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Abstract

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.
These changes have many deleterious long-term consequences and can lead to the
development of post-traumatic stress disorder (PTSD). PTSD 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 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. 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. 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. This
dissertation work focuses on this interaction, 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. Here, in Chapter 1, | review the literature on this comorbidity and describe



opportunities for novel behavioral approaches to address unanswered questions. In
Chapter 2, | characterize a novel behavioral model of the comorbidity between PTSD
and SUDs that demonstrates the persistent, long-term changes in fear responding and
drug seeking that follow exposure to an acute stressor. In Chapter 3, | explore the use
of epigenetic modulators to enhance memory inhibition in a rodent model of PTSD. In
Chapter 4, | explore the ability of epigenetic modulators to enhance memory inhibition in
the comorbid PTSD-SUD model described in Chapter 1. Finally, in Chapter 5, |
synthesize these findings within the broader canon of existing literature and the

implications of this research are discussed.



CHAPTER 1

General Introduction

Portions of Chapter 1 are adapted from the publication:

Pizzimenti CL & Lattal KM. (2015). Epigenetics and memory: causes, consequences
and treatments for post-traumatic stress disorder and addiction. Genes, Brain and

Behavior, 14, 73-84.



Addiction and relapse in PTSD

PTSD 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 PTSD is a
re-experiencing of the traumatic event during which the individual relives the traumatic
experience despite no longer being in danger.

One of the major challenges in developing effective treatments for PTSD is the
high level of comorbidity between PTSD and substance use disorders (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). Although this range is wide, the
increased propensity for lifetime SUD in individuals with PTSD has been corroborated
many times over (Keane & Wolfe, 1990; Kessler et al., 1995; Brown & Wolfe, 1994;
Ouimette & Brown, 2003). Individuals with PTSD are more likely to develop SUDs
(Kofoed et al., 1993) and once addicted, are more likely to relapse (Brown, Stout, &
Mueller, 1999) than are unaffected individuals, even after long periods of abstinence
(Bradizza et al., 2006). This increased vulnerability is especially troubling because those
circuits and cellular signals that are involved in stress, fear, and memory are also
involved in substance abuse (reviewed in Tipps et al., 2014).

Indeed, many 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). Over time,



contexts evoke 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. Therefore, the treatments for addiction are difficult because the effects of
drug abuse can persist even across contexts and 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. Experiences like these can result 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.

A major goal of treatment interventions for PTSD and substance abuse is to
weaken the ability of external and internal cues to evoke fear and/or drug seeking. A
growing literature suggests that behavioral intervention paired with a pharmacological

approach that targets the molecular mechanisms involved in fearful 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. Therefore, the original associative 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. Enhancements in extinction that



occur within a therapeutic setting may not subsequently 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. 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. 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). Thus, there is a need for interventions that
promote extinction, make it occur more rapidly, and persist outside of the treatment

context.

Testing treatments in models of PTSD and the comorbid substance use disorder
condition

Traditional approaches to evaluating how aversive memories are formed and
modulated involve fear conditioning. These approaches have been useful for delineating
basic mechanisms of memory, but it is not clear that there is a direct relation between
basic fear conditioning in the lab and PTSD in the clinic. Attempts to model the
comorbid condition have evaluated drug-taking within the fear related environment, but
this is not translatable, as individuals are highly unlikely to consume drugs in a trauma-

related environment.



Other 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, 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 &
Fanselow, 2005), chronic variable stress, in which animals are exposed to a variety of
stressors for several weeks (Willner,1997), and social defeat (Buwalda et al., 2005).
Although these models of PTSD demonstrate behavioral differences between animals
exposed to stressors relative to controls, an important feature of the disorder is not
considered. One of the most prominent features of PTSD, and perhaps the most
detrimental to everyday living is an enhanced fear response to mild or neutral stimuli
that are not associated with trauma. Although exposure to some of these fear
paradigms results in altered fear responses, these responses are often evaluated in the
same environment in which the stressor was administered, or in close temporal
proximity (immediately following exposure to the stressor). In individuals with PTSD,
unwanted fear responses arise long-after the stressor has ended and in a variety of
non-trauma related contexts.

In the case of modeling the comorbid PTSD-SUD condition, researchers often
expose animals to stressors and then evaluate enhancements in drug-seeking behavior
immediately after (Piazza et al., 1990; Quadros & Miczek, 2009). Although these
models shed light on how exposure to trauma may contribute to an enhancement in
short-term drug-taking behavior, they fail to capture the ability of a traumatic event to

influence drug-seeking behavior long after the stressor has ended in non-trauma



associated contexts. In fact, it has been repeatedly reported that individuals that are
comorbid for PTSD and SUDs do not differ from individuals with SUDs alone in
substance use severity (Brown, Stout & Mueller, 1999; Eggleston et al., 2008), but are
more likely to relapse (Tate et al., 2004; Kubiak, 2004; Burns et al., 2010; Najt et al.,
2011), which highlights the importance of understanding how temporally and
contextually distinct events may ultimately influence behavior.

Our current understanding of the role of behavioral extinction in the treatment of
PTSD as well as PTSD-SUD comorbidity is quite limited; it remains unclear how
behavioral extinction might affect fear and drug-taking responses in non-trauma related
contexts. It is therefore critical that we evaluate the ability of behavioral extinction (with
or without pharmacological enhancement) to attenuate exaggerated fear responses to

mild stimuli/drug-seeking behavior when they do not occur in the same context.

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 fear, PTSD, and addiction, it is
becoming clear that targeting epigenetic processes may provide a long-term solution to
the problem of creating persistent extinction (reviewed in Stafford & Lattal, 2011; Zovkic
& Sweatt, 2012).

One reasons that epigenetic mechanisms are receiving so much attention in the

fields of fear and drug seeking is the fact that they provide experience-dependent
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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 lead to lasting cellular changes, there is great focus on how they translate
into lasting memories involving trauma and drugs of abuse. By enhancing the formation
of memories where fear or drug conditioned 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
deoxyribonucleic acid (DNA) methylation and histone modification, and these
mechanisms allow for the integration and storage of information in species ranging from
yeast and plants to humans (reviewed in Hitchcock & Lattal, 2014; Vanyushin, 2006).
Chromatin refers to the complex of DNA and proteins, primarily histones, that reside in
the nucleus of a cell. 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 memory and addiction work has focused largely on histone acetylation.
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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.

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).

Epigenetic mechanisms have similarly been implicated in drug addiction. Both
acute and chronic cocaine administration increase histone acetylation on H3 and H4 in
the nucleus accumbens (NAcc), a critical brain region associated with reward (Kumar et
al., 2005). Mice that lack class 1 HDAC1, but not HDAC2 or HDACS, in the NAcc
specifically show deficits in cocaine-induced locomotor sensitization (Kennedy et al.,

2013). Knockout of HDAC1 in the striatum attenuates amphetamine-induced
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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 | and Il inhibitor
suberoylanilide hydroxamic acid to the NAc during place conditioning show
enhancements in cocaine-induced conditioned place preference (CPP; Renthal et al.,
2007). This group also found that a single injection of cocaine in mice chronically
exposed to cocaine induced HDACS5 expression, an effect not present following a single
dose of cocaine in naive mice. Conversely, overexpression of HDACS 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). Epigenetic regulation has also been observed in experiments
looking at non-psychostimulants, including heroin. Heroin induces acetylation of H3 in
the NAc, and intra-accumbal injection of the HDACi trichostatin A (TSA) increases
heroin-induced CPP, suggesting increased reward salience (Sheng et al., 2011).
Exposure to both trauma and 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.



13

Epigenetics and treatment of 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. For example, changes in methylation of both the genes for glucocorticoid
receptors and brain derived neurotrophic factor have been associated with early-life
trauma in human populations (McGowan et al., 2009; Roth et al., 2009). These changes
may lay the groundwork for long-term dysregulation of the hypothalamic-pituitary-
adrenal (HPA) axis, which may account for increased rates of relapse to drugs of abuse
in response to stressful stimuli. What is particularly promising for an epigenetic
approach to PTSD is that these long-term changes can be reversed through
environmental or pharmacological means. 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. 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. For example, even if acetylation of lysine residues on histone tails can be
reversed long after a stressful experience, the developmental program induced by that
acetylation 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
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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 has the potential to ultimately alter specific circuits that mediates

memory.

Dissertation Studies

To summarize the literature and theories discussed above, the high rate of
comorbidity between PTSD and SUDs creates a substantial barrier to treatment of both
disorders, especially long-term abstinence from drug-use. Current models of PTSD-
SUD comorbidity fail to capture the ability of a massive stressor to affect fear-related
and drug-seeking behavior long after the stressor has ended and in non-fear associated
contexts. Therefore, our understanding of how behavioral extinction influences these
behaviors, and the utility of behavioral extinction as a potential treatment option,
remains quite limited. Because both PTSD and SUDs, specifically relapse to drugs of
abuse, involve a failure of extinction learning to persist across space and time there has
been interest in developing therapeutic approaches that involve enhancing inhibitory
learning. One such method that has shown promise in both drug- and fear-related
paradigms is the use of epigenetic modulators paired with discrete learning events. This
series of dissertation experiments investigate the role of behavioral extinction and

epigenetic regulation in a novel model of the PTSD-SUD comorbidity in rats.
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In the subsequent chapters of this dissertation | focus on the development of the
novel comorbid condition in rodents (Chapter 2). First, | aim to replicate the basic finding
that massive footshock in a distinct context results in exaggerated fear responses to
mild stimuli in a different context. | then explore if this effect is maintained in
environments that are associated with reward. To probe the ability of PTSD to affect
long-term drug-seeking behavior | combine massive footshock and self-administration of
intravenous (1V) methamphetamine (METH) in rats and massive footshock and CPP for
cocaine (COC) in mice. | also investigate the role of the hypothalamic-pituitary-adrenal
axis in this model.

Chapter 3 focuses on the role of behavioral extinction and epigenetic
enhancement of extinction-related memories in the stress-enhanced fear learning
(SEFL) paradigm. First, | examine the ability of behavioral extinction to influence fear
responses in this model. Then, | investigate the ability of several epigenetic modulators
to enhance extinction learning. Because fear conditioning paradigms are often
conducted during the light phase of the light cycle, | investigate how circadian time of
day may influence fear responses and account for differences observed between
laboratories.

In Chapter 4 | investigate the ability of an HDAC 3 specific inhibitor to enhance
extinction of drug seeking and subsequently attenuate reinstatement to drug-related
cues in the comorbid PTSD-SUD model described in Chapter 1.

Chapter 5 summarizes the findings and provides a broader context for
interpreting the results from these studies based on our current understanding of these

principles. A detailed review of the implications of this body of work are discussed.



16

CHAPTER 2

Persistent effects of acute stress on fear and drug-seeking in a novel model
of the comorbidity between post-traumatic stress disorder and addiction

Portions of Chapter 2 are adapted from the publication:

Pizzimenti CL, Navis TM, & Lattal KM. (2017). Persistent effects of acute stress on fear
and drug-seeking in a novel model of the comorbidity between post-traumatic stress
disorder and addiction. Learning & Memory, 24(9), 422-431.

Contributions: TM Navis collected behavioral data in the conditioned place preference
and self-administration of ethanol experiments.
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Abstract

Even following long periods of abstinence, individuals with anxiety disorders have
high rates of relapse to drugs of abuse. Although many current models of relapse
demonstrate effects of acute stress on drug seeking, most of these studies examine
stressful experiences that occur in close temporal and physical proximity to the
reinstatement test. Here, we assess the effects of a stressful experience in one context
on fear and drug seeking in a different context. We adapt the stress-enhanced fear
learning procedure to examine impacts on drug seeking long after the stressful
experience occurred. We find massive footshock in a distinct environment produced an
acute increase in corticosterone, long-term hyper-responsivity to a single shock in
different contexts with extensive histories of drug-seeking behaviors, enhancements in
cocaine-induced conditioned place preference in mice, and persistent enhancements in
cue-induced reinstatement of drug-seeking behavior in rats. Together, these
experiments demonstrate that an acute trauma causes persistent changes in
responsivity to mild stressors and drug-seeking behavior in other contexts, which
mirrors aspects of the comorbidity between PTSD and SUDs. These behavioral
approaches provide novel procedures for investigating basic mechanisms underlying
this comorbidity and they provide powerful tools for testing preclinical pharmacological

and behavioral interventions.
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Introduction

Compared with the general population, individuals diagnosed with PTSD have
higher rates of SUDs (Back et al., 2000; McCauley et al., 2012; McFarlane, 1998;
Ouimette et al., 1998; Roberts et al., 2015; Sonne et al., 2003; Stewart, 1996; Tipps et
al., 2014) and are twice as likely to use METH than are individuals with trauma
exposure that does not lead to PTSD (Smith et al., 2010). Individuals with PTSD are
also more likely to relapse to drugs of abuse when cues associated with drug seeking
are encountered, even long after periods of acute stress have ended (Bradizza et al.,
2006), suggesting stressors that are temporally and contextually dissociated from drug
seeking may induce long-term changes that contribute to an increased risk for relapse.

It has long been observed that stress is a potent inducer of reinstatement (an
animal model of relapse) in rodents (e.g., Boutrel et al., 2005; Erb et al., 2001; Redila &
Chavkin, 2008; Sanchez & Sorg, 2001; Shaham et al., 2000; Schindler et al., 2010).
Although the ability of stress to induce reinstatement has been well established in the
literature, most studies have focused on effects when the organism is tested in a state
of acute stress within the drug-seeking context; few studies have evaluated the
persistent effects of an acute stressor long after the stress has ended. Individuals with
PTSD have traumatic experiences long before relapse and are unlikely to use drugs in
the trauma-associated context; avoiding the location in which the trauma occurred is
one of the DSM criteria for a diagnosis of PTSD (American Psychiatric Association,
2013). Stressors that occur within a distinct environment (e.g., social defeat; Quadros &
Miczek, 2009) or are administered repeatedly (e.g., chronic tail pinch; Piazza et al.,

1990) have been shown to increase acquisition of drug self-administration, but
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comparatively little is known about how an acute stressor causes persistent changes in
drug-seeking responses long after that stressful experience has ended. Developing a
model of this persistence is key to understanding the PTSD-SUD comorbidity and to
evaluating novel treatment interventions for both disorders.

There is evidence that an acute stressor (a battery of footshocks) associated with
a specific environment can have lasting effects on fear responses to a mild stressor (a
single footshock) in a different environment (Rau et al., 2005). This stress-enhanced
fear learning (SEFL) persists across long intervals (Rau & Fanselow, 2009) and shows
properties that differ from weaker forms of fear conditioning, such as resistance to
extinction (Long & Fanselow, 2012) and N-methyl-D-aspartate receptor independence
(Rau et al., 2005). An advantage of the SEFL approach is that it incorporates a fear
conditioning procedure that has been characterized extensively at behavioral, cellular,
and molecular levels (Kim & Jung, 2006; Maren et al., 2013), resulting in a stress
procedure that has measureable memory and affective components (reviewed in Blouin
et al., 2016). This procedure results in the same well-characterized behavioral response
(conditioned freezing) both in the original stressful context and in novel contexts in
which a single shock is encountered. Thus, the persistence of the stress response over
time can be measured and manipulated in behaviorally tractable ways.

In the following experiments, we characterize the effects of a battery of
footshocks in one context on exaggerated fear and drug-seeking responses in another
context. It has previously been reported that massive footshock altered ethanol drinking
patterns in a two-bottle choice paradigm only when footshock was administered before

drinking patterns had been established (Meyer et al., 2013). Therefore, we sought to
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investigate if this held true for intravenous self-administration of methamphetamine. To
extend these findings we employed the same methods and included a 0 and 15 FS
group, with no 1 or 4 FS group. Indeed, most papers investigating the SEFL effect
following the initial description of this phenomenon in 2005 (Rau, DeCoa & Fanselow)
have only included the 0 and 15 FS groups, with the intention of driving the effect to its
highest degree (see Chapter 5 for a discussion on massed vs. spaced ISI).

First, we replicate the basic SEFL effect as it was originally reported. We then
show that the basic SEFL effect occurs in contexts that have an extensive history of
association with drug seeking. Further, we find that a battery of footshocks in one
context causes persistent effects on cue-induced reinstatement and subsequent
resistance to extinction of drug seeking in another context. Together, these findings
show that a single acute trauma causes a hyper-response to a mild stressor and
enhances cue-induced reinstatement long after that trauma. This model opens the

doors to testing new treatment options for the comorbidity between PTSD and SUDs.

Methods and Materials
Animals
One hundred and twenty one male Long Evans rats (Charles River) that weighed
275-300 g (~9-11 weeks of age) at the start of the experiments were pair housed in a
temperature (22 °C = 1 °C) and humidity-controlled (70%) vivarium and were
maintained on a 12/12 hr light/dark cycle (6:00 am/6:00 pm). Following surgery, animals

were single housed, and three days prior to the initiation of self-administration training
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animals were food restricted to ~90% free feeding body weight. Rats that did not receive
jugular catheter surgery were not food restricted, but were single housed prior to the
onset of behavioral testing.

Thirty-six adult, male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME)
weighing approximately 27 g at the start of the experiment were housed four to a cage
on a 12 hr light/dark cycle (lights on at 6 AM). Mice were 11-16 weeks of age and were
given ad libitum access to food and water. Mice were handled and weighed daily for five
days prior to the start of the experiment. Housing conditions and treatment of these
animals were approved by the Oregon Health & Science University Institutional Animal
Care and Use Committee and conducted in accordance with the ethical guidelines of

the National Institutes of Health.

Drugs

METH (Sigma Aldrich, St. Louis, MO) was dissolved in sterile saline and administered
IV as 0.06mg/kg/infusion over 5 sec. Cocaine hydrochloride (COC; Sigma) was
dissolved in sterile saline and administered at a dose of 20 mg/kg via an intraperitoneal
(IP) injection. DEX (Sigma) was dissolved in 0.01% propylene glycol injected

subcutaneously (SQ) at a dose of 50 pg/kg.

Apparatus
In all experiments, drug seeking (self-administration or conditioned place

preference) occurred in both a different room and chamber from massive footshock.
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Rat Self-Administration and Fear Conditioning Apparatus (Experiments 1, 2, 3, 4,
5,and 7)

Context 1: METH self-administration (Experiments 2, 4, and 5) sessions were
conducted in operant conditioning chambers (Med Associates, St. Albans, VT) (exterior
dimensions: 31.8cm L x 25.4cm W x 34.3cm H) housed within sound attenuating
cubicles (Med Associates, St. Albans, VT). All self-administration sessions lasted for 2
hours. The syringe pumps (Med Associates, St. Albans, VT) that delivered drug were
located outside the sound attenuating chambers. Grid floors composed of 19 stainless
steel rods (0.48 cm diameter with 1.6cm spacing between them) were connected to
shocker/scramblers (Med Associates, St. Albans, VT) that delivered footshock. Each
chamber was outfitted with two retractable levers, a stimulus light above each lever, and
a houselight that was illuminated throughout the duration of every session. Between
cohorts, 95% EtOH was used to clean these chambers.

These boxes were also used to deliver massive footshock in Experiment 1 (SEFL
replication) and Experiment 3 (self-administration of EtOH) with the levers retracted and
the houselight illuminated throughout the session.

Context 2: Operant conditioning chambers (exterior dimensions: 31.8cm L x
25.4 W x 26.7cm H, Med Associates, St. Albans, VT) housed within sound attenuating
chambers (Med Associates, St. Albans, VT) were located in a different room from
Context 1 chambers. These chambers had identical grid floors to Context 1. When
used for the self-administration of EtOH these chambers were outfitted with two non-
retractable levers with a stimulus light above each lever, a stainless steel cup between

the levers into which EtOH was dispensed, and a houselight centered on the top panel.
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These chambers were also used to deliver massive footshock in Experiment 1
(SEFL replication), Experiment 2 (freezing in METH context), Experiment 4 (footshock
before self-administration of METH), Experiment 5 (footshock during self-administration
of METH), and Experiment 6 (mouse CPP). For Experiment 6, the floors were
exchanged with mouse-specific floors as described below. When used for these
experiments the levers, stimulus lights, and stainless steel cup were removed so that
only steel paneled walls and a houselight, which remained illuminated throughout the

session, remained. Between cohorts, 0.5% bleach was used to clean the chambers.

Mouse Conditioned Place Preference and Fear Conditioning (Experiment 6)
Apparatus

CPP was performed using an unbiased procedure in unbiased apparatus (see
Cunningham, et al. 2006) that consisted of 30x15x15cm clear acrylic walls divided in
half by another clear acrylic wall, resulting in two 15x15x15cm compartments during
acquisition. The bottom was supported by interchangeable half-floors composed of 2.3-
mm stainless steel rods mounted 6.4 mm apart (GRID floor) or perforated stainless
steel with 6.4-mm round holes on 9.5-mm staggered centers (HOLE floor). The CPP
apparatus was located within a melamine sound-attenuating shell. A camera was
mounted to the ceiling of the sound-attenuating chamber and mouse position in the
apparatus was recorded by an automated tracking program (Noldus Ethovision,
Leesburg, VA).

Fear conditioning occurred in a novel environment in a separate room from the

CPP context using modified operant boxes (Context 2; Med Associates, St. Albans, VT)
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housed within sound attenuating chambers. Floors consisted of 36 parallel stainless
steel rods with a 0.327 cm diameter. The walls of the chamber were bare except for a

houselight that remained illuminated for the duration of the session.

General Procedures
Jugular Catheter Surgery (Experiments 2, 4, and 5)

Catheter Assembly. Jugular catheters were made of 12 cm long silastic tubing
(0.037 mm ID, 0.94 mm OD; Dow Corning, Midland, MI) with small beads of 100%
silicone rubber sealant at 8.5 cm and 9 cm, respectively. One end of the catheter was
inserted into the right jugular vein and run subcutaneously below the front right leg to
exit the back between the shoulder blades. A stainless steel guide cannula (22 ga;
Plastics One, Roanoke, VA) was inserted into an elastomer self-administration harness
(Instech Laboratories, Plymouth Meeting, PA) and the jugular catheter was attached to
the cannula within the harness.

Surgery. Anesthesia was induced with an intramuscular (IM) injection of
ketamine/xylazine (85 mg/kg; 10 mg/kg), and was maintained throughout the duration of
the surgery by vaporized isoflurane (1%). Catheters were implanted and connected to
the harnesses as described above. Following surgery animals received a daily IV
infusion of 0.1 ml 100 unit heparin and the antibiotic Timentin (238 mg/ml). On days
when animals performed self-administration, an IV infusion of 0.1 ml 10 unit heparin
was also administered prior to the session. Catheter patency was confirmed via 0.1 ml

IV injection of 10 mg/ml sodium brevital before training began. Catheter patency was
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not tested via injection of sodium brevital again, but catheter patency was monitored by

the experimenter.

Self-Administration of Methamphetamine (Experiments 2, 4, and 5)

In all experiments, self-administration sessions (acquisition, extinction, and
reinstatement) lasted for 2 hr. At the onset of each session a houselight was illuminated
and two retractable levers were inserted into the chamber. One lever was designated
the active lever, and upon completion of the fixed ratio (FR) requirement 88.5 ul of meth
was administered IV over 5 sec (0.06 mg/kg/infusion), and the stimulus light above the
active lever was concurrently illuminated for 5 sec. The inactive lever also had a
stimulus light above it; however, pressing the inactive lever did not result in any
programmed consequences. Levers were counterbalanced across animals. During
extinction sessions, presses on either lever did not result in any programmed
consequences. During cue-induced reinstatement sessions a press on the active lever
resulted in the activation of the stimulus light above the active lever for 5 sec, but no

drug was delivered. Animals received a single self-administration session per day.

Experiment 1: Replication of the SEFL Effect

Twenty-one rats received SEFL treatment following the methods of Rau et al.
(2005). Animals received 0, 1, 4 (intershock interval (ISI) of 3-7 min), or 15 1 mA (ISI of
4-8 min), 1 sec footshocks in Context A; session durations were 93 min for the 0 and 15
shock groups, 3 min 44s for the 1 shock group, and 23 min for the 4 shock group.
Twenty-four hr later, fear to Context A was assessed during an 8 min 32s nonreinforced

session. Twenty-four hr later animals received a single 1 mA footshock in Context B
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(delivered at 3 min 12 s of a 3 min 48 s session), and fear to Context B was assessed
24 hr later in an 8 min 32 s nonreinforced session. Contexts were counterbalanced
between Contexts 1 and 2. Fear conditioning was measured by sampling freezing
behavior, defined as the lack of movement except that which is required for breathing,

every 8 s.

Experiment 2: SEFL Effect in a Context Associated with Methamphetamine

Rats were trained to lever press for METH in the self-administration context
(METH; Context 1 in this experiment) during 9 FR1 sessions, followed by 19 FR5
sessions, followed by three 2-hr extinction sessions, in which responding on either lever
had no programmed consequences. Twenty-four hr after the final extinction session,
animals received 0 or 15 footshocks in the shock context (SHOCK; Context 2 in this
experiment) over the course of 93 min. Twenty-four hr after footshock animals were
returned to the METH context with levers retracted. After 5 min all animals received a
single, 1-s 1 mA footshock, after which the levers were immediately extended.
Reinstatement following the single footshock was assessed in extinction, and freezing
behavior in the five min pre- and post-footshock was recorded. Thirteen rats were

included in this analysis.

Experiment 3: SEFL Effect in a Context Associated with EtOH
Sixteen rats were trained to lever press for 10% EtOH using a sucrose fading procedure
(adapted from Freedland et al., 2001). Rats were given ad libitum access to food and

water while in the home-cage (animals were water restricted up to 20 hr prior to session
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4 and 5 to promote acquisition). Sessions were 2 hr long and occurred every other day.
Pressing the active lever caused a syringe pump to deliver 0.1 ml of liquid into a
stainless steel cup over 1.66 s and activated a cue light above the lever for 1.66 s. Total
rewards were limited to 200, equivalent to 20 ml of solution. Animals were trained to
respond to sucrose alone (10%) for 8 sessions on an FR1 schedule (lever press
requirements were set to FR1 for the duration of the experiment, with the exception of
the 6 final sessions, which were FR5) in the EtOH context (Context 2 in this
experiment). Ethanol was phased in according to the following schedule: 10%
sucrose/2% EtOH for 3 sessions, 10% sucrose/5% EtOH for 3 sessions, 5%
sucrose/5% EtOH for 3 sessions, 5% sucrose/10% EtOH for 3 sessions, 2%
sucrose/10% EtOH for 3 sessions, 1% sucrose/10% EtOH for 3 sessions, 10% EtOH

alone for 6 sessions, and 10% EtOH on an FR5 schedule for 6 sessions.

Seven days after the final FR5 session animals were given either 0 or 15 footshocks in
the SHOCK context (Context 1 in this experiment), then were returned to the EtOH self-
administration context (EtOH context; Context 2 in this experiment) and given a 2 hr
10% EtOH FRS5 session. Animals were allowed to self-administer 10% EtOH on an FR5
schedule for 7 additional days, followed by four 2 hr extinction sessions. Twenty-four hr
after the final extinction session animals were tested for cued reinstatement during
which a press on the previously active lever resulted in the 1.66 s illumination of the cue
light above the lever, but no drug delivery. Sixty-five days after massive footshock in the
SHOCK context animals received a single, 1 mA footshock delivered 5 min into a 15

min session in the EtOH context.
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Experiment 4: Massive Footshock During Acquisition of Methamphetamine Self-
Administration in a Different Context

Rats were trained to respond for METH over 4 FR1 sessions, followed by 4 FR3
sessions, followed by 8 FRS sessions in the METH context (Context 1 in this
experiment). Prior to the 71" FR5 session (the 15" session of 30 total self-administration
sessions), animals received either 0 or 15 footshocks in the SHOCK context (Context 2
in this experiment). Immediately following footshock animals were returned to the METH
context and given an FR5 session. Following the 8" FR5 session the response
requirement was increased to FR10 for 14 sessions, followed by 3 extinction sessions.
Twenty-four hr after the last extinction session, animals were restrained (DecapiCones)
within the METH context for 5 min, and were then allowed to lever press for 2 hr in
extinction. Animals then received 4 additional extinction sessions, followed by a test of
cue-induced reinstatement, followed by 6 additional extinction sessions. After an
additional 5 days in the homecage, rats were returned to the operant chambers and
retention was tested in extinction. Animals then received 13 additional extinction
sessions, followed by a test of footshock-induced reinstatement (10s after placement
into the chamber 10, 0.5mA shocks were delivered, variable ISI 10-70 sec, levers
extended immediately following final shock and animals were allowed to lever press for

the remaining 2 hr session). Eleven animals were included in this analysis.
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Experiment 5: Massive Footshock Prior to Acquisition of Methamphetamine Self-
Administration in a Different Context

Rats were exposed to 0 or 15 footshocks as described above in the SHOCK context
(Context 2 in this experiment). Self-administration of METH began 24 hr later in the
METH context (Context 1 in this experiment). Animals were trained to lever press for
METH during 3 FR1 sessions, 2 FR3 sessions, and 10 FR5 sessions. Animals were
then extinguished over 5 extinction sessions, followed by a cue-induced reinstatement
test and one additional extinction session. Fifteen animals were included in this

analysis.

Experiment 6: Massive Footshock in a Different Context Prior to Cocaine CPP
tests.

CPP procedures followed Hitchcock et al. (2014). Mice were given a 5-min
pretest in which they had access to both floors of the CPP chamber. Mice were then
counter-balanced relative to floor preference to match time on the CS+ floor for the mice
to be assigned to shock or no shock groups. Twenty-four hr following the pretest, all
mice received an IP injection of cocaine (COC) and were placed on the CS+ floor (GRID
or HOLE, counterbalanced). The following day, mice received an IP injection of saline
alone and were placed on the CS- floor (HOLE or GRID, counterbalanced). Animals
received 6 additional conditioning sessions over the next 6 days, with a single
conditioning trial per day for a total of 4 CS+ and 4 CS- pairings. During conditioning,

animals were restricted to one floor type and half the total area of the apparatus by
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placing a clear Plexiglas divider between the two floor types. Conditioning sessions
were 5 min in duration.

Three days following the final conditioning session mice were placed into the
novel fear context described above. Mice in the shock group (n=16) received 15
intermittent, unsignaled footshocks (0.5 mA, 0.5 seconds, variable ISI 4-8 min) over a
93-min period. Control mice (n=20) were exposed to the context alone for an equivalent
amount of time. Immediately after the fear conditioning session, mice were taken to the
CPP context, given an IP injection of saline, and placed in the CPP chamber with both
floors (GRID and HOLE) accessible for 15 min (Test 1). This test was repeated 24 hr

later (Test 2).

Experiment 7: The Effect of Massive Shock on Corticosterone and Hypothalamic-
Pituitary-Adrenal Axis Function

Blood samples were collected once prior to the onset of SEFL training. Rats then
received either 0 (n=7) or 15 (n=7) footshocks as described above in Context A, and
blood was drawn immediately following removal from the chamber. Blood samples were
then collected once per week for 5 weeks to mirror the length of time between footshock
and the cue-induced enhancements seen in Experiments 4 and 5. All blood samples
were collected before 12:00 pm through the saphenous vein. Blood samples were
mixed with 2 pl 0.5 MM EDTA, spun at 8,000 RPM for 15 min, and plasma was
collected and stored at -80 °C until processing. CORT levels were determined using a
radioimmunoassay kit (MP Biomedicals, Burlingame, CA; sensitivity of 7.7 ng/ml, intra-

assay variance 8.35%).
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DEX is a synthetic corticosteroid that induces negative feedback of the HPA axis,
decreasing levels of cortisol (Yehuda et al., 1993). Five weeks following footshock rats
received counterbalanced injections of DEX or Vehicle over two days and blood
samples were collected 6 hr following administration. All blood draws were taken before
12:00 pm.

One week following DEX administration animals were returned to Context A and
were tested for contextual freezing during an 8.5 min test. One week later animals
received a single, 1 mA footshock in Context B and 24 hours later were tested for
contextual freezing during an 8.5 min test. Contexts A and B were counterbalanced

between Contexts 1 and 2.

Results

Experiment 1: Replication of the SEFL Effect
In Experiment 1 (overview shown in Figure 1A), we replicated the basic SEFL

effect: rats that received 4 or 15 footshocks in Context A showed higher freezing during
tests in Contexts A and B compared to rats receiving 0 or 1 footshock (Figure 1B;
reliable main effects of group during Context A (F3,17= 7.60, p = .002) and Context B
tests (F,17= 3.97, p = .026)). There were no significant differences between the 0 and 1
shock groups (p > .257) or between the 4 and 15 shock groups (p > .41) in either test.
However, there was a significant difference between 0 and 1 shock groups compared to

the 4 shock (ps <.05) and the 15 shock group (ps < .05) in both tests.
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Figure 1. The stress-enhanced fear learning (SEFL) effect. (A) Overview of the design of Experiment
1. Rats received 0 (n=5), 1 (n=5), 4 (n=5), or 15 (n=6) shocks in Context A, followed by a single shock in
Context B. Retention was tested in both contexts. (B) Animals that receive 4 or 15 shocks, but not 0 or 1
shocks in Context A demonstrate enhancements in freezing following a single shock in Context B. * p<
.05, ** p < .01, *** p <.001 relative to 0 shocks, # p< .05, ## p < .01 relative to 1 shock. (FS: Footshock)
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Experiment 2: SEFL Effect in a Context Associated with Methamphetamine

In Experiment 2 (overview shown in Figure 2A), we found that massive footshock in a
different context (SHOCK) following extinction of self-administration caused a SEFL
effect in the drug-seeking context (METH) but did not reinstate drug-seeking behavior.
There were no reliable main effects of group or interactions involving group during
acquisition, maintenance, or extinction (Figure 2B; see Table S1 in Supplemental
Information). Animals averaged a total intake of 1.15 (£ .09) mg/kg/session METH over
the last three self-administration sessions. Animals that received massive footshock in
the SHOCK context showed higher freezing in the 5 min following a single footshock in
the METH context (Figure 2C; main effect of group (F1.11) = 7.40, p <.01), time (F¢.11) =
31.7, p <.0001), and a significant interaction (F1.11) = 8.8, p =.01)); animals that had
previously received massive footshock froze significantly more following exposure to a
single shock than did exposure only controls (f11)= 2.87, p=.01).

The single footshock did not induce reinstatement of METH seeking in either
group (Figure 2D). Analysis of the last day of extinction and the single footshock
session revealed a decrease in lever pressing (main effect of session, (F¢1,11)= 17.27, p
<.01)) and a significant main effect of lever (F@,11)= 7.63, p < .05) such that responding

was higher on the previously active lever.
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Figure 2. Effects of SEFL on freezing and reinstatement in a context associated with
methamphetamine self-administration. (A) Overview of the design of Experiment 2. Rats acquired
methamphetamine self-administration for 28 days, followed by 3 days of extinction, followed by either 15
shocks (n=7) or 0 shocks (n=6) in a different context (SHOCK), followed by a SEFL test in the
methamphetamine context (METH). (B) Acquisition and extinction of responding for methamphetamine in
groups that then received shock or no shock after extinction. (C) Freezing in the methamphetamine-
associated context before and after the single shock. (D) Responding on active and inactive levers

during the final extinction session (Session 31) and during the single shock reinstatement session.
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Experiment 3: SEFL Effect in a Context Associated with EtOH

In Experiment 3 (overview shown in Figure 3A), we found that massive footshock
in a different context (SHOCK) caused an exaggerated long-term (60 days) fear
response in the ethanol-seeking context (EtOH), even after that context had been
associated with EtOH. There were no effects of shock on maintenance or extinction of
ethanol-seeking (data not shown). Animals averaged an intake of .91 (+ .06)
g/kg/session EtOH over the last seven self-administration sessions (10% ethanol only,
no sucrose). Analysis of freezing before and after the single shock in the EtOH context
(Figure 3B) revealed a significant main effect of group (F(1.14) = 27.20, p <.0001), time
(F1.14) = 39.20, p <.0001), and a significant interaction (F1.14) = 27.80, p <.0001) such
that animals with a history of footshock in Context A froze more than did exposure only
controls (f(13=4.85, p <.0001).

As in Experiment 2, the SEFL effect did not induce reinstatement (Figure 3C).
Analysis of the last day of extinction and the single footshock session revealed a
significant main effect of session (F1,14= 33.004, p <.0001) such that lever pressing
decreased overall, lever x group (F1,14= 13.72, p <.001), session x lever (F,14= 16.35,
p <.001), but not session x group (F1,14= .022, p =.884), nor lever x session x group
interactions (F1,14= 3.89, p >.05).

The high levels of freezing in Experiments 2 and 3 likely prevented any effect of
the single shock on reinstatement to be observed. Consequently, in Experiment 4, we
attempted to induce reinstatement with acute manipulations that should not result in a

freezing response, such as brief restraint or exposure to drug-associated cues.
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Figure 3. Effects of SEFL on freezing and reinstatement in a context associated with alcohol self-
administration. (A) Overview of the design of Experiment 3. Rats were trained to respond for ethanol
following a sucrose fading procedure and received 0 (n=8) or 15 shocks (n=8) in a different context during
the maintenance phase. The SEFL test occurred in the ethanol-associated context after a long retention
interval. (B) Freezing in the alcohol-associated context before and after the single shock. (C) Responding
on active and inactive levers during the final extinction session and during the single shock reinstatement
session. ****p<.0001



37

Experiment 4: Massive Footshock During Acquisition of METH Self-
Administration in a Different Context Causes an Enhancement in Cue-Induced
Reinstatement and a Resistance to Extinction

In Experiment 4 (overview shown in Figure 4A), there were no effects of shock
on late acquisition, maintenance, or extinction of drug seeking (Figure 4B; no reliable
main effects of group or interactions involving group; see Tables S2 and S3 in
Supplemental Information), but there was a reliable increase in cue-induced
reinstatement following extinction (Figure 4D), as well as a resistance to extinction
following reinstatement (Figure 5). Animals averaged an intake of 1.1 (£ .11)
mg/kg/session METH over the last three sessions.

Restraint did not induce reinstatement in either group, but instead decreased
active lever pressing (Figure 4C). Analysis of the last day of extinction and restraint-
induced reinstatement revealed significant main effects of session (F1,9= 7.96, p < .05)
and lever (F¢1,9= 12.78, p < .01) with no other reliable main effects or interactions (see
Table S4 in Supplemental Information for statistics from reinstatement sessions).

Groups did not differ on the extinction trials that separated restraint-induced and
cue-induced reinstatement (see Table S5 in Supplemental Information). Analysis of the
cue-induced reinstatement session and the extinction session 24 hr prior revealed a
significant session x lever x group interaction (F(1,9= 5.36, p = .04). The animals that
had received footshock on Day 15 pressed significantly more on the active lever
compared to exposure only controls during cue-induced reinstatement on Day 39
(t9=2.4, p < .05; Figure 4D). The difference between groups during cue-induced

reinstatement persisted through extinction that followed the cue test (Figure 5A; reliable



session x lever x group interaction (Fs.45= 2.46, p < .05) with higher active lever

presses in the shock group).
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Figure 4. Effects of shock delivered during the course of acquisition of methamphetamine seeking
on long-term tests of reinstatement. (A) Overview of the design of Experiment 4. Rats received 0
(n=5) or 15 shocks (n=6) in a different context during the maintenance phase. Following extinction, rats
received several tests for reinstatement: restraint-induced reinstatement (RIR), cue-induced reinstatement
(CIR), retention (RET), and footshock-induced reinstatement (FIR). Each reinstatement test was
preceded by at least three additional extinction sessions. (B) Acquisition and extinction of
methamphetamine self-administration. (C) Restraint-induced reinstatement. (D) Drug cue-induced
reinstatement. (E) Spontaneous recovery retention test. (F) Footshock-induced reinstatement. *p<.05
(Acq: Acquisition; FS: Footshock; Main: Maintenance; Ext: Extinction; HC: Homecage)
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Following extinction animals remained in the homecage for five days and were
then tested for retention. Analysis of the retention test day and the last extinction
session (six days prior) revealed a significant main effect of session (F1,9=29.14, p <
.001), lever (F¢1,9= 51.50, p <.001), and session x lever (F1,9= 59.50, p <.001) such
that both groups of animals significantly increased active lever pressing following a 5-
day retention interval (Figure 4E).

The animals that received footshock did not extinguish as quickly as exposure
only controls following the retention test (Figure 5B; significant main effect of session
(F12,108)= 2.36, p < .01), lever (F,9= 11.7, p <.01), session x group (F12,108)= 2.44, p <
.01), and session x lever interactions (F12,108)= 3.23, p < .01) during the 13 post-
retention extinction sessions), as well as a trend toward a session x group x lever
interaction (F(12,108= 2.5, p = .069). Analysis of the footshock-induced reinstatement
session and the previous extinction session revealed a significant main effect of session
(F¢1,9=7.31, p= .02) and a significant effect of group (F1,9=5.09, p=.05; Figure 4F) with

no other significant main effects or interactions (Figure 4F).
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Figure 5. Persistent effects of shock on resistance to extinction of methamphetamine seeking
following cue-induced reinstatement in Experiment 4. (A) Active lever pressing during the final
extinction session before cue-induced reinstatement (CIR) and during six post-reinstatement extinction
sessions. (B) Active lever pressing during the final extinction session before the retention test (RET;
Session 51) and the 13 post-retention extinction sessions. *p< .05
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Experiment 5: Massive Footshock Prior to Acquisition of Methamphetamine
Seeking Enhances Cue-Induced Reinstatement and Slows Post-Reinstatement
Extinction

In Experiment 5 (overview shown in Figure 6A), we found that exposure to the
battery of footshocks prior to acquisition of METH self-administration increased cue-
induced reinstatement after extinction 3 weeks later (Figure 6C). Massive footshock had
no effect on acquisition, maintenance, or extinction of responding for METH (Figure 6B;
no reliable main effects of group or interactions involving group; see Table S6 in
Supplemental Information). Animals averaged an intake of 1.69 (£ .12) mg/kg/session
METH over the last three self-administration sessions. A repeated measures analysis of
variance (RM ANOVA) conducted on the last day of extinction and cued reinstatement
revealed a main effect of lever (F(1,13= 10.31, p <.01), session (F(1,13)= 52.39 p <.001),
lever x session (F1,13= 16.54, p <.001), and lever x session x group (F1,13= 4.99, p <
.05); animals with a history of footshock pressed the active lever significantly more than
exposure only controls (f13= 1.83, p < .05; Figure 6C). In a final extinction session 24 hr
following cued reinstatement, responding on the active (p < .01), but not the inactive (p
=.14) lever was significantly higher in animals with a history of footshock relative to

exposure only controls (Figure 6D).
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Figure 6. Effects of shock delivered prior to acquisition of methamphetamine seeking on
acquisition, extinction, and cue-induced reinstatement. (A) Overview of the design of Experiment 5.
Rats received 0 (n=8) or 15 shocks (n=7) in a different context (SHOCK) prior to acquisition of
methamphetamine seeking (METH). (B) There were no effects of the battery of shocks on acquisition or
extinction. (C) Rats with a history of shock showed greater cue-induced reinstatement following
extinction. (D) This effect persisted to an extinction session the next day during which the cue was not
presented. *p< .05 (FS: Footshock; Ext: Extinction; CIR: Cue-induced reinstatement)
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Experiment 6: Massive Footshock in a Different Context Prior to Cocaine CPP

In Experiment 6 (overview shown in Figure 7A), we found that mice with a history
of footshock showed enhanced expression of cocaine-induced CPP during preference
tests conducted immediately and 24 hr after footshocks. As can be seen in Figure 7B,
there were no differences between groups in activity during pretest or during the
conditioning trials (CS+ or CS-). During pretest and conditioning, there was no reliable
main effect of group (F(1,38= .005, p = .954) or group x session interaction (F1,38=2.73,
p =.10), but there was a main effect of session (F1,38= 247.33, p <.0001), with
increased activity during cocaine conditioning trials (CS+). Following the shock, there
again were no group differences in activity during the preference tests (ps>.05).

A RM ANOVA conducted on the pretest, Test 1, and Test 2 revealed that relative
to exposure only controls, mice with a history of footshocks showed increased
preference immediately (Test 1) and 24 hr later for a previously cocaine paired floor
(Test 2; Figure 7C; reliable main effect of time (F1,34= 105.27, p > .001), group (F1,34)=

5.57, p =.02), and a reliable time x group interaction (F1,34=4.57, p =.01)).
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Figure 7. Effects of shock on expression of cocaine-induced CPP in mice. (A) Overview of the
design of Experiment 6. Mice received pretest, CS+, and CS- conditioning trials over 5 days, followed by
0 (n=20) or 15 (n=16) shocks in a different context, followed by tests in the CPP context. (B) Activity
during Pretest, conditioning trials (CS+ with cocaine; CS- with saline), and post-shock tests. (C) Relative
to the No Shock controls, mice that were shocked showed increased preference for the CS+ (cocaine-
paired) floor immediately (Test 1) and 24 hr after shock (Test 2). *p<0.05.
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Experiment 7: The Effect of Massive Footshock on CORT and Hypothalamic-
Pituitary-Adrenal Axis Function

In Experiment 7 (overview shown in Figure 8A), we found that animals that
received 15 footshocks demonstrated significantly elevated levels of CORT relative to
No Shock controls immediately following footshock (Figure 8). A two-tailed students t-
test demonstrated that animals that received footshock had significantly elevated levels
of CORT relative to exposure only controls (t=2.22(12), p < .05). ARM ANOVA on the
pretest and 5 post-shock blood draws revealed no main of time, no main effect of group,
and no significant interaction of time x group. A Mann-Whitney nonparametric t-test
performed on CORT values following DEX administration revealed there was no
difference between groups (Mann-Whitney U=14, asymptotic significance (2-tailed) p >
.05). A Mann-Whitney nonparametric t-test performed on CORT following saline
administration revealed there was also no difference between groups in response to
saline (Mann-Whitney U=20.5, asymptotic significance (2-tailed) p > .05).

Forty-eight days following 0 or 15 footshocks in Context A animals with a history
of shock demonstrated significantly elevated freezing when re-exposed to that context
(F1,12= 125.29, p <.001), as well as significantly elevated freezing in Context B the day

after receiving a single footshock in that context (F,12)= 8.87, p = .01; Figure 8D).
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Figure 8. Effects of shock on CORT levels. A) Overview of the design of Experiment 7. Rats received
0 (n=7) or 15 (n=7) footshocks (FS), followed by blood draws on the day of shock and weekly thereafter in
the homecage (HC). SEFL was tested on Days 49-60. B) Massive shock increased corticosterone
(CORT) relative to exposure only controls, but this increase returned to near baseline levels during
subsequent weeks. C) The synthetic corticosteroid dexamethasone (Dex; 50 ug/kg, SQ) induced potent
negative feedback in both groups of animals. D) The SEFL effect occurred during a test 60 d after the
initial battery of shock (Context B Test. * p <.05, **p<.01, ****p<.0001, FS: Footshock; HC: Homecage)
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Discussion

These experiments show a consistent and long-lasting effect of exposure to a
bout of massive footshocks in one context on fear and drug seeking in another context.
This effect occurred when the shock occurred prior to or during acquisition of METH
self-administration in rats and after acquisition of cocaine-induced CPP in mice. Our
findings also extend the basic SEFL effect to show that it persists up to 60 days after
the initial battery of shocks and that it can be revealed in a drug-seeking context even
after 30 (METH) or 60 (EtOH) daily 2 hr sessions, suggesting that an extensive history
of drug associations with a context does not prevent that context from revealing a SEFL
effect. Together, these results suggest that this combination of massive fear
conditioning and cue-induced reinstatement of drug seeking provides a strong
preclinical model of the comorbidity between PTSD and substance use disorders.

It is notable that when the SEFL effect on freezing was observed, there were no
effects of the single shock on reinstatement of extinguished responding. The single
shock used in our SEFL procedure resulted in a strong freezing response, which was
particularly true in Experiment 3 in which the single footshock completely suppressed
lever pressing in the group that previously received the battery of footshocks. That likely
occurred because the freezing response prevented the animals from engaging in the
instrumental drug-seeking response and is consistent with many studies showing an
inability of animals to perform instrumental actions in a state of high fear (e.g., Bouton &
Bolles, 1980). It is also important to note that although in Experiment 1 four footshocks
in Context A were sufficient to produce a robust SEFL effect, we decided to move

forward with 15 footshocks in subsequent experiments for several reasons. In our
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laboratory we have repeatedly found that freezing behavior in rats following four
footshocks is rapidly extinguished and does not produce a lasting fear response
(unpublished observations). In addition, all experiments investigating the SEFL effect
(including the original report that demonstrated it persists up to 90 days) have included
a 0 and 15 footshock group with no 1 or 4 footshock group. Therefore, we sought to
make meaningful comparisons to the current literature by using the same experimental
groups. Indeed, in Meyer et al. (2013), the report that found effects of massive
footshock on ethanol drinking and initiated this series of experiments, only 0 and 15
footshock groups were used. Because refining the procedures used in animal studies is
such an important endeavor, future studies investigating this effect may seek to replace
the 15 footshock group with 4 footshocks.

In Experiment 4, we aimed to reveal an effect of the massive battery of
footshocks on the reinstatement of drug-seeking behavior that was not confounded by
differences in a freezing response during the reinstatement session. We therefore
evaluated several tests that may result in a reinstatement or return of drug seeking. We
found that regardless of shock history, brief restraint did not reinstate drug seeking.
Previous literature has demonstrated mixed effects of restraint to induce reinstatement
of drug seeking (Sanchez et al., 2003; Shalev et al., 2000). However, allowing time to
pass between extinction and a subsequent test did cause spontaneous recovery of drug
seeking in both groups. Animals demonstrated footshock-induced reinstatement, but
this was not specific to the active lever, which is consistent with findings that shocks
evoke general activity both during and soon after their presentation (Fanselow, 1982).

Although other studies have documented shock-induced reinstatement, the specificity of



50

this effect to the drug-seeking lever is not always clear (see McFarland, 2004; Shaham
et al., 1998; Lé et al., 1999; Liu & Weiss, 2002).

Our most consistent finding was that massive footshocks outside of the drug-
seeking contexts resulted in an increase in cue-induced reinstatement or expression of
cue-associated CPP (Experiments 4-6), even though the shocks did not immediately
alter acquisition, maintenance, or extinction of drug-seeking behaviors. In general,
effects on drug seeking that have been revealed during acquisition involve repeated
stressors (e.g., Goeders & Guerin, 1994; Lewis et al., 2013). Shaham and Stewart
(1994) found that intermittent footshock prior to several daily self-administration
sessions increased the progressive ratio breakpoint for heroin. Other work has shown
that stressors administered outside of the drug-associated context, including chronic tail
pinch (Piazza et al., 1990), social defeat (Tidey & Miczek, 1997), or exposure to a hot
plate or repeated footshocks (Ramsey & Van Ree, 1993) increase acquisition of self-
administration. A more recent report in a procedure similar to ours found that repeated
exposures to predator odor over 5 days had no effects on acquisition or extinction of
METH seeking, but resulted in enhanced cue-induced reinstatement (Ferland et al.,
2016). Thus, there is precedent for observing an effect that is specific to cue-induced
reinstatement, but it remains possible that our specific parameters for acquisition or
extinction were not sensitive enough to reveal differences as a function of history of
shock. Exploring different response requirements or session durations would be useful
for future characterizations of these effects.

The novelty of our findings is that a single, acute stressor delivered outside of the

self-administration context resulted in persistent effects on drug seeking in a different
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context. The effects were similar when the acute stressor occurred prior to acquisition or
during maintained responding for METH. A study by Meyer et al. (2013) found that the
same acute, massive shock stressor used here causes persistent changes in alcohol
consumption, but only in those animals that had not established drinking patterns prior
to shock. Determining how this shock stressor interacts with drug taking, drug seeking,
and previous drug history will be important next steps in evaluating this model of
comorbidity.

In humans, it has been repeatedly reported that individuals that are comorbid for
PTSD and SUDs do not differ from individuals with SUDs alone in substance use
severity (Brown, Stout & Mueller, 1999; Eggleston et al 2008), but are more likely to
relapse (Tate et al., 2004; Kubiak, 2004; Burns et al., 2010; Najt, Fusar-Poli, &
Brambilla, 2011). This finding is corroborated by the results in our experiments revealing
no differences in acquisition or maintenance between previously shocked or unshocked
rats, but shocked rats showed greater reinstatement after successful extinction. The
specificity to cue-induced reinstatement makes this model a potentially powerful tool to
model the comorbid condition.

One particularly interesting finding from our experiments was that even though
Shock and No Shock groups did not differ at any point prior to cue-induced
reinstatement, the differences that occurred during the reinstatement session persisted
during subsequent drug- and cue-free tests. In Experiment 4, shocked animals
continued to show elevated responding over spontaneous recovery tests and additional
extinction sessions up to 25 days after the battery of footshocks. These findings suggest

that there may be an interaction between a past experience of stress and exposure to a



52

cue previously associated with drugs that causes a persistent resistance to extinction of
drug seeking.

Our finding that a battery of shocks before or during acquisition may confer an
increased vulnerability to reinstatement in response to cues previously paired with drug
is also consistent with human studies of addiction and PTSD. A meta-analysis of cue-
induced reactivity found that the effect size for self-reported cravings in addicts following
exposure to drug-related cues was large across a wide range of drugs, arguing in favor
of the importance of a model of heightened cue-induced reactivity (Carter & Tiffany,
1999). It has also been shown that PTSD symptom severity correlates with self-reports
of cue-elicited craving in comorbid individuals (Saladin et al., 2003). The relationship
between a history of trauma and substance use may explain in part why individuals with
anxiety disorders have an increased vulnerability to relapse, even following long periods
of abstinence, especially in response to previously drug-paired cues (Bradizza et al.,
2006). Our experiments demonstrate in rodents that this heightened cue-induced
reactivity persists long-term and interferes with the extinction of drug-seeking behaviors.

Massive footshock produced significantly elevated levels of CORT relative to
exposure only controls immediately following footshock, but these levels normalized
quickly and remained at baseline for five weeks post footshock. A five-week range was
selected to investigate if CORT levels were elevated during tests of reinstatement in
Experiments 4 and 5, thus driving the enhancements in cued responding. In addition, a
DEX challenge revealed that a single bout of massive footshock did not produce an
alteration to the HPA axis’s ability to provide reliable negative feedback. Our findings fall

in agreement with human literature that individuals with PTSD do not exhibit chronically
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elevated levels of cortisol (e.g., Meewisse et al., 2007; Yehuda & Seckl, 2011). Because
we did not sample blood at shorter time points (30, 60, 90 min) following footshock it is
unclear when exactly CORT is normalized within this study. However, we were primarily
interested in investigating long-term changes in CORT that may be responsible for our
observed enhancements in cued-responding. Because CORT levels over time remain
the same between groups and there is no difference between groups in responses to
dexamethasone it is unlikely that chronic elevations in CORT or impaired sensitivity to
negative feedback are responsible for this effect. It should be noted, however, that
these tests do not entirely rule out the potential for HPA involvement in these effects.
Dysregulation of the HPA at the level of the pituitary or adrenal response to corticotropin
releasing factor or adrenocorticotropic hormone (ACTH), respectively, may still influence
behavioral responses or the development of PTSD-like symptoms. It has been well
established that traumatic brain injuries (TBI) pose a substantial risk to pituitary function
(reviewed in Aimaretti and Ghigo, 2005). Because TBI sustained from explosive blasts
remains one of the most common injuries for combat veterans (Military Health System,
2011) dysregulation of the pituitary and subsequent abnormalities in target-organ
hormone levels (Wilkindson et al., 2012) may contribute to PTSD symptomology. It has
also been shown that individuals with PTSD demonstrate greater release of ACTH in
response to metyrapone, indicating increased activity of the pituitary (Yehuda et al.,
1996). Therefore, there remains the possibility that dysregulation of the HPA axis (in the
form of alterations to pituitary function) may contribute to the expression of PTSD-like
symptoms in general, as well as the behavioral enhancements in drug-seeking

observed in the self-administration experiments. In addition, differences in
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glucocorticoid receptor density were not assessed in these studies. Previous work has
shown that individuals with PTSD express significantly elevated levels of glucocorticoid
receptors on lymphocytes, even when urinary levels of cortisol were similar to controls
(Yehuda et al., 1993). Future studies should continue to probe the role of the HPA in the
development of PTSD, especially in cases where individuals may be comorbid for a TBI.
It is also worth noting that the fear assessment to the massive footshock-associated
context occurred nearly 7 weeks following footshock, suggesting the massive footshock
protocol used in these studies produces persistent alterations in fear behavior,
consistent with previous reports (e.g., Rau & Fanselow, 2009).

Our findings reflect a novel, interactive model of fear conditioning and drug
seeking that demonstrates the ability of stress during a single session in a specific
context to lead to persistent changes in drug seeking in another context. These changes
include reinstatement to drug-related cues and a resistance to extinction following
reinstatement. Clinical studies have shown that trauma-focused treatments are
significantly more effective at improving SUDs in comorbid individuals (Hien et al.,
2010), suggesting that our preclinical approach could be used in situations that may
better model the clinical condition (Hariri & Holmes, 2015). Because this model involves
measurable behavioral responses in the stress-associated context (freezing) and the
drug-associated context (drug seeking), it can serve as a tool for understanding the
relation between learned fears and substance abuse, as well as the potential to test

novel therapeutic agents designed to weaken fear and attenuate reinstatement.



Supplemental Information

Table S1.

Experiment Session Effect Fvalue | DF p value
group <1.0 1,11 > .05
session 2.7 8,88 <.01
lever 7.8 1,11 > .05

FR1 session x group <1.0 8,88 > .05
session x lever 1.8 8,88 0.08
lever x group 1.3 1,11 > .05
session x lever x group <1.0 8,88 > .05
group <1.0 1,11 > .05
session 1.3 18,198 > .05
lever 10.9 1,11 <.01

Experiment 2 FR5 session x group <1.0 18,198 > .05
session x lever 1.5 18,198 0.07
lever x group <1.0 1,11 > .05
session x lever x group 0.1 18,198 > .05
group <1.0 1,11 > .05
session 3.3 2,22 .052
lever 8.1 1,11 < .05

Extinction | session x group <1.0 2,22 > .05
session x lever 4.4 2,22 < .05
lever x group 0.1 1,11 > .05
session x lever x group <1.0 2,22 > .05
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Table S2.

Experiment Session Effect Fvalue | DF p value
group 3.8 3,27 > .05

session 1.7 3,27 > .05

lever 8.8 1,9 .01

FR1 session x group <1.0 3,27 > .05

session x lever 1.6 3,27 > .05

lever x group <1.0 1,9 > .05

session x lever x group 0.9 3,27 > .05

group <1.0 1,9 > .05
session 4.9 3,27 <.01
lever 36 1,9 <.001

Experiment 4 FR3 session x group <1.0 3,27 > .05
session x lever 2.9 3,27 0.051

lever x group 1.0 1,9 > .05

session x lever x group 3.0 3,27 > .05

group 1.5 1,9 > .05
session 1.2 5,45 > .05
lever 28.2 1,45 <.001

FI:EO(EI:;E_ session x group 2.1 5,45 0.08
session x lever <1.0 5,45 > .05
lever x group 1.4 1,9 > .05
session x lever x group <1.0 5,45 > .05
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Table S3.

Experiment Session Effect F value DF p value
group 2.9 1,9 > .05
session 15.9 1,9 <.01
lever 15.7 1,9 <.01

Fiigii;t_ session x group 2.4 1,9 > .05
session x lever 11.3 1,9 <.01
lever x group <1.0 1,9 > .05
session x lever x group 1.6 1,9 > .05
group <1.0 1,9 > .05
session 1.3 13,117 > .05
lever 22.0 1,9 <.01

Experiment 4 FR10 session x group 1.0 13,117 > .05
session x lever <1.0 13,117 > .05
lever x group <1.0 1,9 > .05
session x lever x group <1.0 13,117 > .05
group 1.4 1,9 > .05
session 8.5 2,18 <.01
lever 23.1 1,9 <.01

Extinction session x group <1.0 2,18 >.05
session x lever 5.8 2,18 <.05
lever x group 2.6 2,9 > .05
session x lever x group <1.0 2,18 > .05
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Table S4. Tests of Reinstatement. Session in these analyses has two levels (extinction prior
o to reinstatement test and the reinstatement test itself)

Reinstatement

Experiment Test Effect F value DF p value
group 1.6 1,9 > .05
session 7.9 1,9 <.05
lever 12.7 1,9 <.01

Restraint session x group 1.8 1,9 > .05
session x lever 4.0 1,9 > .05
lever x group 4.0 1,9 > .05
session x lever x group 1.2 1,9 > .05
group 3.4 1,9 0.09
session 51.3 1,9 <.0001
lever 51.4 1,9 <.0001
Cue-Induced session x group 7.1 1,9 <.05
session x lever 37.6 1,9 <.0001
lever x group 8.2 1,9 <.05

Experiment 4 session x lever x group 5.3 1,9 <.05
group 1.1 1,9 > .05
session 29.1 1,9 <.001
lever 51.5 1,9 <.001

Retention session x group 2.6 1,9 > .05
session x lever 59.5 1,9 <.001
lever x group <1.0 1,9 > .05
session x lever x group 2.1 1,9 > .05
group 5.0 1,9 0.05
session 7.3 1,9 <.05
lever <1.0 1,9 > .05
Footshock session x group 2.7 1,9 > .05
session x lever <1.0 1,9 > .05
lever x group <1.0 1,9 > .05
session x lever x group <1.0 1,9 > .05




Table S5.

Experiment Session Effect Fvalue | DF p value
group 1.4 1,9 > .05
session 8.5 2,18 <.01
lever 23.1 1,9 <.01

Extinction session x group <1.0 2,18 >.05
session x lever 5.8 2,18 < .05

lever x group 2.6 1,9 > .05

session x lever x group <1.0 2,18 > .05

group <1.0 1,9 > .05

session 6.0 3,27 <.001

L lever 20.1 1,9 <.01
Affé(:ll‘:ec::c?:int session x group 1.6 3,27 > .05
session x lever 1.4 3,27 > .05

lever x group 4.1 1,9 > .05

Experiment 4 session x lever x group <1.0 3,27 >.05
group 2.2 1,9 > .05

session 5.8 5,45 <.001

Extinction lever 66.3 1,9 <.001
After Cued session x group <1.0 5,45 > .05
Reinstatement | session x lever 9.8 5,45 <.001
lever x group 10.7 1,9 <.01

session x lever x group 2.4 5,45 <.05

group 2.7 1,9 > .05

session 2.3 12,108 <.01

Extinction lever 11.7 1,9 <.01
After session x group 2.4 12,108 <.01
Retention | session x lever 3.2 |12,108| <.01
lever x group 1.3 1,9 > .05

session x lever x group 2.5 12,108 .069
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Table S6.

Experiment Session Effect F value DF p value
group <1.0 1,13 > .05

session <1.0 2,26 > .05

lever 20.7 1,13 .001

FR1 session x group <1.0 2,26 > .05

session x lever <1.0 2,26 > .05

lever x group <1.0 1,13 > .05

session x lever x group 1.2 2,26 > .05

group <1.0 1,13 > .05

session 2.7 1,13 > .05
lever 31.5 1,13 <.001

FR3 session x group <1.0 1,13 > .05

session x lever <1.0 1,13 > .05

lever x group <1.0 1,13 > .05

Experiment 5 session x lever x group <1.0 1,13 > .05
group <1.0 1,13 > .05
session 6.0 9,117 <.001
lever 34.2 1,13 <.001

FR5 session x group 1.2 9,117 > .05

session x lever <1.0 9,117 > .05

lever x group <1.0 1,13 > .05

session x lever x group <1.0 9,117 > .05

group <1.0 1,13 > .05
session 9.3 4,52 <.001
lever 49.4 1,13 <.001

Extinction session x group 1.0 4,52 > .05
session x lever 10.7 4,52 <.001

lever x group 2.1 1,13 > .05

session x lever x group 1.5 4,52 >.05
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CHAPTER 3

The effects of histone deacetylase inhibitors during retrieval and extinction
on stress-enhanced fear learning

Contributions: TM Navis assisted in the collection of behavioral data in the experiment
involving massive behavioral extinction.
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Abstract

A component of treatments for PTSD is the re-experiencing of the traumatic
memory in a safe setting. One of the challenges in modeling this type of exposure
therapy is that many of the rodent models of PTSD involve exposure to multiple
stressors that lack a tractable behavioral measure of memory. Therefore, little is known
about how extinction learning in a given context might affect fear responses in other
contexts. Here, we evaluate extinction following SEFL. SEFL is a highly translatable
model of PTSD in which animals that receive a massive bout of footshock in one
context demonstrate exaggerated fear responses to a single footshock in a different
context. Using this model we can investigate how extinction training following massive
footshock in a distinct context modifies behavioral responses in non-trauma associated
contexts. A failure of extinction learning to persist long-term is a particularly challenging
aspect in the treatment of PTSD, but promoting learning through the use of epigenetic
modulators may hold promise for enhancing extinction-related learning. Specifically,
histone deacetylase inhibitors (HDACi) have been used to enhance extinction of both
fear and drug-related memories, but their success in the literature is mixed, with some
reports demonstrating null or detrimental findings. Here, we investigate the ability of two
HDACIi to enhance extinction following SEFL. We find that the both the pan-HDACI
sodium butyrate (NaB and the HDAC3 specific inhibitor RGFP 966 fail to enhance the
extinction of fear and do not attenuate the SEFL effect. We also find that behavioral
extinction in the trauma-associated context is capable of attenuating the exaggerated

fear responses observed in neutral contexts.
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Introduction

Many treatments for PTSD rely on retrieval of memories, but many common
laboratory approaches to PTSD do not have easily measurable memory components
(e.g., chronic variable stress, single prolonged stress). SEFL is a powerful model of
PTSD that takes advantage of well characterized behavior and neurobiological
mechanisms involved in fear learning and leads to lasting changes in responsivity to
mild shocks and to other challenges (Pizzimenti, Navis, & Lattal, 2017; Rau et al.,
2005). Briefly, in this procedure animals that receive massive footshock in a specific
context demonstrate significantly elevated freezing in response to a single footshock
delivered in a different context. This model captures the ability of a traumatic experience
to modify behavior in non-trauma associated contexts. In addition, this phenomenon has
been shown to persist up to 90 days (Rau & Fanselow, 2009) and even in contexts that
have long been associated with reward (Pizzimenti, Navis, & Lattal, 2017).

Exposure therapy is a key component of many treatments for PTSD. Much of
what is known about the neurobiology of exposure comes from studies of extinction in
the rodent lab. These studies have found that extinction, the loss of a behavioral
response that was once evoked by a conditioned stimulus, does not reflect the loss of
the original associative learning that produced that response (Bouton et al., 2006;
Berman & Dudai, 2001, but instead reflects the development of new learning. Several
behavioral phenomena (e.g., spontaneous recovery, reinstatement, rapid reacquisition)
demonstrate that under certain conditions, the original learning may be recovered and
expressed (reviewed in Bouton, 2002). This is likely due to several mitigating factors,

particularly that extinction learning appears to be especially dependent on the context in
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which the learning occurred (Vlachos et al., 2011; Maren et al., 2013). Although
extinction has been examined after many different conditioning procedures, little is
known about extinction in conditions that lead to a SEFL response.

Recent research has focused on ways to enhance extinction pharmacologically.
One particularly promising approach is targeting epigenetic mechanisms to create
lasting changes in gene expression that may be needed to inhibit salient memories.
One mechanism that has been extensively characterized is promoting histone
acetylation through the systemic administration of HDACi which have been shown to
promote extinction learning in both fear and drug-related learning paradigms (Whittle &
Singewald, 2014). Our chromosomes are comprised of DNA and related proteins
wrapped tightly around histones, a material that is collectively known as chromatin.
When acetyl groups are removed from the lysine tails on histones by a class of
enzymes known as HDACs the chromatin structure closes, causing the histones to be
packaged so tightly that genes are no longer accessible to the cellular machinery,
attenuating protein synthesis (reviewed in Chen, Zhao, & Zhao, 2015). HDAC:i force the
chromatin to remain in an open, permissive state by preventing HDACs from removing
acetyl groups from histones, thus prolonging protein synthesis (reviewed in Abel &
Zukin, 2008). When HDACI are paired with a learning event the chromatin structure
remains open and permissive for a longer period, thus increasing the amount of protein
synthesis related to that learning event.

Our current understanding of what is known about the enhancement of extinction
responding using HDACi largely comes from studies using relatively mild conditioning,

which may not accurately capture the etiology of PTSD, nor the role of histone
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acetylation and HDAC:s in fear learning. Indeed, Federman et al (2009) found that H3
acetylation occurred only following strong fear training, suggesting that the involvement
of acetylation in fear conditioning is dependent on the degree of conditioning. Therefore,
using this model we can investigate the ability of behavioral extinction to attenuate the
exaggerated fear response to a neutral context in a strong model of PTSD.

It has previously been shown that HDACi can promote the extinction of fear
learning (Stafford et al., 2012) and the extinction of drug-seeking behavior (Malvaez et
al., 2010). However, the ability of HDACi to promote extinction learning remains mixed
in the literature, with some demonstrations that HDACi have null or deleterious effects
on extinction. Specifically, Bowers et al. (2015) found that the Class | HDACi RGFP 963
enhanced extinction of cued fear, but RGFP 966, a strong inhibitor of HDAC3, did not
significantly enhance consolidation of cued fear extinction. Others have found that
knockout of HDAC1 does not affect cued or contextual fear learning or extinction (Morris
et al., 2013) or that knockout of HDAC1 prevents extinction of contextual fear (Bahari-
Javan et al., 2012).

In this paper, we first probe the ability of moderate (Experiment 1) and relatively
strong (Experiment 2) behavioral extinction to attenuate the SEFL effect. There is
evidence that animals trained during the light cycle acquire fear faster, extinguish fear
more slowly, and demonstrate greater levels of contextual fear when tested (Albrecht &
Stork, 2017; Chaudhury & Colwell, 2002) when compared with dark trained animals.
Therefore, in Experiment 3 we also investigate the role of the light cycle in influencing

behavioral responses to the extinction of fear in this model.
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We also investigate the ability of two HDACi to promote the extinction of fear
learning following massive footshock. In Experiment 4, we use NaB, a pan-HDACi that
inhibits the activity of all classes of HDACs. Because HDACS is the most highly
expressed Class | HDAC in the brain and has previously been shown to be a critical
regulator of learning and memory (McQuown et al., 2011) we use the HDAC3 specific
inhibitor RGFP 966 with combination with brief (Experiment 5) and extended
(Experiment 6) extinction. Together, these experiments shed light on the role of
behavioral extinction in augmenting fear responses to mild or neutral stimuli following

exposure to a massive bout of footshock.

Methods and Materials

Animals

Two-hundred and two male, Long Evans rats (Charles River) that weighed 275-
300 g (~9-11 weeks of age) at the start of the experiments were single housed in a
temperature (22 °C = 1 °C) and humidity-controlled (70%) vivarium and were
maintained on a 12/12 hr dark/light cycle (lights off 6:00 am/lights on 6:00 pm).
Experiments were performed during the dark phase of the light cycle, with the exception
of Experiment 11 which was partially conducted during the light phase. Animals were
given access to food and water ad libitum throughout the duration of the experiment.
Housing conditions and treatment of these animals were approved by the Oregon
Health & Science University Institutional Animal Care and Use Committee and

conducted in accordance with the ethical guidelines of the National Institutes of Health.
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Drugs

NaB (Sigma) was dissolved in sterile water and administered at a dose of 1.2 g/kg
(Malvaez et al., 2010) via an IP injection. RGFP 966 (Abcam) was dissolved in 75%
PEG 400 and 25% 6.25mM sodium acetate and administered at a dose of 10 mg/kg

(Malvaez et al., 2013) via an SQ injection.

Apparatus

Context A: Conditioning chambers (exterior dimensions: 31.8cm L x 25.4 W x 26.7cm
H, Med Associates, St. Albans, VT) were housed within sound attenuating chambers
(Med Associates, St. Albans, VT). Chambers were outfitted with a houselight centered
on the top panel that was illuminated throughout the duration of each session. Grid
floors composed of 19 stainless steel rods (0.48 cm diameter with 1.6cm spacing
between them) were connected to shocker/scramblers (Med Associates, St. Albans, VT)
that delivered footshock. During conditioning sessions red light was used to illuminate

this room. Between cohorts 0.5% bleach was used to clean the chambers.

Context B: Conditioning chambers (exterior dimensions: 31.8cm L x 25.4cm W x
34.3cm H, Med Associates, St. Albans, VT) housed within sound attenuating cubicles
(Med Associates, St. Albans, VT) were located in a different room than Context A. In
addition to a houselight that was illuminated throughout the duration of each session,
these chambers were outfitted with two retracted operant levers with a stimulus light
above each lever (these stimulus lights were never illuminated during these

experiments). Grid floors were identical to those used in Context A. During conditioning
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sessions white light was used to illuminate this room, and 95% ethanol was used

between cohorts to clean the chambers.

General Procedures

Stress-Enhanced Fear Learning

This procedure was adapted from the paradigm originally developed by Rau, DeCola, &
Fanselow in 2005. Animals are exposed to 0 or 15 footshocks in Context A (variable IS,
4-8 min, 1 mA, 1 sec) over the course of 93 min. Twenty-four hours later animals are
reexposed to Context A during a 12 min test during which no shocks are presented (in
Experiments 1 and 2 an 8.5 min test was used). The following day all animals,
regardless of their treatment in Context A receive a single, 1 mA footshock in Context B
following a 3 min and 12 second delay. All animals remain in Context B for an additional
30 seconds following footshock before being removed. Twenty-four hours later animals
are tested for fear behavior in Context B during a 12 min test during which no shocks

are delivered (in Experiments 1 and 2 an 8.5 min test was used).

Freezing
Freezing behavior is interpreted as an index of fear, where higher levels of freezing
indicate higher levels of fear. Freezing behavior, defined as the lack of movement

except that which is required for breathing, was sampled every 8 s.
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Experiment 1: Moderate Behavioral Extinction Does Not Attenuate the SEFL
Effect

All animals received 15 footshocks (variable 1SI, 4-8 min, 1 mA, 1 sec) over 93 min in
Context A (contexts were counterbalanced across groups). The following day animals
received either 1 min (N=8), 6 min (N=8), or 30 min (N=8) of extinction in Context A or 0
min of extinction but were handled in the homecage (N=8). Twenty-four hours all
animals received a single footshock in Context B, followed by an 8.5 min Context B test
the following day. Twenty-four hours later animals were re-exposed to Context A during

an 8.5 min test.

Experiment 2: Massive Behavioral Extinction Attenuates the SEFL Effect

Animals received (N=23) 15 footshocks (variable ISI, 4-8 min, 1 mA, 1 sec) or 0
footshocks (N=24) over 93 min in Context A. The following day half of the animals that
received 15 footshocks (N=11) and half of the animals that received 0 footshocks
(N=12) returned to Context A and were given 30 min of extinction, which was repeated
once per day for two additional days resulting in 3, once daily 30 min extinction
sessions. Twenty-four hours later all animals received a single 1 mA, 1 sec footshock in
Context B; the following day fear was assessed during an 8 min 26 second Context

Test. The following day animals were re-exposed to Context A.

Experiment 3: SEFL Training During the Light Cycle Promotes Acquisition of Fear
All animals received 15 footshocks (variable 1SI, 4-8 min, 1 mA, 1 sec) over 93 min in

Context A; half of the animals (N=16) received footshock beginning 2 hours into the
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dark cycle, half (N=16) received footshock 2 hours into the light cycle. Animals that were
conditioned during the dark cycle received all subsequent behavioral training/tests in the
dark cycle, and all animals that were conditioned during the light cycle received all
subsequent behavioral training/tests in the light cycle at the same time of day as initial
conditioning. Twenty-four hours following conditioning animals were returned to Context
A and were given 30 min of extinction, which was repeated once per day for two
additional days resulting in 3, once daily 30 min extinction sessions. The next day
animals received a single 1 mA, 1 sec footshock in Context B; the following day fear
was assessed during a 12 min test. Twenty four hours later all animals were returned to

Context A and fear was assessed during a 12 min test.

Experiment 4: Sodium Butyrate Prevents Extinction

All animals received 15 footshocks (variable 1SI, 4-8 min, 1 mA, 1 sec) over 93 min in
Context A. The following day animals either received 3 (n=16) or 24 (n=15) min of
extinction in Context A, or were handled in the homecage (n=16). Half of the animals
from each extinction group received NaB immediately following extinction, and half
received saline. Twenty-four hours later all animals were tested for contextual fear
during a 12 min test in Context A. The next day all animals received a single 1 mA, 1
sec footshock in Context B; twenty-four hours later contextual fear was assessed during

a 12 min test.
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Experiment 5: The HDAC3 Specific Inhibitor RGFP 966 Does Not Enhance
Moderate Extinction

Animals received 15 footshocks in Context A (counterbalanced across contexts).
The following day all animals received 6 min of extinction in Context A. Animals
received an injection of vehicle (N=10) or RGFP 966 (N=10; 10 mg/kg, SQ) 10 min prior
to extinction. Twenty-four hours later all animals received a single, 1 mA footshock in
Context B. The following day animals received a 8.5 min Context B test, followed by a

12 min Context A test 24 hr later.

Experiment 6: The HDAC3 Specific Inhibitor RGFP 966 Does Not Enhance
Extended Extinction

Animals received 15 footshocks in Context A (counterbalanced across contexts). The
following day all animals received 30 min of extinction in Context A. Animals received
an injection of vehicle (N=12) or RGFP 966 (N=12; 10 mg/kg, SQ) 10 min prior to
extinction. Twenty-four hours later all animals received a single, 1 mA footshock in
Context B. The following day animals returned to Context B for a 12 min test. Twenty-
four hours later animals were returned to Context B for a 2"¥ 12 min test, followed by a
3 12 min test in Context B the following day. Twenty-four hours later animals were
exposed to Context A during a 12 min test. The next day all animals received a single

footshock in Context A, followed by a 2" 12 min Context A test 24 hr later.
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Results
Experiment 1: Moderate Behavioral Extinction Does Not Attenuate the SEFL
Effect

There was a main effect of time (F3,81)=86.79, p < .001) but no main effect of
group nor a group X time interaction (p < .05) during acquisition of fear (see Figure 9A).
Freezing levels during extinction are shown in Figure 9B.

There was a main effect of time (F(1,27)=60.83, p < .001) following a single
footshock in Context B such that freezing increased in all groups following footshock,
but there was no main effect of group nor a group x time interaction ( p > .05; Figure
9C). A one way ANOVA revealed there were no differences between groups during an
8.5 min Context B Test (F3,30= 1.56, p = .22; see Figure 9D). However, a simple t-test
comparing the 0 min and 30 min extinction groups revealed a significant (p < .05)
difference in levels of freezing. There were also no differences between groups during

an 8.5 min Context A Test (F3,30= 2.06, p = .12; see Figure 9E).
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Figure 9. Moderate Behavioral Extinction Does Not Attenuate the SEFL Effect. A) There were no
significant differences between groups during the acquisition of fear in Context A (p > .05). B) Percent
time freezing during 1 min (n=8), 6 min (n=8), or 30 min (n=8) extinction session in Context A in 1 min
bins. C) Prior to footshock in Context B, all animals, regardless of extinction training in Context A,
demonstrated low levels of freezing. Following a single footshock in Context B, all animals demonstrated
significantly elevated levels of freezing (p < .01). D) There were no significant differences between groups
during an 8.5 min Context B test. E) There were no significant differences between groups during an 8.5
min Context A test.
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Experiment 2: Massive Behavioral Extinction Attenuates the SEFL Effect

There was a main effect of time (F9,189= 4.61, p <.001), a main effect of group
(F¢1,21y= 22.07, p <.001), and a significant time x group interaction (F9,189)=6.29, p <
.001) on the first day of extinction such that animals that received 15 footshocks the day
prior demonstrated significantly elevated freezing during the first 7 of 10 time bins (p <
.05; see Figure 10B). There were no differences between groups on extinction day 2,
nor on extinction day 3 (p > .05; see Figure 10B).

There was a significant main effect of group following a single foot shock in
Context B (F3,43=15.1, p < .001), a significant main effect of time (F(1,43=41.12, p <
.001), with freezing increasing in general following a single footshock, and a significant
time x group interaction (F343)=7.78, p <.001). Animals that received 15 footshocks and
no extinction in Context A demonstrated significantly elevated freezing relative to
animals that had received 15 footshocks and 3 x 30 min extinction in Context A (p <
.001), with both groups demonstrating significantly elevated freezing relative to the 0
footshocks groups (p < .001); there was no difference between 0 footshocks groups (p >
.05; see Figure 10C).

During a Context B Test there was a significant main effect of time (Fg 344)= 6.62,
p <.001, group (F343=11.88, p <.001), and a significant group x time interaction
(F24,344)= 2.70, p <.001). There was no difference in freezing between animals that
received 15 footshocks and 3 x 30 min extinction in Context A and animals that had
received 0 footshocks (regardless of extinction condition; p > .05). Animals that received

15 footshocks and 3 x 30 min extinction in Context A demonstrated significantly lower
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levels of freezing relative to animals that received 15 footshocks with no extinction (p <
.05; see Figure 10D).

During a Context A Test there was a main effect of time (Fs24=4.29, p <.001), a
main effect of group (F343=58.58, p <.001), and a significant time x group interaction
(F(24,344y=2.84, p <.001). There was no difference between the 15 footshocks +
extinction, 0 footshocks + extinction, and the 0 footshocks + no extinction groups ( p >
.05), but the 15 footshocks + no extinction animals demonstrated significantly elevated
freezing during the Context A Test relative to all other groups (p < .001; see Figure

10E).
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Figure 10. Massive Behavioral Extinction Attenuates the SEFL Effect. A) Animals receiving 15
footshocks (n=23) in Context A demonstrated significantly elevated freezing relative to exposure only
controls (n=24; p < .05). B) On Day 2 animals with a history of footshock in Context A (n=11)
demonstrated significantly elevated freezing relative to exposure only controls (n=12) during the first 21
min of a 30 min extinction session in Context A (p < .05). There were no differences between groups at
any time during the second (Day 3) and third (Day 4) 30 min extinction session (p > .05). C) Prior to a
single footshock in Context B, all animals demonstrated low levels of fear. Following a single footshock
animals with a history of footshock in Context A and no extinction demonstrated significantly elevated
levels of freezing relative to all other groups (p < .05). D) During a Context B test animals that had
received 15 footshocks in Context A and no extinction demonstrated significantly elevated levels of
freezing (p < .05) relative to all other groups. Animals that received 15 footshocks and extinction in
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Context A demonstrated levels of fear that were consistent with animals without a history of footshock. E)

During a Context A test animals that had received 15 footshocks and no extinction demonstrated
significantly elevated levels of freezing (p <.05) relative to all other groups. * p < .05, *** p < .001
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Experiment 3: SEFL Training During the Light Phase Promotes Acquisition of
Fear

On experimental day 1 (15 footshocks in Context A) animals trained during the
light phase demonstrated significantly elevated freezing during the first 30 min of the
paradigm as evidenced by a significant main effect of time (F9, s70)= 50.168, p < .0001)
and a significant time x group interaction (F(29,870)=1.975, p=.002). There was no main
effect of group (F(1,30= 1.96, p=1.72; see Figures 11A and 11B). There were no
significant differences between groups during any day of extinction training (see Figure
11C).

Following a single footshock in Context B there was a significant main effect of
time (p < .001) such that all animals increased freezing following footshock, and a trend
towards a significant interaction of time x group (p = .06; see Figure 11D).

A Context B Test revealed a main effect of group (F1,30= 3.86, p = . 05), with
animals trained during the light phase demonstrating significantly elevated levels of
freezing, and a main effect of time (F(11,330)=6.155, p < .0001), but no interaction of time
x group (F11,330)= .860, p= .580; see Figure 11E).

A Context A Test revealed no main effect of time (F(11,330= .864, p= .57), no main
effect of group (F(1, 30= 1.1, p =.295), and no interaction of group x time (F11,330) = 1.02,

p = .42).
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Figure 11. SEFL Training During the Light Phase Promotes Acquisition of Fear. A) Sampled
freezing (in bins of 3 min) at 0, 30, 60, and 90 minutes during a 93 min footshock conditioning session. B)
Animals fear conditioned during the light phase (n=16) demonstrate significantly elevated levels of
freezing relative to animals conditioned during the dark phase (n=16) during the first 30 min of a 93 min
footshock paradigm (p <.05). C) There were no differences in freezing levels between groups on any day
of extinction (p > .05). D) Prior to delivery of a single footshock in Context B animals in both groups
demonstrated low levels of fear; following a single footshock in Context B both groups animals
demonstrated significantly elevated levels of freezing. E) Animals that were trained and tested during the
light cycle demonstrated significantly elevated levels of freezing during a Context B test (p < .05). ¥
indicates a footshock was delivered
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Experiment 4: Sodium Butyrate Prevents Extinction Consolidation

There was a main effect of time (F3,123=101.41, p <.0001) , but no main effect of
group (Fq1,41y=.045, p =.99) nor a group x time interaction (F(15,123=.11, p =1) during
acquisition of fear in Context A (see Figure 12A). Levels of freezing did not differ
between groups receiving the same length of extinction (p > .05; see Figure 12B).

A mixed factorial 2 x 3 RM ANOVA performed on freezing behavior during a 12
min Context A Test revealed a main effect of time (F3,123)= 9.88, p <.001), a main effect
of length of time extinguished (F(2,41)=4.00, p = .02), a trend toward a significant
interaction of time x length of time extinguished (F,123)=1.8, p =.09), a significant time x
drug treatment interaction (F,123)= 1.17, p = .05), and a significant time x length of time
extinguished x drug treatment interaction (F,123=3.23, p < .01). All other main effects
and interactions were not significant (p > .05; see Figure 12C).

All animals showed a significant increase in freezing following a single footshock
in Context B (main effect of time; F(141)= 107.31, p <.001). There was a significant
interaction of drug treatment and extinction time (F@241)= 3.74 p = .03), and a trend
toward an interaction of time x length of time extinguished (F(2,41)=2.84, p = .07). All
other main effects and interactions were not significant (p > .05; see Figure 12D).

A Context B Test revealed a significant main effect of time (F3,123= 9.77, p <
.001) such that, in general, freezing decreased over time, and a significant interaction of
drug treatment x time extinguished (F@241)= 3.15, p = .05; see Figure 12E). All other

main effects and interactions were not significant (p > .05).
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Figure 12. Sodium Butyrate Prevents Extinction. A) There were no differences between groups during
acquisition of fear in Context A (p > .05). B) Animals received 3 (n=16) or 24 min (n=15) min extinction in
Context A (displayed in 3 min bins). C) During a Context A test there was a significant time x group x
length of time extinguished interaction such that NaB promoted fear in animals that received extinction
training. D) Prior to the onset of footshock in Context B all animals demonstrated low levels of fear;
following a single footshock all animals demonstrated significantly elevated levels of fear relative to the
preshock period. E) During a Context B test there was a significant interaction of drug treatment x length
of time extinguished. (Ext: Extinction)
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Experiment 5: The HDAC3 Specific Inhibitor RGFP 966 Does Not Enhance Brief (6
min) Extinction

There was a main effect of time (Fz54)= 102.83, p <.001) but no main effect of
group, nor a group X time interaction during acquisition (p > .05; see Figure 13A). There
was a main effect of time during extinction (F,18=25.02, p < .001) such that freezing
increased in both groups over time, but no main effect of group nor a group x time
interaction (p > .05 see Figure 13B).

Following a single footshock in Context B there was a main effect of time such
that all animals increased freezing (F1,18y= 11.34, p <.001), but there was no main
effect of group nor a group x time interaction (p > .05; see Figure 13C).

There was a main effect of time such that freezing decreased over time (Fs,144)=
4.72, p <.001) during a Context B Test, but no main effect of group nor a group x time
interaction (p > .05; see Figure 13D). There was a main effect of time (Fs,144=4.72 ' p
<.001) during a Context A Test, but no main effect of group nor a group x time

interaction (p > .05; see Figure 13E).
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Figure 13. RGFP 966 Does not Enhance Brief Extinction. A) There was no difference between groups
during the acquisition of fear in Context A (p > .05). B) Groups did not differ during a 6 min ext session in
Context A (p < .05). C) Following a single footshock in Context B both vehicle (n=10) and RGFP 966
(n=10) treated animals demonstrated significantly elevated levels of freezing (p < .05), although there was
no difference between groups (p > .05). D) There was no difference between groups during a Context B
Test (p > .05). E) There was no difference between groups during a Context A test (p > .05).
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Experiment 6: The HDAC3 Specific Inhibitor RGFP 966 Does Not Enhance
Extended Extinction

There was a main effect of time (Fze6= 112.29, p <.001) , but no main effect of
group nor a group x time interaction during acquisition (p > .05; see Figure 14A). There
was a main effect of time (F9,198)= 7.10, p <.001), but no main effect of group nor a
group x time interaction during extinction (p > .05; see Figure 14B).

There was a main effect of time (F(1,22)= 84.40, p <.001) such that both groups
increased freezing following a single footshock in Context B, but there was no main
effect of group, nor a group x time interaction (p > .05; see Figure 14C).

There was a main effect of time (F(11,242)= 17.12, p <.001) such that freezing
decreased over time, but no main effect of group, nor a group by time interaction during
Context B Test 1 (p > .05). There was a main effect of time (F(11,242)= 2.87, p =.01)
such that freezing decreased over time, but no main effect of group, nor a group by time
interaction (p > .05) during Context B Test 2. There was no main effect of time or
group, nor a group by time interaction (p > .05) during Context B Test 3 (see Figure
14D).

There was no main effect of time or group (p > .05), but there was a trend toward
a time x group interaction (F11,242)= 1.65, p =.08) during Context A Test 1 (see Figure
14E). There was a main effect of time (F1,22)= 28.71, p <.001) such that both groups
increased freezing following a single footshock in Context A, but there was no main
effect of group, nor a group x time interaction (p > .05; see Figure 14F). There was no

main effect of group (p > .05), but there was a main effect of time (F(11,242)= 3.54, p <



84

.001) and a significant time x group interaction (F(11,242= 1.81, p =.05) during Context A

Test 2 (see Figure 14G). Posthoc analysis did not reveal significance (p > .05).
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Figure 14. RGFP 966 Does not Enhance Extended Extinction. A) All animals received 15 footshocks
in Context A. B) There was no significant difference in levels of freezing between groups during a 30 min
extinction session in Context A. C) Both vehicle (n=12) and RGFP 966 treated (n=12) animals
demonstrated low levels of freezing prior to the onset of footshock in Context B (p > .05); following
footshock all animals demonstrated a significant enhancement in freezing (p < .05). D) There was no
difference in levels of freezing between groups during any 12 min test in Context B (Context B Test 1,
Context B Test 2, and Context B Test 3 shown in 1 min bins). E) There was no difference between groups
in levels of freezing during a 12 min Context A Test. Both groups showed minimal levels of freezing
throughout the session. F) All animals, regardless of drug treatment, demonstrated extremely low levels
of freezing prior to the onset of footshock in Context A. Following footshock, all animals significantly
elevated freezing levels, but there were no differences between groups. G) There was a significant
interaction of time x group (p < .05) such that the vehicle treated animals demonstrated elevated levels of
fear early on, but these levels drop over the course of the session.
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Discussion

These experiments demonstrate that SEFL produces long-lasting alterations in
fear responses to mild stimuli across a number of conditions. In general, the most
robust finding from these experiments is that the length of behavioral extinction is the
most powerful predictor of attenuated fear responses following massive footshock. In
Experiment 1 we probed the ability of behavioral extinction to attenuate the SEFL effect
by testing different lengths of extinction (1, 6, or 30 min) in Context A and found that
none attenuated the SEFL effect in Context B. However, when the data was analyzed
using a simple t-test to compare the 0 min extinction group with the 30 min extinction
group (rather than a RM ANOVA on all four groups) we did find that 30 min extinction
attenuated the SEFL effect. This suggested that longer lengths of behavioral extinction
may in fact confer a protective effect in this model.

In Experiment 2 we therefore investigated if over-extinction was capable of
attenuating the SEFL response and found that massive behavioral extinction attenuated
the SEFL effect entirely. This finding is at odds with previously published data that found
that five rounds of behavioral extinction in animals with a history of massive footshock
was still incapable of attenuating the SEFL effect (Rau, De Cola, & Fanselow, 2005).
Both experiments used the same strain of rat and identical behavioral procedures, but
the animals used in this report were housed in a reverse light/dark facility; the animals
used in Rau’s experiments were not. Previous work has demonstrated that animals that
receive fear conditioning during the light phase demonstrate significantly elevated levels
of freezing relative to animals conditioned during the dark phase, even when animals

are housed in constant darkness, and show greater levels of contextual freezing
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following conditioning (Chaundry & Cowell, 2002). We therefore hypothesized that
differences in behavioral training and testing as they related to the light cycle might
account for the difference between experiments. In Experiment 3 we sought to address
this by performing identical experiments during different phases of the light cycle.

As has been previously shown, animals that received footshock during the light
phase demonstrated significantly elevated freezing during the first third of the
acquisition paradigm. While this difference was not maintained during the entire
footshock period it is likely that both groups reached a ceiling following multiple
inescapable footshocks that washed out any potential group differences. Although there
were no group differences during extinction we found that animals that were trained and
tested during the light phase demonstrated significantly elevated levels of freezing
during a Context B test. However, the difference between groups in this experiment is
less dramatic than the difference between our data and Rau’s, suggesting that
additional factors may contribute to the persistence of the SEFL effect. Other potential
mitigating factors may include the type of bedding, cage material, or differences in
personnel. These data contribute to the growing evidence that circadian time influences
behavioral responses in fear related paradigms (reviewed in Albrecht & Stork, 2017). It
is important to note that the time of day is a confound in these experiments. Animals
trained and tested during the dark phase of the light cycle were run beginning at 8 am,
while animals trained and tested during the light phase of the light cycle were run
beginning at 8 pm. Therefore, animals differed on both phase of light cycle and time of
day. It is unclear if differences in behavior were driven by differences in learning that

occurred as a result of the light cycle or were simply artifacts of performance differences
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influenced by the light cycle. Because animals were not tested under common
conditions, inferences about what drives behavioral differences should be made
cautiously. Nonetheless, these data corroborate previous findings that demonstrate
enhanced fear learning during the light phase of the light/dark cycle (Chaudhury &
Colwell, 2002).

Because massive, but not moderate, behavioral extinction was capable of
attenuating the SEFL effect, we next investigated if pharmacological intervention with an
HDACI could promote the extinction of fear in this model. HDACi have previously been
shown to promote the extinction of fear behavior (Stafford et al., 2012) and drug-
seeking behavior (Malvaez et al., 2010; Malvaez et al., 2013). In Experiments 4 and 5
we investigated the ability of the pan-HDAC inhibitor NaB (Experiment 4) and the Class
| HDACi RGFP 966 (Experiment 5) to enhance extinction and attenuate fear responses.
In general, NaB seemed to promote fear, regardless of the length of extinction; rats that
were given either 3 or 24 min extinction demonstrated an ordinal trend towards greater
fear when NaB was administered prior to extinction. RGFP 966 appeared to have no
effect on extinction learning (see Figure 13 & 14).

Others have found little to no effect of HDACi on memory extinction (Guan et al.,
2009; Morris et al., 2013) or that there must be a significant reduction of fear during an
extinction session (within session extinction) in order for HDACi to influence behavior
(Whittle et al., 2013). A careful review of the mixed results on these findings reveals that
different learning models recruit different classes of HDACs that are paradigm specific
(Fischer et al., 2010) and acetylation patterns that are region-, task-, and age-specific

(Graff & Tsai, 2013). In addition, the specific activity of many HDACi remain elusive.
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For example, both RGFP 963 and RGFP 966 are Class | HDACi. However, Bowers et
al. (2015) demonstrated that when administered to mice at a dose of 10mg/kg, RGFP
963 reached brain levels of capable of inhibiting HDAC1, HDACZ2, and HDAC3; RGFP
966 administered at the same dose (10mg/kg, the same as the dose used in this paper)
only reached levels capable of inhibiting only HDAC3, while minimally inhibiting HDAC1
and HDAC2. Therefore, it is clear that future studies should pay careful attention to the
role of specific HDACs in the form of learning being studied, as well as the ability of a
given HDACi to influence the activity of those HDACs.

The exact mechanism through which HDACi promote the extinction of fear
remains poorly understood. Despite their emerging use as therapeutic agents, it has
been shown that many genes are sheltered from global histone acetylation. Microarray
expression analysis revealed altered transcript levels in only ~9% of genes in HL60 cells
that were treated with different HDACi (vaproic acid, TSA, & suberoylanilide hydroxamic
acid; Halsall et al., 2012). Interestingly, these HDACi produced similar levels of up- and
down-regulation and rarely produced acetylation at the site of gene promoters.
Therefore, although HDACi have been shown to promote acetylation, including at the
site of gene promoters (reviewed in Struhl, 1998), it is unclear if it is through their effect
on acetylation that HDACi influence memory. It is also important to note that in these
studies we were unable to confirm that HDACi administration affected acetylation levels,
as animals could not be euthanized following administration. Often, the molecular
effects of HDACi are confirmed through immunohistochemistry using antibodies for

acetylated lysine residues on histones (e.g., Lys14 on H3, Stafford et al., 2012). In the
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studies described herein, we could not confirm the acetylation effects because animals
continued to be tested for several days following injection of HDACi.

Taken together these experiments demonstrate that SEFL is a powerful model of
PTSD that is resistant to mild behavioral extinction, but the stress-induced
enhancement in fear may be augmented through massive behavioral extinction.
Although HDAC: failed to promote extinction in this model, future studies should
systematically investigate the specific HDACs involved in this learning pattern and the
brain regions that demonstrate hyperacetylation. Understanding the specific
involvement of HDACs will allow investigators to select the most appropriate HDACi and

subsequently refine the use the HDACi as therapeutic options.
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CHAPTER 4

The effect of a histone decetylase-3 specific inhibitor on extinction in the

comorbid PTSD-SUD model

Contributions: TM Navis and E Kim assisted in the collection of behavioral data.
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Abstract

Relapse to drugs of abuse remains one of the most persistent challenges in
maintaining long-term abstinence. This challenge is especially true in individuals who
are comorbid for PTSD, as this disorder increases the likelihood of relapse, especially to
drug-related cues. Current strategies for treating SUDs include forms of behavioral
extinction therapy during which individuals learn to inhibit drug-seeking responses
elicited by previously drug-salient cues. The problem with this approach, however, is
that extinction learning is especially context dependent and when individuals encounter
cues in their home environment this extinction learning often fails and individuals
relapse. One strategy to promote extinction learning across time and contexts has been
the use of HDACI, which have previously been shown to promote extinction learning in
other drug-related learning paradigms. HDACi modify chromatin structure and allow for
increased protein synthesis; when paired with a learning event like behavioral extinction
HDACi may promote better long-term extinction-memory retention and prevent relapse.
In this paper, we investigate the ability of a novel HDACi, KDAC 0008, to attenuate cue-
induced reinstatement in a rodent model of the comorbid PTSD-SUD condition in which
rodents are trained to self-administer [V METH following massive footshock in a distinct
environment or exposure only to that context. We find that, similar to previous reports,
footshock in a distinct context produces long-term enhancements in drug-seeking in the
form of significantly enhanced responding to previously drug-paired cues, but KDAC
0008 failed to attenuate this enhancement and did not prevent reinstatement in

exposure only controls.
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Introduction

PTSD and SUDs are highly comorbid. Approximately half of the individuals
seeking treatment for SUDs meet the diagnostic criteria for PTSD (Brady et al., 2004),
an estimate over 5 times greater than the average lifetime prevalence of SUDs in the
United States (Kessler et al., 2005). Treatment outcomes for comorbid individuals
seeking treatment for their SUD are poorer than those without PTSD, with individuals
reporting greater amounts of craving for drugs of abuse (Drapkin et al., 2011; Saladin et
al., 2003; Simpson et al., 2012) and higher rates of relapse (Brady et al., 2004).

The high co-occurrence of PTSD and SUDs suggest they share a common
etiology, although the exact nature of the relationship between the two disorders
remains unclear. It is, however, clear that regardless of which disorder develops first,
PTSD and SUDs influence one another. Comorbid individuals tend to suffer from more
severe PTSD symptoms (McCauley et al., 2012) and an improvement in PTSD
symptom severity is associated with a decrease in substance use (Back et al., 2006).
Indeed, one study found during a 6-month post-treatment follow up that individuals
whose PTSD symptoms had remitted reported significantly less substance use than
individuals whose symptoms persisted (Ouimette et al., 1998). One prospective study
monitored individuals with PTSD and concurrent alcohol/cocaine dependence or
substance dependence alone for 28 days following last substance use. They found that
over the 28 day period PTSD-related symptoms significantly declined, regardless of
withdrawal substance, even though none of the patients were seeking treatment for

PTSD at that time (Coffey et al., 2007). These results suggest that treatments that
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target maintaining abstinence from drugs of abuse may also improve symptoms of
PTSD in comorbid individuals.

One common barrier to prolonged abstinence from drugs of abuse is relapse.
Individuals seeking treatment for SUDs may develop skills to resist the urge to use
drugs in controlled environments, like a rehabilitation center, but these strategies often
fail when individuals return home. Current strategies to improve long-term treatment
outcomes have focused on strengthening the inhibitory learning that prevents drug
seeking in response to salient cues. One promising avenue has been through the use
HDACI. HDACi prevent the de-acetylation of lysine residues on histones that causes the
chromatin structure to close, which attenuates protein synthesis. Therefore, HDACi may
promote learning by forcing the chromatin structure to remain in an open, permissive
state, and when paired with a discrete learning event, increase the synthesis of proteins
related to that learning. HDACi have previously been shown to promote extinction
learning in various drug-related learning paradigms in rodents. Mice treated with the
pan-HDAC inhibitor sodium butyrate (NaB) extinguish a cocaine-induced conditioned
place preference more quickly and to a greater degree than do vehicle-treated animals
(Malvaez et al., 2010; Malvaez et al., 2013). NaB also enhances extinction of a
conditioned place preference for morphine (Wang et al., 2010).

In this paper, we examine the ability of HDACi to enhance extinction of drug
seeking in a newly developed rodent model of the comorbid PTSD-SUD condition. It
has recently been shown that animals that experience massive footshock prior to the
onset of self-administration of METH demonstrate a significant increase in

reinstatement to previously drug-paired cues (Pizzimenti et al., 2017). Using this model
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we can test the ability of new therapeutic options to attenuate this enhancement. Here,
we employ the use of the novel HDACi KDAC 0008 to promote extinction. KDAC 0008
is highly selective for HDAC3, the most highly expressed Class | HDAC in the brain, is
rapidly detectable in the brain following systemic administration, and levels remain high
for over 3 hours following injection. Because levels of KDAC 008 remain stable over a
long period of time we are able to affect a larger window of consolidation as it occurs
over time. Here we replicate the basic finding that animals with a history of footshock in
a distinct environment demonstrate a significant enhancement in cue-induced
responding following extinction. We also find that animals that received KDAC 0008
paired with extinction did not significantly differ from vehicle treated animals during a

test of cue-induced reinstatement.

Methods and Materials
Animals
Twenty male Long Evans rats (Charles River) were pair housed in a temperature (22 °C
+ 1 °C) and humidity-controlled (70%) vivarium and were maintained on a 12/12 hr
light/dark cycle (6:00 am/6:00 pm). Following surgery, animals were single housed, and
three days prior to the initiation of self-administration training animals were food
restricted to ~90% free feeding body weight (average 380 grams). Housing conditions
and treatment of these animals were approved by the Oregon Health & Science
University Institutional Animal Care and Use Committee and conducted in accordance

with the ethical guidelines of the National Institutes of Health.
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Drugs

METH (Sigma Aldrich, St. Louis, MO) was dissolved in sterile saline and administered
IV as 0.06mg/kg/infusion over 5 sec. KDAC 00 (KDAc Therapeutics, Cambridge, MA)
was dissolved in 45% PEG 400, 45% saline, and 10% DMSO and was administered at

a dose of 10 mg/kg IP.

Apparatus

Massive Footshock (Context A)

Massive footshock took place in operant conditioning chambers (Med Associates, St.
Albans, VT; 31.8cm L x 25.4 W x 26.7cm H) housed within sound attenuating cubicles
(Med Associates, ST Albans, VT). These chambers were different dimensions than the
conditioning chambers used for self administration of METH and were located in a
different room. In each chamber there was only a houselight on the front center panel;
no other cues, levers, or stimuli of any kind were present. Grid floors composed of 19
stainless steel rods (0.48 cm diameter with 1.6cm spacing between them) were
connected to shocker/scramblers (Med Associates, St. Albans, VT) that delivered

footshock. Between cohorts, 0.5% bleach was used to clean the chambers.

Self-administration of IV Methamphetamine (Context B)
METH self-administration sessions were conducted in operant conditioning chambers
(Med Associates, St. Albans, VT; 30.5 cm x 24.1 cm x 29.2 cm) housed within sound

attenuating cubicles (Med Associates, St. Albans, VT). The syringe pumps (Med
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Associates, St. Albans, VT) that delivered drug were located outside the sound
attenuating chambers. Each chamber was outfitted with two retractable levers, a
stimulus light above each lever, and a houselight that was illuminated throughout the
duration of every session. Between cohorts, 95% EtOH was used to clean these

chambers.

General Procedures
Jugular Catheter Surgery

Catheter Assembly. Jugular catheters were made of 12 cm long silastic tubing
(0.037 mm ID, 0.94 mm OD; Dow Corning, Midland, MI) with small beads of 100%
silicone rubber sealant at 8.5 cm and 9 cm, respectively. One end of the catheter was
inserted into the right jugular vein and run subcutaneously below the front right leg to
exit the back between the shoulder blades. A stainless steel guide cannula (22 ga;
Plastics One, Roanoke, VA) was inserted into an elastomer self-administration harness
(Instech Laboratories, Plymouth Meeting, PA) and the jugular catheter was attached to
the cannula within the harness.

Surgery. Anesthesia was induced with an intramuscular (IM) injection of
ketamine/xylazine (85 mg/kg; 10 mg/kg), and was maintained throughout the duration of
the surgery by vaporized isoflurane (1%). Catheters were implanted and connected to
the harnesses as described above. Following surgery animals received a daily IV
infusion of 0.1 ml 100 unit heparin and the antibiotic Timentin (238 mg/ml). On days
when animals performed self-administration, an IV infusion of 0.1 ml 10 unit heparin

was also administered prior to the session.
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Self-Administration of Methamphetamine

At the onset of each session a houselight was illuminated and two retractable
levers were inserted into the chamber. One lever was designated the active lever, and
upon completion of the FR requirement 88.5 pl of METH was administered IV over 5
sec (0.06 mg/kg/infusion), and the stimulus light above the active lever was concurrently
illuminated for 5 sec. The inactive lever also had a stimulus light above it; however,
pressing the inactive lever did not result in any programmed consequences. Levers
were counterbalanced across animals. During extinction sessions, presses on either
lever did not result in any programmed consequences. During cue-induced
reinstatement sessions a press on the active lever resulted in the activation of the

stimulus light above the active lever for 5 sec, but no drug was delivered.

Experiment 1: The effects of KDAC 00 on extinction in the comorbid PTSD-SUD
model

Twenty rats received either 15 footshocks (1 mA, I1SI 4-8 min, N=10) or O footshocks
(N=10) over a 93 minute session on Day 1 in Context A. Twenty-four hours later all
animals began IV self-administration of METH in Context B. All animals received 4 hr of
FR1 training for two consecutive days. Following extended access, animals were moved
to 2 hr FR1 training followed by FR3, then FRS training according to each animal’s
performance (all FR3 and FRS sessions were 2 hr). Therefore, all animals did not
receive the same number of FR1, FR3, and FR5 sessions, nor the same total number of
self-administration sessions. All animals completed a minimum of 3 FR5 sessions

before moving on to extinction. All animals received 3 extinction sessions. Thirty



99

minutes prior to the first extinction session animals received either an IP injection of
vehicle or KDAC 00 (10mg/kg) resulting in the following groups: No Shock + Veh (N=5),
No Shock + KDAC 00 (N=5), Shock + Veh (N=5), and Shock + KDAC 00 (N=5). All
animals subsequently completed two additional extinction sessions once per day for a
total of 3 extinction sessions (all extinction sessions lated 2 hr). The day after the third
extinction session all animals underwent cue-induced reinstatement during which a
press on the previously active lever resulted in activation of the stimulus-light above the
lever for 5 sec, but no drug was delivered (total session length of 2 hr). Twenty-four

hours later all animals completed a 2 hr extinction session.

Results
Freezing During SEFL
During fear conditioning there was a main effect of time (F348=19.58, p <.001), a main
effect of shock (F1,16)=45.22, p < .001), and a main effect of shock x time (F348=8.9, p
<.001), such that animals that received footshock significantly increased their freezing
behavior relative to exposure only controls over time (see Figure 15A). All other main

effects and interactions were not significant (see Table S7).

Self-Administration and Cued Reinstatement
There were no differences between groups during the final 3 FR5 IV METH self-
administration sessions that preceded reinstatement (see Figure 15B; Table S8).

Animals averaged an intake of 1.43 (+ .04) mg/kg/session METH over the final three
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FR5 sessions. During cued reinstatement there was a main effect of session (F1,16)=
14.72, p <.01) and a main effect of lever (F1,16=23.42, p <.01) such that all animals
elevated responding on the previously active lever in the presence of drug-paired cues.
Animals with a history of footshock demonstrated significantly elevated responding
during cued reinstatement as evidenced by a significant session x shock interaction
(F1,16=4.77, p =.04); this elevated responding was specific to the active lever (lever x
shock; (F1,16)=5.38, p =.03); see Figure15C). All other main effects and interactions
were not significant (see Table S9).

During the final extinction session following reinstatement there was a main
effect of lever (F1,16=14.26, p <.01) such that all animals pressed more on the active
lever. All other main effects and interactions were not significant (see Supplementary

Table S10).



101

A B

=0~ No Shock Vehicle -m= Shock Vehicle =0~ No Shock Vehicle -m= Shock Vehicle
=0- No Shock KDAC =e= Shock KDAC =0- No Shock KDAC =e= Shock KDAC
100- 200
(2]
o}
80+ ?
> O 150-
B o
9 60 2
w ® 1004
[ |
£ 40+ )
= 2
X 204 < 50
©
I+
C L L L C L L L L L L
0 30 60 90 FR5 FR5 FR5 Ext Ext Ext
Time (min) Session

(@

190 [J No Shock Vehicle Active
8 No Shock Vehicle Inactive
g 1004 B8 No Shock KDAC Active
n; No Shock KDAC Inactive
% I Shock Vehicle Active
- 50+ '|' SN Shock Vehicle Inactive
- I rll7 ™ ShockKDAC Active

- 0% ||  E = Shock KDAC Inactive
0_ s I
Ext Cued Rein.
Session

Figure 15. Effects of KDAC 0008 During Extinction of METH Self Administration. A) Animals that
received 15 footshocks (n=10) demonstrated significantly elevated freezing relative to animals that
received exposure to that context only (n=10). There were no significant differences in freezing between
groups that both received shock or both received exposure only. B) Active lever pressing during the final
3 FR5 sessions and 3 extinction sessions that preceded cue-induced reinstatement did not differ between
groups (p > .05). C) All animals reinstated to drug-paired cues, however animals that received footshock,
regardless of drug condition, demonstrated significantly elevated levels of responding relative to animals
that received exposure only. There was no main effect of drug treatment (n=5/group).
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Discussion

In this experiment we replicate the basic finding that animals with a history of
footshock in a distinct context demonstrate significant enhancements in cue-induced
reinstatement. When paired with extinction, the HDAC3 specific inhibitor KDAC 0008
failed to attenuate reinstatement to cues in animals with and without a history of
footshock.

The group that demonstrated the greatest degree of reinstatement to cues was
Shock + Vehicle, followed by Shock + KDAC 0008. Although we did not find a
statistically significant difference between groups, the groups follow a promising ordinal
trend. Because the N was low (N=5 for all groups) it may be that this study was
underpowered to reveal significant differences between groups. What is extremely
promising, however, is the replication of the enhancement in cued-reinstatement in
animals with a history of footshock in a distinct environment. This finding is remarkable
because it demonstrates the robustness of this effect, even with small experimental
groups.

Although some groups have had success demonstrating the effects of HDACi on
memory enhancement, the literature remains mixed on these effects. While the HDACi
RGFP 966 has been shown to enhance CPP for cocaine (Malvaez et al., 2010; Malvaez
et al., 2013), it has also been shown to have no effect on consolidation of cued fear
extinction (Bowers et al, 2015). It has also been shown that HDACi attenuates CPP for
nicotine without affecting nicotine aversion (Pastor et al., 2011) and has also been

shown to decrease responding for intracerebral infusions of ethanol (Jeanblanc et al.,



103

2015). Taken together, these results suggest that HDACi mediated enhancements in
memory are inconsistent and may be affected by drug type.

HDACi have been shown to enhance extinction in experiments modeling drug
seeking with conditioned place preference paradigms, but we failed to observe an
extinction enhancement using an operant self-administration procedure. One group
found that NaB administered immediately before extinction of nicotine self-
administration did not enhance extinction, even when the drug was administered prior to
each extinction session (>6 extinction sessions; Castino et al., 2015), although they did
find an attenuation of nicotine-primed reinstatement. In this experiment, as in the one
described here, the cue light was not present during extinction, which produced
relatively low levels of responding during the sessions. To increase responding during
extinction this group ran a second experiment with the cue light present during
extinction. When the conditions changed and the cue light was available during
extinction they observed a significant extinction enhancement in NaB treated animals,
strongly suggesting that if levels of behavioral responding during extinction are not high
enough a difference between groups will be impossible to detect. Therefore, it is
possible that in our case that, because cue light was not available and levels of
responding during extinction were relatively, a significant difference between groups
was washed out.

It is also worth noting that this group administered NaB prior to each extinction
session, while we only injected animals only prior to the first extinction session. It is
possible that repeated injection of HDACi with extinction is necessary to distinguish

differences between groups. They also found the greatest difference between groups
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was on the day following treatment, suggesting that the most salient time for
pharmacological enhancement of memory is likely following initial learning.

A separate study found that rats treated with one of two HDACi (NaB and MS-
275) during operant self-administration of ethanol significantly reduced their intake of
ethanol; however, this was only true in dependent animals (Simone-O’Brien et al.,
2015). Similarly, alterations in histone acetylation were observed in dependent, but not
non-dependent animals, and these alterations were normalized by HDACi treatment.
Therefore, HDACi may interact with a history of drug-taking and subsequently may only
be effective in treating animals that have undergone specific changes in gene
expression. The animals in this study were not dependent on METH which may have
also contributed to a lack of an observed effect.

Additionally, inhibition of a given class of HDACs may alter the levels of other
classes of HDACs. For example, treatment with MS-275, a selective inhibitor of Class |
HDACS, leads to a reduction of HDACS8 expression in the nucleus accumbens (NAcc)
(Covington et al., 2011). Because KDAC 0008 is a novel compound it is still unclear
what actions, if any, it may have on other classes of HDACs in the brain. Finally, it
should be noted that KDAC 0008 is a relatively untested HDACi and to the best of our
knowledge has not yet been shown to result in significant memory enhancements. The
current study was a first attempt to probe the memory enhancing effects of this drug,
and the null findings here do not preclude the potential therapeutic value of this
compound in the future.

Taken together, the literature suggests that HDACi-mediated memory

enhancements are extremely sensitive to the specific parameters employed in each
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learning paradigm. Drug of abuse, cues, dependence, even the HDACi chosen may
influence behavioral outcomes as well as the activity of other classes of HDACs in the
brain. Indeed, the effects of HDACs on METH-induced locomotor sensitization have
been shown to be especially variable (Godino et al., 2015), with behavioral outcomes
varying depending on experimental parameters (Kalda et al., 2007; Coccurello et al.,
2007; Shen et al., 2008; Harkness et al 2013; Li et al., 2005). METH itself induces
changes in HDAC levels (Cadet et al., 2013) across the brain, further obfuscating the
role of HDACi in drug-extinction related memory enhancements. Future studies should
aim to systematically approach the use of these compounds in learning paradigms to

shed light on the circumstances that lead to the greatest treatment outcomes.



Supplementary Information

Table S7.

Session Effect F value DF p value
time 19.58 3,48 <.001
shock 45.22 1,16 <.001
drug treatment 1.87 1,17 0.19

Footshock Time x shock 8.9 3,48 <.001
Time x drug treatment 1.3 3,48 0.26
time x shock x drug treatment 0.55 3,48 0.64
shock x drug treatment 0.03 1,18 0.95
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Table S8.

Session Effect F value DF p value
session 2.48 2,32 0.1
shock 2.45 1,16 0.13
lever 1.59 1,16 0.22
drug treatment 0.68 1,16 0.42
session x shock 0.59 2,32 0.55
session x drug treatment 0.31 2,32 0.73

Last 3 FR5 Sessions | session x lever 0.51 2,32 0.6
lever x shock 1.8 1,16 0.19
lever x drug treatment 0.77 1,16 0.39
lever x shock x drug treatment 0.88 1,16 0.36
session x lever x shock 1.45 2,32 0.24
session x lever x drug treatment 0.42 2,32 0.86
session x drug treatment x shock 0.01 2,32 0.981
session x lever x drug treatment x shock 0.42 2,32 0.65
shock x drug treatment 1.58 1,16 0.22
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Table S9.
p

Session Effect F value | DF value
session 14.72 1,16 0.001
shock 0.3 1,16 0.58
lever 23.42 1,16 <.001
drug treatment 0.89 1,16 0.35
session x shock 4.77 1,16 0.04
session x drug treatment 1.15 1,16 0.29
session x lever 2949 1,16 <.001

Cued

Reinstatement lever x shock 5.38 1,16 0.03
lever x drug treatment 2.31 1,16 0.14
lever x shock x drug treatment 0.17 1,16 0.67
session x lever x shock 247 1,16 0.13
session x lever x drug treatment 0.17 1,16 0.67
session X lever x shock x drug
treatment 1.91 1,16 0.18
session x drug treatment x shock 0.03 1,16 0.85
shock x drug treatment 1.87 1,16 0.19
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Table $10.

Session Effect F value DF p value
shock 1.57 1,16 0.22
lever 14.26 1,16 <.01

Extinction After Cued

Reinstatement Drug treatment 0.5 1,16 0.48
lever x shock 3.04 1,16 0.1
lever x drug treatment 0.63 1,16 0.43
lever x shock x drug treatment 0 1,16 0.98
shock x drug treatment 5.66 1,16 0.03
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Supplementary Figure 1. Cued reinstatement during the first 15 minutes of session.
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First 15 Mins of Cued
Reinstatement (KDAC 0008)

Effect DF F p
time 2,32 | 11.25 | <.0001
shock 1,16 1.15 0.299
injection 1,16 | 0.161 0.693
lever 1,16 | 5.12 0.03
time x shock 2,32 1.33 0.27
time x injection 2,32 0.75 0.47
time x lever 2,32 0.2 0.81
lever x shock 1,16 2.03 0.17
lever x injection 1,16 0.37 0.54
time x shock x injection 2,32 4.28 0.02
lever x shock x injection 1,16 0.26 0.61
time x lever x shock 2,32 2.26 0.12
time x lever x injection 2,32 0.03 0.96
time x lever x shock x injection 2,32 0.72 0.49
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CHAPTER 5

Discussion

Portions of Chapter 5 are adapted from the publication:

Pizzimenti CL & Lattal KM. (2015). Epigenetics and memory: causes, consequences
and treatments for post-traumatic stress disorder and addiction. Genes, Brain and

Behavior, 14, 73-84.
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Summary of findings

Chapter 1 discussed how both stress and exposure to drugs of abuse induce’
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 PTSD 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 drug-related cues 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. In this dissertation, | targeted these mechanisms in
combination with behavioral therapy to investigate their treatment potential in a novel,
comorbid model.

Chapter 2 focused on the development of the novel model for the comorbid
condition in rodents. First, | replicated the basic finding that rats with a history of
massive footshock in a distinct environment demonstrate exaggerated fear responses to
mild footshock in a novel environment. | then showed that this effect persists even when
the mild footshock is administered in a context that has long been associated with

reward. Most significantly, | found massive footshock in a distinct environment
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administered before or during self-administration of IV METH results in significantly
elevated levels of responding to cues following extinction, as well as significantly
elevated responding following reinstatement. | also showed that mice with a history of
massive footshock demonstrate a significant preference for a cocaine paired floor in a
test of conditioned place preference. | found that although massive footshock acutely
elevates levels of CORT, this difference does not persist long-term and animals respond
normally to dexamethasone, suggesting differences in drug-seeking behavior are not
likely to be driven by chronically elevated CORT or alterations in glucocorticoid
feedback.

Chapter 3 investigated the ability of behavioral extinction as well as behavioral
extinction paired with epigenetic modulators to attenuate exaggerated fear responses to
mild stimuli following exposure to massive footshock. | first showed that moderate levels
of behavioral extinction are not sufficient to attenuate the SEFL effect. | then showed
that massive behavioral extinction (animals demonstrated no fear for two consecutive
days) was sufficient to attenuate this effect, suggesting treatments that turn a “weak”
conditioning session into a “strong” conditioning session may hold promise for
promoting extinction. Because previous research has demonstrated the profound
influence of circadian rhythms and time of day on fear learning, | investigated if the
light/dark cycle influences SEFL outcomes. | found that animals trained during the light
phase demonstrate significantly greater levels of freezing during fear acquisition and a
significantly enhanced SEFL effect (greater freezing during a Context B test). | then
probed the ability of two HDACIi, NaB and RGFP 966, to enhance extinction memory

within the SEFL paradigm. Despite previous reports, | found that NaB actually increased
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freezing levels, regardless of the length of time the animal was extinguished, suggesting
NaB was actually promoting fear. Although others have demonstrated success with
NaB, it is a pan-HDACi and therefore does not target the processes specific to learning
and memory. Because HDAC3 has previously been shown to be an important regulator
of learning and memory (McQuown et al., 2011) | also used RGFP 966, an HDAC3
specific inhibitor, in this paradigm. | found that following both brief (6 min) and extended
(30 min) extinction, RGFP 966 does not produce a significant enhancement in extinction
memory.

In Chapter 4 | investigated the ability of a novel HDAC3 specific inhibitor (KDAC
0008) to enhance extinction of drug seeking in a rodent model of comorbid PTSD-SUD.
Animals received massive footshock in a distinct environment and were then allowed to
acquire and extinguish self-administration of METH in a different environment. |
replicated the basic finding that animals with a history of footshock demonstrate
significant enhancements in cue-induced responding, and that this enhancement is
specific to the previously active lever. | also did not find evidence that administration of
KDAC 0008 30 min prior to the initial extinction session attenuated cued-reinstatement
in animals that did not receive shock. | similarly did not find evidence that KDAC 0008

attenuated the enhancement observed in animals with a history of shock.

Stress-enhanced fear learning as a model of PTSD
SEFL is a powerful model of PTSD that allows researchers to directly model the
ability of a contextually specific stressor to produce long-term alterations in fear

responses in non-trauma associated contexts. Because the stressor (massive



116

footshock) is administered in a specific context, manipulations that are specific to that
context can be tested to investigate how they influence fear responses in other
contexts. This is an advantage over other models of PTSD that lack a specific trauma-
related contextual component (e.g, chronic variable stress, single prolonged stress,
maternal separation). The disadvantage of these models is that there is no specific
context in which the stressful experience occurs, therefore extinguishing that context
and investigating the influence on behavior is not possible. SEFL also produces a fear
response (freezing) that is well characterized, easily measured, and tractable.

A diagnosis of PTSD requires that symptoms, which may include a heightened
startle reaction, persist for at least one month (American Psychological Association,
2013). The SEFL effect has previously been shown to persist up to 90 days following
the initial battery of footshocks in Context A (Rau & Fanselow, 2009). In this
dissertation, | also demonstrated the persistence of this effect over time (60 days;
Chapter 1: Experiment 3), even in a context that has long been associated with reward
(Chapter 1: Experiment 2 & 3). Therefore, this model accurately captures the
persistence of exaggerated fear responses over long periods of time, even in contexts
that previously failed to elicit a fear response, consistent with the diagnostic criteria in
humans.

An interesting feature of SEFL is the long ISI (4-8 min). It has been previously
shown that learning is more robust when trials are spaced apart by longer intervals
rather than massed closely together in time (Rescorla, 1988; Lattal, 1999). The ISI used
in the SEFL paradigm is generally longer than most fear conditioning paradigms and

may contribute to the exaggerated fear response observed in response to a single
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footshock.

Models of the PTSD-SUD comorbidity

Often, when researchers seek to investigate the PTSD-SUD comorbidity
stressors are paired with drug taking both contextually and temporally. Take, for
example, footshock-induced reinstatement, arguably the most well characterized
example of stress induced reinstatement (it should be noted that other stressors
besides footshock that are administered in a similar temporal/contextual fashion have
also been shown to induce reinstatement of drug-seeking; reviewed in Mantsch et al.,
2016). In these experiments animals are trained to self-administer a drug of abuse in
Context A; subsequently this behavior is extinguished in Context A. Following extinction
animals are exposed to multiple footshocks delivered in rapid succession in Context A
and are then allowed to lever press in the absence of drugs. This model has been
shown to induce reinstatement of drug-seeking for a wide class of drugs of abuse
including heroin, cocaine, methamphetamine, ethanol, and nicotine (Buczek et al.,
1999; Erb, Shaham, & Stewart, 1996; Le et al., 1998; Shaham & Stewart, 1995;
Shephard et al., 2004). and footshock stress has also been shown to reinstate a CPP
for cocaine (Sanchez & Sorg, 2001; Wang et al., 2010). Interestingly, this phenomenon
seems only to persist when the footshock is administered within the drug-taking
environment; when animals receive footshock in a novel context it failed to produce
reinstatement (Shalev et al., 2000). While these studies have demonstrated the ability of
stress itself to induce drug-seeking behavior and have shed light on the putative circuits

that promote this behavior, they fail to capture the essence of the PTSD-SUD
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comorbidity. Although the exact nature of the relationship between PTSD and SUDs
remains unclear, the majority of research supports the primacy of PTSD prior to the
onset of SUD development (McCauley et al., 2012), as PTSD has been shown to
precede SUDs in both retrospective (Kessler et al., 1995; Mellman et al., 1992) and
prospective studies (Chilcoat & Breslau, 1998). Therefore, models where stress induces
reinstatement after drug-seeking patterns have already been established may not
accurately capture the etiology of this comorbidity.

In addition, these models fail to demonstrate the ability of exposure to trauma
to augment long-term behavioral responses. Indeed, in these preparations animals
experience an acute stressor and immediately respond with drug-seeking behaviors. As
described in Chapter 1, individuals with PTSD are unlikely to use drugs of abuse in the
trauma related context, and avoidance of the trauma associated environment is one of
the diagnostic criteria for a diagnosis of PTSD (American Psychiatry Association, 2013).
Therefore, although these studies have been helpful in mapping the circuitry related to
acute, stress-induced reinstatement of drug-seeking behavior, they do not adequately
describe the human condition in which an individual with PTSD relapses to drugs of
abuse long after their trauma has ended in a non-trauma related location. The studies
described in this dissertation are therefore the first of their kind. Here, | have
demonstrated the ability of acute exposure to footshock to augment drug-seeking
responses long after the footshock has ended in a non-footshock associated
environment in response to drug-paired cues. This paradigm is more translatable

because the animals never drug seek in the footshock associated environment and |
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observe the same increased propensity to reinstate (“relapse”) in response to drug-
paired cues that is noted in humans.

What is perhaps even more promising is that this effect was observed in both
CPP and self-administration paradigms, in both rats and mice, and in response to both
cocaine and methamphetamine. These findings suggest that, like the classic footshock-
induced reinstatement preparation, this model persists across a variety of species,
classes of drugs, and learning paradigms. This novel paradigm is therefore an exciting
addition to the canon as it allows for the investigation of novel therapeutic options to
attenuate this enhancement and prevent relapse in comorbid individuals. From a
treatment perspective, understanding the circuits that are engaged during the extinction
of fear and drug seeking is critical in order to develop treatments that target those

circuits and subsequently promote extinction learning.

Common extinction circuits in fear and substance abuse

Models of treatment for fear related disorders and drug seeking have involved
brain regions that mediate, stress, fear and addiction. By better understanding the
circuits that promote this behavior, researchers can develop treatment strategies that
target these circuits to attenuate unwanted responses. One avenue that has received
attention is the enhancement of extinction of fear and drug seeking behavior. This work
has revealed that common circuits mediate the acquisition of pro-fearful responses and
drug seeking, much like common circuits mediate the extinction of these same
behaviors.

Early work with lesions and temporary inactivation demonstrated a role for the
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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, 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
CeA (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
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and fear extinction (e.g., Moustafa et al., 2013).

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 GABAergic 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
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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. How
these changes occur is a particularly important question to consider in the context of
PTSD and addiction because many different experiences can disinhibit the circuit,
resulting in relapse. Therefore, pairing behavioral extinction treatments with drugs that
target receptors that are involved in modulating fear and drug seeking and extinction of
these behaviors may hold promise for promoting better treatment outcomes for both

disorders.

Putative circuits underlying the PTSD-SUD comorbidity

How footshock stress alters the neural circuitry and subsequently increases both
freezing responses to subsequent stressors as well as the degree of behavioral
reinstatement in these studies remains unclear. One potential mechanism may through
the effects of footshock stress on the BLA. Disruption of the GABAergic interneurons in
this brain region results in hyperexcitability of these neurons and has been shown to be
involved in disorders characterized by high levels of fear and anxiety (reviewed in
Prager et al., 2016). Manzanares et al. (2005) investigated the role of the BLA in
exaggerated fear responses to footshock twenty-four hours after acute restraint. They
found that pretreatment with both midazolam and bicuculine methiodide attenuated the
exaggerated freezing response to footshock observed in animals who had previously
experienced restraint. They went on to show that local field potentials recorded in slices

obtained from drug treated animals demonstrated multispike responses, indicative of
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GABA disinhibition, and that high-frequency stimulation resulted in LTP (long-term
potentiation) in the BLA that was absent in control treated animals. This suggests that a
loss of GABAergic inhibition in the BLA during stress may lead to hyperexcitability and
subsequent LTP that underlies long term changes in behavior. Indeed, disruption of only
3% of GABAergic interneurons in the BLA through a targeted lesion results in an
increase in fear and anxiety like behavior in rats (Truitt et al., 2007). In contrast, animals
that express higher levels of BLA GABA interneurons are resistant to conditioned fear
stimuli (Cunningham et al., 2009).

The BLA is also critically involved in cue-triggered motivated behaviors. Bilateral
lesions of the BLA have been shown to disrupt cue-induced reinstatement of drug
seeking as well as acquisition of cocaine self-administration on a second-order
schedule of reinforcement (Meil & See, 1997; Whitelaw et al., 1996). Additionally, it has
been shown that the degree of behavioral reinstatement to drug-conditioned cues
correlates with c-FOS expression in the BLA in rats (Kufahl et al., 2009). Therefore, |
hypothesize that in the experiments described in this dissertation that footshock disrupts
GABAergic signaling in the BLA. In the case of exaggerated responses to fear (the
SEFL effect), it seems likely that dysregulation of GABAergic signaling in the BLA alone
promotes this behavioral response. Indeed, it has been shown that following SEFL three
GABAA subunits (Gabrb2, Gabrb3, and Gabra4) are downregulated relative to control
animals, and that pretreatment with etomidate, an allosteric modulator selective for 32
or B3 subunit-containing GABAA receptors attenuates the SEFL response (Ponomarev
et al., 2010).

In the case of the comorbid model it may be that enhanced glutamatergic
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signaling from the amygdala to the NAcc promotes an increase in drug-seeking
behavior. An alternative interpretation may be that shock-induced LTP in the BLA alone
promotes enhanced responding to cues, as the BLA is required for cued responding.
LTP in the BLA may also explain why massive footshock produced significant
enhancements in responding to drug-related cues, but not in response to spontaneous
recovery or footshock-induced reinstatement (Chapter 2: Experiment 4).

Previous work has shown a significant decrease in the surface expression of
GABAA receptors (Chhatwal et al., 2005) and that the GABAA receptor clustering
protein gephyrin is significantly downregulated (Ressler et al., 2002) in the BLA
following the acquisition of fear. However, mRNA and protein levels of gephyrin
significantly increased following extinction training (Chhatwal et al., 2005), suggesting
behavioral extinction may attenuate fear responses by normalizing GABAA receptor
expression and subsequent GABAergic signaling in the BLA. Therefore, treatments that
promote behavioral extinction may counteract the effect of fear learning on the BLA and

subsequently lead to better long-term memory retention.

HDAC inhibition and learning and memory

One way to promote extinction learning (and the putative underlying GABAergic
signaling in the BLA) 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).
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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. These studies have targeted 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 changes 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 role of histone acetylation in memory formation was first explored by
Levenson et al. (2004) who found that H3 acetylation (on K14) was significantly
elevated in hippocampal area CA1 1 hr (but not 24 hr) following contextual fear
conditioning, while H4 remained unchanged. In contrast, H4 acetylation was
significantly increased following latent inhibition, with little change in H3. This early work
demonstrates that different learning paradigms are accompanied by distinct epigenetic
changes in the brain. The nuanced role of specific HDACs in learning have been further
confirmed by reports that focal deletion of Hdac3 from area CA1 of the hippocampus
enhanced object location memory in mice, but did not influence object recognition
(Morris et al., 2013). Both object recognition and location memory were unaffected by
knockout HDAC1 and HDAC2 (Morris et al., 2013). Another study found that HDAC2,

but not HDAC1, regulated associative and spatial memory (Guan et al., 2009) and
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selective knockout of HDAC2 led to robust extinction of a conditioned fear response and
a conditioned taste aversion (Morris et al., 2013). The critical involvement of HDAC2 in
learning and memory suggests HDACi that target HDAC2, rather than HDAC3, may
hold greater promise as cognitive enhancers in future studies. Therefore, the lack of
extinction enhancements observed in Chapter 3 may not necessarily reflect a failure of
HDACI in general, but rather a failure to select the most appropriate HDACi based on
HDAC involvement in contextual fear conditioning.

Because HDACSs often, but not always, act at the sites of gene promotion there
remains the possibility that systemic administration induces changes in gene
transcription or in brain regions that ultimately wash out any observable effect on
behavior. For example, both chronically depressed patients and mice exposed to a
chronic social-defeat stress paradigm display lower levels of HDACZ2 in the NAcc
(Covington et al., 2011), suggesting downregulation of a given HDAC may not be
desirable in all brain regions. It is therefore a possibility that systemic administration of
HDACIi induced epigenetic changes in brain regions that counteracted the effect of
HDACi on memory enhancement, or actually worked to promote fear by influencing
gene transcription in brain regions that promote the acquisition of fear. As the
involvement of specific HDACs in distinct learning paradigms becomes clear, it may be
advantageous to perform site specific administration of HDACi to restrict activity to
discrete brain regions to better understand their influence on gene transcription and

ultimately behavior.
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The role of HDAC 3 in extinction enhancements

Despite emerging evidence demonstrating the involvement of HDACs in the
regulation of learning and memory, the specific ability of HDACi (paired with behavioral
extinction) to promote extinction learning long-term remains unclear. In Chapter 5 |
investigated the ability of the HDAC 3 specific inhibitor KDAC 0008 to enhance
extinction in the novel rodent model of PTSD-SUD characterized in Chapter 1.

| observed a directional effect in which animals that had received footshock and
KDAC 0008 during extinction reinstated less to a previously drug-paired cue than
animals that received footshock and vehicle during extinction. (Although this difference
was not statistically significant, the sample size for this experiment was small
(N=5/group). The lack of statistical significance might indicate that this study was
underpowered and that the simple addition of animals would reduce the standard error
and subsequently reveal a statistically significant effect.) Although not significant, these
data are in contrast with the data from Experiments 5 and 6 in Chapter 3 where | found
no effect whatsoever of RGFP 966, also an HDAC 3 selective inhibitor, on extinction.

There are potentially several reasons this directional effect was observed
following administration of an HDAC 3 selective inhibitor in Chapter 4, but not in
Chapter 3. First, KDAC 0008 is more selective for HDAC 3 than RGFP 966 at the doses
used in these studies. Therefore, RGFP 966 may not have revealed any extinction
effects due to a reduced specificity to act on HDAC 3. Second, and perhaps more likely,
is the differing involvement of HDAC 3 in fear and drug-related learning paradigms.
Previous reports that have shown the effectiveness of RGFP 966 to enhance extinction

have come from studies investigating the enhancement of extinction in drug-seeking
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paradigms (Malvaez et al., 2010; Malvaez et al., 2013). In 2010 Malvaez et al. found
that systemic administration of RGFP 966 promoted extinction of a CPP for cocaine in
mice and significantly increased acetylation in the NAcc. However, to date, no studies
have demonstrated the ability of RGFP 966 specifically to enhance fear extinction,
although this effect has been shown using the pan HDACi NaB (Stafford et al., 2012).
Indeed, similar to the results in Chapter 3: Experiments 5 & 6, Bowers et al. (2015)
found that RGFP 966 administered systemically at a dose of 10mg/kg did not enhance
cued fear extinction. These results suggest that HDAC 3 may be more involved in the
extinction of drug-seeking than in the extinction of fear responses.

It has also been shown that systemic pretreatment with the pan-HDACi NaB
facilitates morphine CPP extinction (Wang et al., 2010). Intra-BLA infusions of the pan-
HDACIi TSA also enhance extinction of morphine CPP in rats (Wang et al., 2015).
However, NaB impaired the extinction of a cocaine-induced CPP (ltzhak, Liddie, &
Anderson, 2013). Even a pan-HDACI, which affect all classes of HDACs have different
effects when they are administered in the same learning paradigm (CPP) that use
different classes of drugs (opiate vs. amphetamine). Therefore, a third explanation for
the difference in findings from Chapter 3 and Chapter 4 may relate to the differing
involvement of HDACs based on the class of drugs being studied; HDAC 3 may be
involved in drug-seeking for cocaine, but not METH.

It should also be noted that in Chapter 4 | again demonstrated the ability of
massive footshock in a distinct environment to produce significant enhancements in
cue-induced reinstatement. This is remarkable because the sample size was low for

these groups and error was large, however despite these challenges differences
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between groups persisted. This underscores the validity of this effect in this model and
highlights the importance of understanding the specific neurobiological changes that

occur at the time of footshock that promote long-term drug-seeking behavior.

Potential Limitations

There are several limitations to the studies in this dissertation. First, these
studies were conducted exclusively in males; therefore, these results may not
generalize to females. This is important because it has been shown that females
develop PTSD at twice the rate of males, despite greater trauma exposure in males
(Adamson et al., 2008; Breslau et al., 1998). In rodents, sex differences have been
observed in hippocampal-LTP (Maren, De Oca, & Fanselow, 1994), the learning and
processing of Pavlovian fear (reviewed in Dalla and Shors, 2009), and extinction and
recall of conditioned fear (Baren et al., 2009), with females demonstrating greater fear
learning and impaired fear extinction. However, these differences are not always
consistent. Future studies should include females to better understand the role of sex
differences in these effects.

Second, these studies may not generalize to other ages, strains, or species.
Adult, male, Long-Evans were selected for these studies because these biological
variables are the most well characterized. Indeed, the original SEFL report was
conducted using adult, male, Long-Evans rats. Therefore, | focused on known variables
in the initial characterization of this model. Future iterations of these studies may
manipulate biological variables and find disparate findings that may be interesting to

probe.
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Third, it is important to note that these results may not generalize to other
classes of drugs. The effects of massive footshock on drug-seeking behavior were
observed in experiments using METH and COC. Future experiments should include
other classes of drugs (e.g., opiates) to better understand the generalizability of these
behaviors.

Fourth, the potential for neurotoxicity in these studies was not assessed.
However, the likelihood that the average intake of METH in these studies produced
neurotoxic effects is low. One study administered 50 mg/kg METH to rats either in a
single dose on a single day, or as a 10 mg/kg injection once per day for 5 days. Only
rats that received a single injection of 50 mg/kg METH demonstrated elevated levels of
apoptosis (Tokunaga et al., 2008). In general, when seeking to model the neurotoxic
effects of METH using similar acute administration paradigms, METH is administered at
a dose that far exceeds levels that were achieved in these studies, in both daily and
overall intake (for a review, see Kobeissey et al., 2011). In a study of METH self-
administration, signs of neurotoxicity were only observed in animals that achieved
intake levels of over 10 mg/kg/session following 15 hr sessions (Krasnova et al., 2010).
Still, the specific effects of daily low dose METH intake over an extended period of time
(at least several weeks in the self-administration experiments described here) remains
unclear. In addition, previous work has shown that chronic stress enhances
excitotoxicity in the rodent striatum (Tata & Yamamoto, 2008). Although animals in
these studies were not chronically stressed, it remains unclear how a single stressful
experience might augment the neurotoxic and excitotoxic effects of METH. Future

studies should investigate signs of neurotoxicity in rodents more closely following self-
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administration to better understand how chronically administered, low-doses of drug
may influence behavior.

Fifth, the sessions used in these experiments were not extended (typically 6 hr or
more). However, the self-administered doses of methamphetamine are consistent with
many published studies, both in terms of daily intake and overall intake (Ujike et al.,
1989; Harrod et al., 2001; Vinklerova et al., 2002; Stefanski et al., 2004; Carson et al.,
2010). In general, | would not regard the self-administered doses in this paper as low or
insufficient to model substance use disorders. In one study that increased the dose to .1
mg/kg/infusion rats responded ~70 times over a 6hr session for methamphetamine; this
level of responding is far lower than the level seen in my studies, even though my
sessions were only 2 hr (Shepard et al., 2004). Because my primary interest was in
drug-seeking behavior and the reinstatement of this behavior, using a dose that
promoted lever pressing without intoxicating the animals to the point of attenuating their
response rates was important. It is true that these models may not accurately model
bingeing behavior specifically, but the daily doses administered in this experiment
regularly induce reinstatement for methamphetamine (e.g., Carson et al., 2010), are
higher than the dose required to develop a METH-induced CPP (Zakharova et al.,
2009), and produce stereotypy and other signs of methamphetamine intoxication
(Hadamitzky et al., 2012).

Sixth, the dose of self-administered ethanol is not high. However, this
dissertation does not make claims regarding drug-seeking in the experiment
investigating the effects of footshock on ethanol self-administration. The conclusions

from that experiment were that 1) a single footshock administered in the drug-



132

associated environment produced the SEFL effect and 2) that like the original report,
the effect persisted over time. The ethanol experiment in this dissertation used a
sucrose fading procedure. This may pose potential problems for the interpretation of
self-administration behavior, as it’s unclear if after the sucrose is fully faded out if
animals are responding for ethanol, or because of the prior association with sucrose. In
general, responding decreased when sucrose was eliminated, making investigating
drug-seeking behaviors difficult to study. In other self-administration experiments, the
FR requirement was increased to increase behavior. In the absence of robust behavior,
this proved to be a poor procedure for addressing the question | was most interested in.
In light of this, we switched to self-administration of METH, which does not require
baiting or encouragement of any kind to initiate responding.

Seventh, although self-administration paradigms model aspects of SUDs, no
model can capture all facets due to the complex nature of these disorders. These self-
administration studies investigate the effects of a single acute stressor in a distinct
context on drug seeking in a different context. Specifically, these studies model the
enhancements in relapse seen in individuals with PTSD. Across species, self-
administration is a widely accepted model of SUDs (Koob & Le Moal, 1997; Platt,
Carey, & Spealman, 2012; Lynch et al., 2010). The DSM 5 no longer refers to
substance abuse or dependence, rather it refers to substance use disorders that are
defined as mild, moderate, or severe. These levels are defined by the number of
diagnostic criteria met by an individual (American Psychological Association, 2013). It is
difficult to interpret how many of these diagnostic criteria these animals would qualify

for, but the severity of SUDs encompasses a wide range and is not exclusive to daily,
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binge level intake. Overall intake in these models does not reach binge levels, and
physical dependence or symptoms of withdrawal during forced abstinence were not
specifically assessed. Additionally, animals do not suffer negative consequences as a
result of their drug use. Therefore, self-administration, like all rodent models of disease,
does not completely capture the human condition. However, these studies demonstrate
how stressful experiences alter long-term drug-seeking behavior, which is particularly
relevant in the development of behavioral and pharmacological approaches to reducing
relapse to drugs of abuse in humans.

Eighth, in the studies investigating the use of HDACi only one dose of drug was
used. Subsequently, it remains unclear if the lack of effects resulted from an insufficient
dose to see an effect. The doses of HDACi used in this study were selected based on
published research both from our laboratory and the laboratory of our collaborators that
demonstrated positive effects of these compounds at these particular doses. Therefore,
although only one dose was tested, the doses had previously been shown to be
effective in similar paradigms and to alter histone acetylation. Dose-dependence curves
do not generally exist for HDACI, as the effects of their administration at low and high
doses have been shown to be species and task specific (Graff & Tsai, 2013).
Nonetheless, future studies should include several doses of HDACi to more thoroughly
probe their therapeutic utility in these paradigms.

Finally, HDACi may have unwanted side effects that may limit their effectiveness
as therapeutic agents. That being said, HDACi are currently used as therapeutics for a
number of diseases, primarily cancer. In clinical trials of Romidepsin, an HDACi

approved for cancer treatment in 2009, the most common side effects reported following
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a year of treatment included fatigue, vomiting, ECT T-wave changes, and diarrhea
(Wagner et al., 2010). Understanding the adverse side effects of HDACi are
complicated by the numerous symptoms associated with the diseases HDACi are
currently approved to treat (e.g., fatigue and vomiting are often reported in patients
undergoing treatment for cancer). As a cognitive enhancer, unwanted effects may arise
if HDACi are paired with experiences that promote fearful or drug-seeking behavior.
Subsequently, the use of HDACi in the treatment of these disorders must be carefully

characterized in future studies.

Future directions

There is ample evidence that common neural circuits mediate the acquisition and
extinction of fear and drug seeking behavior (Brady & Sinha, 2005, Peters et al, 2009).
The basolateral amygdala (BLA) is involved in both cue-induced reinstatement (Dwyer &
Kilcross, 2006; Feltenstein & See, 2007) and the acquisition and consolidation of fear
learning (Fanselow & Kim, 1994; Helmstetter & Bellgowan, 1994) which makes it a likely
candidate as the locus of this interaction. Indeed, stress-induced enhancements in
synaptic plasticity in the BLA have been hypothesized to increase the likelihood of drug
cue-induced relapse in comorbid individuals (Herringa et al., 2004; Belujon & Grace,
2011). Based on previous reports that inactivation of the BLA during stress prevents the
induction of synaptic plasticity and remodeling (Manzanares et al., 2005) and synaptic
plasticity in the BLA underlies conditioned reinforcement (Kufahl et al., 2009), it is
possible that inactivation of the BLA during footshock will prevent stress-induced

enhancements in reinstatement to drug-paired cues. Testing this hypothesis is outside
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the scope of this thesis, but understanding the specific neural circuitry that underlies
stress-induced enhancements in cued-responding is an essential component to
understanding how these disorders influence one another and developing effective
treatment strategies.

It is also important to continue characterizing the role of specific HDACs in
distinct learning paradigms, as well as the effectiveness of different HDACi to act on
those HDACs at specific doses and pre- or post-treatment times. This refinement will
help researchers make informed choices when designing experiments, as null effects
may not necessarily reflect a failure of HDACi in general to enhance memory, but rather

an inappropriate HDACi choice for those conditions.

Final comments

Converging evidence suggests that similar behavioral, neurobiological and
epigenetic mechanisms control the extinction of learned fear and drug-seeking
responses. 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. The
experiments described here establish a powerful novel model of the PTSD-SUD
comorbidity in rats, demonstrating for the first time the ability of an acute stressor to
produce long-term alterations in drug-seeking behavior. This model allows researchers
to investigate the common mechanisms that underlie both of these disorders in a highly
translatable model of relapse. Although these studies failed to reveal an effect of

extinction enhancement, there remains great promise that with further characterization
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of the role of specific classes of HDACs in learning that HDACi in combination with
behavioral extinction may promote positive treatment outcomes for both PTSD and

SUDs.
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