict
may crave a cigarette with a morning cup of coffee. Third, exposure therapy involves the
mental re-experiencing of anxiety or cravings and this type of experience may be aversive,
which may decrease the likelihood that a patient will return to treatment sessions. Thus,
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there is a need for interventions that promote extinction, making it occur more rapidly and
persist outside of the treatment context.

A fourth challenge that is beginning to emerge in thinking about models for PTSD is that
extremely stressful experiences have deleterious effects on the long-term efficacy of
extinction (e.g. Knox et al. 2012; Rau & Fanselow 2009). This means that much of what we
have come to understand about extinction after simple conditioning may not reflect what is
actually happening in PTSD, further underscoring the need for different models and
approaches to promoting extinction.

Common extinction circuits in fear and substance abuse

As noted above, a survey of the literature reveals that similar extinction processes appear to
operate independent of the type of outcome that is involved in conditioning the original
behavior. Unmasking phenomena associated with extinction (such as spontaneous recovery,
contextual renewal and outcome-induced reinstatement) are ubiquitous, having been
demonstrated in procedures with outcomes such as nausea, psychostimulants, alcohol, food,
and shock, to name a few. It is therefore not surprising that there appears to be some
common neurobiological circuits that underlie the development and maintenance of
extinction.

Early work with lesions and temporary inactivation demonstrated a role for the medial
prefrontal cortex (mPFC) in the expression and extinction of fear (e.g. Morgan et al. 1993).
Since then, many studies have extended these findings to other preparations, including
extinction of drug seeking in conditioned place preference (CPP; e.g. Groblewski et al.
2012) and self-administration paradigms with drugs of abuse (LaLumiere et al. 2010). There
is also increasing evidence that the mPFC may become dysregulated with prolonged stress
(Knox et al. 2010, 2012). The specific circuits regulating extinction within the mPFC and
between the mPFC and other structures are still being identified and may differ as a function
of strain and species (e.g. Camp et al. 2012; Chang & Maren 2010; MacPherson et al. 2013).
Nonetheless, some general properties are emerging.

Subregions of the mPFC are involved in regulating both the expression and extinction of
fear. Although there is clear overlap in function, it is generally thought that the infralimbic
(IL) region is involved in the development and consolidation of extinction, whereas the
prelimbic (PL) region is involved in the expression and contextual modulation of fear
(Laurent & Westbrook, 2009; Sharpe & Killcross, 2015). Effects on fear modulation are due
to excitatory glutamatergic projections from the mPFC to the amygdala (Krettek & Price
1977; Paré & Smith 1994). The more dorsally located PL mPFC sends projections to the
basal amygdala (BA), which then synapses onto the central amygdala (CeA), which
promotes fear behavior through projections to the periaqueductal gray area (e.g. McNally et
al. 2011). Projections from the IL target GABAergic cells found in the CeA and intercalated
cells between the basolateral and central amygdala (reviewed in Pape & Pare 2010). Many
studies using a variety of manipulations have demonstrated a role for these structures in
expression and consolidation of fear and fear extinction (e.g. Moustafa et al. 2013).
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Overlapping circuits also appear to regulate extinction of drug-seeking behavior (see
McNally 2014).

Divergent projections from the mPFC regulate the increase in glutamate that leads to
locomotor sensitization, as well as drug seeking and the cessation of drug seeking in a
similar manner to that of fear expression. The IL, which attenuates fear expression by
inhibiting the CeA through the GABAergic-intercalated cell projections, sends an excitatory
projection to the medial portion of the NAc shell, which in turn sends an inhibitory
GABAEergic projection to the medial ventral pallidum (VP) which inhibits the motor output
necessary for drug-seeking behavior (McFarland et al. 2004; Peters et al. 2009). The PL,
which promotes the expression of fear through a glutamatergic projection to CeA, sends an
excitatory projection to the dorsal NAc core, which putatively sends enkephalins to VP
(Peters et al. 2009). These enkephalins may bind to mu opioid receptors on GABAergic
inhibitory interneurons in the VP, thus disinhibiting the VP and promoting the locomotor
behavior necessary for drug seeking (Peters et al. 2009). Therefore, the IL promotes the
attenuation of drug-seeking behavior, just as it attenuates the expression of fear, and the PL
promotes drug-seeking behavior, just as it promotes the expression of fear.

Additional similarities may underlie the converging circuitry that promotes both fear
expression and drug seeking. For example, the basolateral amygdala (BLA), an integral
structure for the expression of fear, is critically involved in the initial consolidation and
subsequent modulation of memory associated with different rewards, such as food, ethanol
and cocaine (Fuchs et al. 2006). Similarly, a large literature implicates the hippocampus in
the contextual modulation of extinction in both fear and substance abuse paradigms
(reviewed in Maren et al. 2013).

The question that remains is how acute activity in these circuits leads to changes in the brain
that persist over time and that produce long-term changes in behavior. This is a particularly
important question consider in the context of stress, PTSD and addiction, because many
different experiences can disinhibit the circuit, resulting in relapse. One strategy that is
emerging is to pair behavioral extinction treatment with drugs that target receptors that are
involved in modulating stress and extinction.

Targeting receptor-level processes to promote extinction

One way to promote extinction is to pharmacologically promote the function of cellular and
molecular pathways involved in memory. The thinking behind this approach is that
potentiating these signals at the time of extinction will strengthen the memory that forms
during extinction, resulting in a persistent form of extinction that transfers to situations
outside of the treatment context (see Bukalo et al. 2014; Fitzgerald et al. 2014; Lattal &
Wood 2013).

Several principles are beginning to emerge from studies that use pharmacological tools to
promote extinction. First, extinction can be promoted behaviorally by drugs that both
promote memory — behavioral enhancements in extinction are likely due to enhanced
memory consolidation processes — and inhibit memory — behavioral enhancements in
extinction are likely due to changes in the emotional content of the memory. Thus, simply
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knowing how a compound works at the cellular level does not necessarily speak to the
behavioral mechanism of action of that compound. For example, one target that has received
a great deal of attention both at the basic science level and at the translational level is the N-
methyl-D-aspartate (NMDA) receptor. This receptor has been the focus of years of
behavioral and electrophysiological work because of its involvement in the development of
memory and long-term potentiation. Many studies have demonstrated that extinction can be
impaired by drugs that antagonize this receptor and enhanced by drugs that agonize the
receptor (e.g. Falls et al. 1992; Smits et al. 2013; Thompson & Disterhoft 1997; Walker et
al. 2002). These enhancements in extinction are consistent with how the field regards the
role of NMDA receptors in memory — they allow new memories to be encoded and
consolidated, so facilitating their action should promote that process and lead to a strong
extinction memory.

Other compounds promote extinction, but do so by antagonizing receptors that are involved
in stress and memory. For example, the noradrenergic system is critically involved in
modulating the emotional aspects of memory, is altered during periods of stress and is
involved in extinction (e.g. Bernardi & Lattal 2010; Holmes & Quirk 2010; but see Font &
Cunningham 2012, Janak & Corbit 2011). Antagonizing the f-adrenergic class of receptors
is a widely used strategy for treating stress and anxiety. When paired with behavioral
extinction, drugs such as propranolol can facilitate extinction (Bernardi et al. 2006, 2009;
Rodriguez-Romaguera et al. 2009). These findings are much less theoretically
straightforward compared with the results of d-cycloserine (DCS) studies because
noradrenergic antagonists block the function of receptors that are involved in memory.
There have been multiple ways offered to think about this and it seems that the most
parsimonious interpretation is that the drugs alter the emotional content of the memory
without necessarily altering the subjects’ memory of the original contingencies (e.g.
Bernardi & Lattal 2012; Bernardi et al. 2009; Kindt et al. 2009; Rodriguez-Romaguera et al.
2009). Some of these interpretations of pharmacological experiments are entirely consistent
with theoretical accounts that have been developed for extinction at the behavioral level.
These accounts have long recognized that extinction operates through a variety of
mechanisms, including alterations in processing of the conditioned and unconditioned
stimuli, new inhibitory and/or excitatory associations that may develop during extinction
and changes in affective state during extinction. Thus, extinction can be promoted by
enhancing memory for the extinction contingencies or by attenuating some aspect of the
original memory.

A second principle that has emerged from pharmacological studies of extinction is that drugs
that promote extinction when paired with a behavioral experience are often completely
ineffective on their own. This means that the drug works by targeting the memory that
develops during a behavioral experience, suggesting that drugs targeting extinction need to
be administered in controlled settings. There are, however, demonstrations that drugs on
their own may promote extinction, even in the absence of behavioral experience (e.g. Peters
et al. 2010), meaning that if the extinction circuit can be selectively targeted, there may be
opportunity for extinction to develop by changing the function of that circuit. This is an
exciting possibility that is just beginning to be explored.
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A third principle is that if the behavioral experience is not enough to cause behavioral
extinction, drugs may actually have deleterious effects on extinction. This appears to be true
particularly if the extinction session is short enough to allow the animal to retrieve the
original memory, but not long enough to allow extinction mechanisms to suppress the
response. The same drugs that promote extinction, such as DCS, may impair extinction or
even potentiate memory with very brief retrieval trials (e.g. Flavell et al. 2011; Lee et al.
2009). When DCS is targeted to circuits that mediate fear (such as the basolateral
amygdala), impairments in extinction may occur even with longer durations that allow
within-session extinction (Bolkan & Lattal 2014). Further, there are many documented
effects of drugs failing to alter extinction, even under conditions in which there should be
effects (e.g. Vurbic et al. 2011).

Finally, pharmacological approaches to extinction are complicated by the demonstration that
enhancements in extinction are not always persistent. Some drugs may promote extinction,
but may not weaken spontaneous recovery or contextual renewal, which may question the
utility of these compounds in the clinic (e.g. Bouton et al. 2008; Stafford & Lattal 2009;
Woods & Bouton 2006). It is this inconsistent persistence that has been the thorn in the side
of the potential for using pharmacology to potentiate extinction. Recent studies have moved
from targeting cellular receptor-level processes to processes that may lead to a longer lasting
molecular signature, potentially resulting in a longer lasting signature at the level of
memory. This includes some of the final steps of transcriptional regulation necessary for
memory formation — the expression of genes and the proteins they code during the formation
of long-term memories.

Understanding transcriptional regulation and gene expression may ultimately be the best
path toward developing treatments for PTSD and addiction because both of these disorders
are associated with long-term epigenetic marks that contribute to the persistence of the
problems at the level of behavior. Drugs that target some of these processes, when paired
with behavioral extinction, may be especially useful as treatment interventions.

The need for a molecular approach: epigenetic mechanisms in PTSD and

addiction

Given that one of the key challenges in using extinction as a therapeutic is that it may not
always create lasting effects, there is a need to look for molecular mechanisms that may
provide a long-term signature for extinction. As we understand more about persistent
epigenetic changes that are associated with stress, PTSD and addiction, it is becoming clear
that targeting epigenetic processes may provide a long-term solution to the problem of
creating persistent extinction (Fig. 1; reviewed in Stafford & Lattal 2011; Zovkic & Sweatt
2012).

One of the reasons that epigenetic mechanisms are receiving so much attention in the fields
of fear and drug seeking is because these mechanisms provide experience-dependent
positive and negative regulation of gene expression in the circuits that mediate memory.
Broadly speaking, epigenetic processes provide molecular mechanisms through which
environmental experience can have lasting effects on behavior. Because these mechanisms
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lead to lasting cellular changes, there is great focus on how these mechanisms translate into
lasting memories involving trauma and drugs of abuse. By enhancing the formation of
memories where stressful stimuli no longer produce fear or drug-related stimuli no longer
predict drug availability using agents that influence the epigenetic machinery, the extinction
memory may persist outside the treatment context, preventing relapse in vulnerable
populations.

Broadly, epigenetics refers to changes in chromatin structure that influence gene expression
without affecting gene sequence (Kwapis & Wood 2014; Levenson & Sweatt 2005). Two
primary mechanisms of epigenetic regulation are through direct DNA methylation and
histone modification, and these mechanisms allow for the integration and storage of
information in species ranging from yeast and plants up to humans (reviewed in Hitchcock
& Lattal 2014; Vanyushin 2006). Chromatin refers to the complex of DNA and proteins that
reside in the nucleus of a cell, and the primary proteins that comprise chromatin are histones.
Chromatin and DNA interact as an octamer of histones known as a nucleosome (Luger et al.
1997). The default structure of chromatin is largely in a repressed state, with changes in
either DNA methylation or histone modification on lysine residues along the N-terminal tail
affecting the activity of a number of transcription factors and the transcriptional machinery
itself, which in turns affects gene expression. There are many types of modifications that can
occur on DNA or histones (see Strahl & Allis 2000), but the majority of memory and
addiction work has focused on DNA methylation and histone acetylation, with a particular
emphasis on effects on methylation and acetylation levels on histones 3 and 4.

Histone acetylation involves two key molecules, histone acetyl transferase (HAT) and
histone deacetylase (HDAC). The addition of an acetyl group by HAT causes chromatin to
relax, thus making the DNA available to the transcription machinery, which subsequently
leads to the enhanced production of proteins that contribute to the formation of memories.
Acetyl groups are removed by HDACs, which results in the tightening of chromatin that
renders the DNA unavailable to transcription machinery. One mechanism through which
memories may be enhanced is through the use of HDAC inhibitors, which relax chromatin,
causing it to remain open and increasing transcription. DNA methylation is often associated
with transcriptional silencing, and the class of molecules responsible for methylating DNA
are known as DNA methyltransferases (DNMTSs; Zovkic et al. 2013). DNMT inhibitors
have also been shown to induce deficits in learning related to different forms of fear and
substance abuse in a circuit-specific fashion (e.g. Bali et al. 2011; Levenson et al. 2006;
Miller et al. 2010; Miller 2008; Monsey et al. 2011).

One of the early demonstrations of the importance of acute epigenetic mechanisms in
learning and memory came from Levenson et al. (2004), who found that contextual fear
conditioning induced acetylation of histone H3 in the CA1 region of the hippocampus and
that injection of an HDAC inhibitor before a conditioning session enhanced the long-term
fear memory. Many subsequent studies have demonstrated that HDAC inhibitors promote
initial memories (e.g. Raybuck et al. 2013; Vecsey et al. 2007) and memories that form
during extinction (Bredy & Barad 2008; Graff et al. 2014; Lattal et al. 2007; Marek et al.
2011; Stafford et al. 2012; Wei et al. 2012). This is true in multiple behavioral procedures
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that examine learning processes involved in everything from fear to object recognition to
substance abuse.

Enhancements in extinction are not always the consequence of promoting epigenetic
mechanisms after retrieval. Some studies have found that acetylation of histone H3, but not
histone H4, is regulated following fear conditioning in rodents in the lateral amygdala (LA),
and infusion of an HDAC inhibitor in the LA impairs extinction, while DNMT inhibitor
infusions to the LA promote extinction (Maddox & Schafe 2011; Monsey et al. 2011).
Similarly, although HDAC inhibitors are associated with promoting memory, this depends
ultimately on which genes are expressed; hyperacetylation of regions coding memory
repressor genes, for example, may have deleterious effects on memory and extinction.
Findings like these again raise the issue of how to interpret behavioral data as evidence for
enhancements in extinction or impairments in reconsolidation. Others have shown that
histone acetylation and DNA methylation work in concert to regulate the formation of long-
term memories. The DNMT inhibitor 5-Aza-2’-deoxycytidine (5-AZA) prevents fear
conditioning-related increases in H3 acetylation, but pretreatment with the HDAC inhibitor
trichostatin A (TSA) prevents the memory deficit following 5-AZA (Monsey et al. 2011).

Epigenetic mechanisms have similarly been implicated in drug addiction. Both acute and
chronic cocaine administration increase histone acetylation on H3 and H4 in the NAc, a
critical brain region associated with reward (Kumar et al. 2005). Mice that lack class 1
HDACL, but not HDAC?2 or HDACS, in the NAc specifically show deficits in cocaine-
induced locomotor sensitization (Kennedy et al. 2013). Knockout of HDAC1 in the striatum
attenuates amphetamine-induced desensitization of the c-fos gene, an immediate early
response gene that is rapidly induced in the striatum following acute exposure to
psychostimulants (Renthal et al. 2008). Epigenetic changes have been implicated in the
transition from drug use to drug addiction, as well as in chronic stress, through the activity
of HDACS (Renthal et al. 2007). Mice that received site-specific injections of the HDAC
class I and Il inhibitor suberoylanilide hydroxamic acid (SAHA) to the NAc during place
conditioning show enhancements in cocaine-induced CPP (Renthal et al. 2007). This group
also found that a single injection of cocaine in mice chronically exposed to cocaine induced
HDACS expression, an effect not present following a single dose of cocaine in naive mice.
Conversely, overexpression of HDAC5 using HSV-mediated transgene expression
attenuates cocaine-induced CPP (Renthal et al. 2007). Similarly, chronic, but not acute,
social defeat downregulates Hdac5 mRNA in the NAc (Renthal et al. 2007). Taken together,
these findings strongly suggest that HDACS regulates behavioral responses to cocaine.

DNA methylation is also involved in modulating responses to drugs of abuse. DNMT3a has
been found to be upregulated 4 h following both acute and chronic cocaine administration,
but is downregulated 24 h later (LaPlant et al. 2010). Injection of the DNA methylation
inhibitor RG108 to the NAc enhanced cocaine-induced CPP and cocaine-induced locomotor
sensitivity at a dose that decreased methylation globally (LaPlant et al. 2010). Conversely,
viral-mediated overexpression of DNMT3a in the NAc attenuated cocaine-induced CPP
(LaPlant et al. 2010). Epigenetic regulation has also been observed in experiments looking
at non-psychostimulants, including heroin. Heroin induces phosphoacetylation of H3 in the
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NAc, and intra-accumbal injection of TSA increases heroin-induced CPP, suggesting
increased reward salience (Sheng et al. 2011).

Both stress and exposure to drugs of abuse induce epigenetic changes that result in persistent
behavioral changes, some of which may contribute to the formation of a drug addiction or a
stress-related psychiatric disorder. It is therefore of great interest to find new therapeutic
options to treat these disorders, and the use of agents that promote extinction as a promising
new class of drugs.

Theoretical considerations in interpreting effects on memory and extinction

Emerging evidence is consistent with the idea that drugs that target epigenetic processes
may create a form of extinction that is persistent, potentially reducing relapse. As noted
above, there are always multiple theoretical interpretations of extinction enhancements. The
enhancements induced by HDAC inhibitors are particularly challenging to interpret at the
theoretical level because they function to turn a weak extinction experience that does not
change behavior on its own into a lasting extinction memory that persistently eliminates
behavior. This type of effect is usually interpreted as an effect on reconsolidation, with the
idea being that the memory is retrieved and the drug prevents the reconsolidation of that
memory. However, this type of interpretation is particularly problematic with HDAC
inhibitors because so many studies have shown their positive effect on memory regulation.
Instead, it seems that the most parsimonious interpretation of HDAC inhibitor effects after
retrieval is that these drugs promote the development of extinction, resulting in a persistent
form of extinction that may be resistant to some of the behavioral properties associated with
extinction, such as spontaneous recovery, contextual renewal and reinstatement. Indeed, one
of the key findings from HDAC inhibitor studies in extinction is that these drugs can
transform a learning experience that on its own does not result in extinction into an
experience that results in rapid and persistent attenuation of behavior.

In a particularly convincing demonstration of the power of HDAC inhibitors, Malvaez et al.
(2013) examined whether the same drug injection that promotes extinction could also
promote initial memory formation in a different task. Mice were first trained in a cocaine-
induced CPP procedure. During a post-conditioning test, mice expressed a high level of
preference for the side of the apparatus previously associated with cocaine. Immediately
after this test, mice received an injection of the HDAC3 inhibitor RGFP966 or vehicle,
followed 1 h later by training in an object recognition task. The next day, mice treated with
the specific inhibitor of HDAC3 showed a reduced CPP and an enhanced object location
memory, consistent with the general idea that having an HDAC inhibitor on board resulted
in a general memory enhancement. This demonstrates that pairing the HDAC inhibitor with
retrieval promoted extinction, even in a case in which very little extinction occurred in
vehicle-control animals. Malvaez et al. (2013) found that the HDACS3 inhibitor induced a
specific pattern of acetylation in the hippocampus, NAc and infralimbic cortex, all of which
are brain regions that are heavily involved in the processing of drug-related information and
memory formation. What makes this discovery especially exciting are the implications for
treatment in humans; HDAC inhibition may be able to simultaneously promote the
extinction learning associated with attenuating drug use, while simultaneously promoting the
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extinction learning associated with exposure therapy in individuals with PTSD, thus
conferring a twofold benefit in individuals who are especially prone to relapse to drugs of
abuse when confronted with stressful stimuli.

From bench to bedside: testing treatments in better models of PTSD

PTSD is a difficult disorder to treat. It results from a variety of mechanisms and individuals
with PTSD may show lifetime changes in stress responses. This means that treating PTSD is
not as simple as exposing a PTSD patient to cues associated with a traumatic memory and
attempting to enhance extinction processes pharmacologically. Although PTSD may be
related to a specific event, it often occurs as a function of exposure to chronic stress at key
developmental time points. Laboratory studies of fear conditioning, substance abuse and
extinction may capture important components of development and treatment of PTSD, but
PTSD often does not develop in humans the way that we often model it in the animal
laboratory.

Indeed, one of the challenges in studying PTSD in animals is that it is a complicated
disorder that often involves more than a traumatic memory. Basic researchers often discuss
fear conditioning effects as modeling PTSD and it is true that a single aversive experience
can result in lasting psychological impairments associated with PTSD. But PTSD often
develops after exposure to chronic stressors, such as long-term abuse or sustained military
combat. This type of exposure results in a hyper-responsivity to very mild stressors, an
effect that is often not captured in animal models using conventional forms of fear
conditioning. Rodent models of PTSD have included exposure to predators (Adamec et al.
1997) or predator urine (Adamec & Shallow 1993; Wallace & Rosen 2000), single
prolonged stress (SPS), which consists of animals being restrained for 2 h, run through a
forced swim procedure, then exposed to ether until loss of consciousness (Khan & Liberzon
2004), exposure to unsignaled footshock (Mikics et al. 2008; Rau et al. 2005) and social
defeat (Buwalda et al. 2005). Some of these models show that fear conditioning and
extinction are different after exposure to these stressors, compared to when conditioning and
extinction occur in the absence of previous stress.

Many studies have documented the effects of stress on memory (e.g. Conrad et al. 1996;
Luine et al. 1994; Sandi et al. 2003; Venero et al. 2002) and the effects of glucocorticoid
receptor manipulations on memory (e.g. Diamond et al. 2004; Oitzl et al. 2001). Strikingly,
although stress leads to deficits in memory associated with spatial tasks, it has been shown
to lead to enhancements in fear learning (Conrad et al. 1999; Rau et al. 2009). Rau et al.
(2005) found that exposure to a battery of shocks causes animals to develop robust and
persistent fear conditioning after relatively mild conditioning procedures in a different
context. This stress-enhanced fear learning persists across time and context, increases
voluntary alcohol intake and is resistant to both extinction and NMDA receptor antagonism,
which generally impairs memory formation (e.g. Meyer et al. 2013; Ponomarev et al. 2010;
Rau & Fanselow 2009). Others have found that even if fear conditioning and extinction
occur normally, long-term retention of extinction is impaired following various stress
protocols (e.g. Bentz et al. 2010; Garcia et al. 2008; Knox et al. 2012; Merz et al. 2014;
Miracle et al. 2006; Raio et al. 2014) or following exposure to corticosterone during critical
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developmental periods (Den et al. 2014). This underscores the need to understand the long-
term biochemical changes that occur with PTSD and how those changes may influence
subsequent response to new fearful situations and subsequent extinction.

Epigenetics as the path forward in treating PTSD and addiction

Epigenetic changes that result from stressful situations, experienced either early in life or
during adulthood, may predispose individuals to aberrant stress responses, as well as SUDs
(Fig. 1). For example, changes in methylation of both the genes for glucocorticoid receptors
and BDNF have been associated with early-life trauma in human populations (McGowan et
al. 2009; Roth et al. 2009). McGowan et al. (2009) found that individuals who suffered
early-life trauma have decreased levels of GR mRNA and increased methylation on the
promoter region of the neuron-specific exon I glucocorticoid receptor (NR3C1) gene, both
resulting in decreased GR levels. Mice that were chronically exposed to CORT via drinking
water demonstrated epigenetic changes in genes associated with the HPA axis (Lee et al.
2010). Specifically, this group investigated changes in the following genes: Fkbp5, Nr3cl,
Hsp90, Crh and Crhr1. Following chronic CORT Fkbp5 levels were elevated, and
differences in methylation were observed in hippocampus and hypothalamus. The protein
Fkbp5 codes for FKBP5 regulates the sensitivity of GRs to glucocorticoids by binding and
tagging the receptor for translocation to the nucleus of the cell. Enhanced levels of FKBP5
are associated with decrements in HPA sensitivity and decreased negative feedback (Binder
2009). These changes may lay the groundwork for long-term dysregulation of the HPA axis,
which may account for increased rates of relapse to drugs of abuse in response to stressful
stimuli.

Meaney and coworkers have investigated the influence of maternal care on epigenetic
changes in rodent offspring. Mice display natural individual variability in the amount and
quality of maternal care, and these differences result in changes to HPA responsiveness in
offspring that persist into adulthood (Liu et al. 1997; Weaver et al. 2004). Adult offspring of
high-licking mothers have increased GR density in the hippocampus, which results in
enhanced negative feedback sensitivity, and reduced production of CRF (Liu et al. 1997;
van Hasselt et al. 2012). Adult offspring of mothers displaying low-licking behavior have
increased methylation of the GR promoter relative to offspring from high-licking mothers,
and this leads to a decrease in HPA-negative feedback and increased sensitivity to stress
(Liu et al. 1997). Together, these findings may account for decreased negative feedback in
individuals with a history of trauma.

What is particularly promising for an epigenetic approach to PTSD is that these long-term
changes can be reversed through environmental or pharmacological means. Cross fostering
or injection with the HDAC inhibitor TSA can reverse changes in DNA methylation and
HPA responsiveness to restraint stress (Weaver et al. 2004). This finding suggests that the
changes that lead to sensitivity to PTSD can be reversed using epigenetic regulators in
adulthood, and that this reversal can normalize HPA activity and behavioral responses to
stress.
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Of course, these long-term epigenetic changes may result in developmental programming
effects that set in motion a chain of events that lead to endpoints that are far removed from
their initial triggers. This means that even if, for example, methylation of certain genes can
be reversed long after a stressful experience, the developmental program induced by that
methylation pattern may have already resulted in long-term cellular changes that now
function independently of that initial pattern.

Nonetheless, the long-term changes that can be induced in adulthood by drugs that target
epigenetic mechanisms have exciting implications for potential treatment options for PTSD.
Given the vicious circle that exists between stress, PTSD and substance abuse, as well as
many common underlying cellular and molecular mechanisms, drugs that can successfully
treat one aspect of these disorders may simultaneously treat other aspects of those disorders.
The power of an epigenetic approach that is informed by basic science on the neurobiology
of stress and extinction is the potential to ultimately change a signal within a specific circuit
that mediates memory.
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Figure 1. Potential interactions between epigenetic mechanisms and cues associated with stress
and drug-seeking behavior

(a) Both stress and drug intake lead to epigenetic changes that result in persistent behaviors.
These changes create a vicious cycle, in which deleterious effects may occur either directly
through these epigenetic changes or through exposure to cues associated with stress or drug-
seeking. An issue of continuing research is to understand the relation between epigenetic
marks induced by early life experiences, stress, and drug seeking. (b) After extinction, new
epigenetic modifications occur that inhibit conditioned fear responses and drug seeking.
This inhibitory process can be strengthened by drugs that target epigenetic mechanisms,
such as histone deacetylation or DNA methylation. A major unresolved question is whether
extinction can reverse or at least inhibit the actions of the persistent marks induced by stress
or drug -seeking and how those marks may continue to cause relapse even after successful
extinction treatment.
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