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ABSTRACT

Opioid use disorder is a chronic, relapsing disease, with more than 85% of
individuals experiencing a relapse episode within one year. One common reason patients
relapse is due to intense cravings, which are defined as the compulsive urge to use the
drug. In fact, craving was recently added to the DSM criteria for substance use disorder
diagnosis. Counterintuitively, cravings intensify over the course of extended abstinence,
especially in response to drug-paired cues, a phenomenon known as “incubation of
craving”. This contributes to difficulty in maintaining long-term sobriety. The
mesocorticolimbic reward pathway facilitates self-administration and cue-induced
incubation of craving for drugs of abuse and natural rewards, such as sucrose. In
particular, the shell sub-region of the nucleus accumbens is a critical brain region
involved in context/cue-mediated reward seeking. In the experiments described here, we
utilized an incubation of craving model, in which male and female rats self-administered
opioids (morphine or heroin) or sucrose for 10 days. Sucrose served as an important
control for delineating drug-induced changes from those caused in response to natural
rewards, which are not the intended target of potential treatments. Reward delivery was
paired with a cue light that was later used to elicit craving. After self-administration, rats
underwent brief (one day) or extended (30 days) forced abstinence. One or 30 days later,
they were returned to the chambers for a “cue test”, in which responses on the previously
reward-associated lever triggered cue presentation, but no contingent reward. We used
this model to further delineate behavioral and affective changes that accompany
increased opioid craving in late abstinence, as well as molecular alterations underlying
craving in rats that did not undergo a cue test. We found an opioid-specific behavioral

signature in which peak opioid craving is accompanied by decreased grooming and



hyperactivity in both sexes. We tracked the female estrous cycle throughout, as these
fluctuations in reproductive hormones (akin to the menstrual cycle) are shown to affect
cocaine- and nicotine-related behaviors. We found no differences between females in
different phases of the estrous cycle in terms of self-administration, nor craving. RNA
sequencing of the nucleus accumbens shell revealed robust changes in gene expression
that occurred across extended abstinence, though the genes themselves were altered in a
sex- and reinforcer-specific manner. In general, we found many behavioral and molecular
changes that were unique to sex and reinforcer (sucrose versus opioids). This is
promising in terms of identifying opioid-specific targets that are unlikely to affect the
natural reward system in both sexes. Changes in gene expression in the brain are
mediated in part by epigenetic processes that influence access of transcriptional
machinery to DNA. Acetylation of histone tails, the proteins around which DNA is
wrapped and packaged in the nucleus, have been identified as permissive marks that
facilitate long-lasting changes in transcriptomics in response to environmental insults.
Opioids promote increased acetylation, which may contribute to some of the reported
changes here. We tested the efficacy of JQ1, a treatment that interferes with the read-out
of opioid-induced acetylated marks, at attenuating heroin self-administration. When
administered as an intracerebroventricular microinjection on self-administration day 11,
JQ1 had no effect on subsequent heroin taking in either sex, suggesting that it may not be
suitable as a systemic treatment at the dose given. These studies lay the groundwork for
future studies to administer other treatments throughout abstinence, based on the opioid-
specific genes and pathways identified here, to reduce cue-induced heroin craving and the

accompanying suite of behaviors in males and females.
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CHAPTER 1: INCUBATION OF OPIOID AND SUCROSE CRAVING IN MALES
AND FEMALES: BEHAVIOR AND NEURAL MECHANISMS

Opioids are a broad class of drugs that act on opioid receptors, including opiates
and synthetic opioids. Common examples of opioid drugs include analgesics, such as
morphine, oxycodone, and fentanyl, as well as the illicit drug heroin (reviewed in
Trescot, Datta, Lee, & Hansen, 2008). Opioids represent a disproportionately high class
of misused drugs, so much so that in 2017, the US Department of Health and Human
Services declared that opioid use had reached epidemic proportions, characteristic of a
public health crisis (Gostin, Hodge, & Noe, 2017). Current statistics show that 3 million
adults currently meet the criteria for opioid use disorder; over 70% of drug-related
overdoses involved opioids in 2019; and the estimated annual cost of healthcare, lost
productivity, and law enforcement is a staggering $92 billion, representing a major
setback to the United States economy (Gostin et al., 2017; Mattson CL, 2021). Although
many individuals will seek treatment in an attempt to discontinue drug use, opioid use
disorder is a chronic, relapsing disease, with more than 85% of individuals experiencing a
relapse episode within one year (Melemis, 2015). Current treatments are not highly
effective.

One common reason patients relapse is due to intense cravings. Craving was
recently added to the DSM-5 as one of the criteria for substance use disorder (Hasin et
al., 2013). This demonstrates the prevalence of powerful cravings in this population, as
well as its perceived importance to substance use disorder. Individuals living with
substance use disorder report that cues associated with previous drug use — such as

environment, friends, and paraphernalia — trigger these cravings (Preston et al., 2018).
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Craving intensifies throughout abstinence such that craving is higher after 30, 60, or 90
substance-free days. This increase in drug-paired cue-induced craving has been reported
in clinical populations (Gawin & Kleber, 1986; O'Brien, Childress, McLellan, & Ehrman,
1992). It is often modeled in preclinical rodent models of addiction, and in general, the
phenomenon is known as “incubation of craving” (J. W. Grimm, Hope, Wise, & Shaham,
2001; reviewed in Pickens et al., 2011). Many reports regarding incubation of craving
focus on cocaine (J. W. Grimm et al., 2001; reviewed in X. Li, Caprioli, & Marchant,
2015; reviewed in X. Li, Venniro, & Shaham, 2016; reviewed in Lu, Grimm, Hope, &
Shaham, 2004). It has also been observed with alcohol (Bienkowski et al., 2004; P. Li et
al., 2015), nicotine (Funk et al., 2016; Markou, Li, Tse, & Li, 2018), and opioids (Fanous
etal., 2012; Y. Q. Li etal., 2008; Theberge et al., 2013). Craving also escalates for the
natural reward sucrose (J. W. Grimm, Barnes, North, Collins, & Weber, 2011; J. W.
Grimm et al., 2016; J. W. Grimm, Fyall, & Osincup, 2005). Incubation of craving is a
beneficial and translationally relevant model for studying relapse because 1) it occurs in
both humans and rodents, and 2) in rodents, it mirrors the condition in which drug use is
discontinued and then individuals reintegrate into a familiar environment after some time
away (hospitalization, incarceration, in-patient rehabilitation, etc.) These cravings in
response to previously drug-associated cues in one’s environment promote relapse,
making it difficult for individuals in recovery to reintegrate into society and maintain
long-term sobriety.

It is well established that males and females experience many aspects of addiction
differently (Jill B. Becker & Chartoff, 2019; J. B. Becker & G. F. Koob, 2016; Jill B.

Becker, McClellan, & Reed, 2017; Jill B. Becker, Perry, & Westenbroek, 2012). Seminal
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studies have identified sex-divergent mechanisms underlying the development and
maintenance of drug addiction in men and women (reviewed in Bobzean, DeNobrega, &
Perrotti, 2014), as well as male and female preclinical rodent models of addiction
(reviewed in Jill B. Becker & George F. Koob, 2016; and 2017). Clinical research
demonstrates an increased vulnerability in women. One example is that they appear to
escalate through the initial phases of drug taking, and reach criteria for addiction sooner
than male counterparts, which is known as “telescoping” (Anglin, Hser, & McGlothlin,
1987; Haas & Peters, 2000; Westermeyer & Boedicker, 2000). Furthermore, women
appear to be vulnerable to certain components of relapse, including longer periods of use
following abstinence (Gallop et al., 2007), exacerbated cocaine cue reactivity and craving
compared to men (reviewed in J. B. Becker & G. F. Koob, 2016; Kennedy, Epstein,
Phillips, & Preston, 2013), and an increased risk for depression- or anxiety-driven relapse
(Hatsukami & Pickens, 1982; Petit et al., 2017). However, opioid-related sex differences
are equivocal and far less consistent (Céline Nicolas et al., 2021; Venniro, Russell,
Zhang, & Shaham, 2019). It is especially important to study this given that women
represent a growing percentage of overall heroin users (reviewed in Jill B. Becker &
Chartoff, 2019; Marsh, Park, Lin, & Bersamira, 2018).

The estrous cycle in rodents and menstrual cycle in women are similar, and are
often considered as contributing factors for driving behavioral sex differences. Both
cycles include hormonal fluctuations of estrogen and progesterone necessary for
ovulation and pregnancy (Nequin, Alvarez, & Schwartz, 1979). Studying the rodent
estrous cycle has proven to inform mechanisms and biology related to the human

menstrual cycle (Vidal, 2017). Importantly, this research has demonstrated that both are
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associated with addiction-related behaviors (Calipari et al., 2017; Corbett, Dunn, &
Loweth, 2021; C. Nicolas et al., 2019; Paris, Fenwick, & McLaughlin, 2014). The rodent
estrous cycle is assessed using vaginal lavage, in which vaginal cells are collected daily
and analyzed under a microscope to quantify the presence and density of specific cell
types (Bangasser & Shors, 2008). Proestrus and estrus (often combined as just “estrus”)
are characterized by fluctuations in estrogen and progesterone; this phase of the
menstrual cycle is similar to the luteal phase in women (Evans, Haney, & Foltin, 2002).
These sub-phases can be identified by the presence of nucleated and cornified epithelial
cells, respectively. Non-estrus is comprised of the metestrus and diestrus sub-phases, and
is translationally similar to the follicular phase in women. These phases represent lower
levels of estrogen and progesterone (Evans et al., 2002), and can be identified by the
presence of leukocytes (Bangasser & Shors, 2008). It is critical to study the estrous cycle
as a contributing factor to opioid-seeking behavior because it has the potential to reveal
cycle-dependent changes that must be accounted for in treatment.

This chapter will review behaviors associated with craving and relapse in males
and females. This includes incubation of craving, as well incentive sensitization, which is
a prominent construct in the addiction field in which cues gain salience and can elicit
distinct patterns of responding. This is one theory for explaining why drug-associated
cues promote relapse-like behavior. Underlying circuit-level and neurotransmitter
mechanisms will be discussed, as well as relevant sex differences therein. Mechanisms
underlying reinstatement of opioid seeking and incubation of opioid craving will be
compared to those involved in seeking or craving of the natural reward sucrose where

applicable. It is critical to compare mechanisms across reinforcers in order to identify
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opioid-specific therapeutic targets that are effective in males and females. Given that
incubation of craving happens for many drugs of abuse as well as non-drug, natural
reinforcers like sucrose, this indicates that, in general, the brain is intensifying the cue-
reinforcer association over extended abstinence, regardless of reinforcer. Mechanisms
that are consistent across reinforcers suggest overlap in the pathways that drive this
process, some of which can be adaptive (as is the case for remembering cues that are
predictive of positive natural rewards). However, by isolating drug-specific mechanisms,
it is possible to disentangle the pathways that specifically drive maladaptive drug-cue
association intensification throughout abstinence. These are promising targets for treating
opioid craving without affecting the natural reward system. The goal is to better
understand what triggers incubation of opioid craving, better define craving-like
behavior, and identify any potential sex differences that may inform diagnosis and/or

treatment.

Craving and Relapse-Like Behaviors
Incubation of Opioid and Sucrose Craving

One common method for assessing incubation of craving behavior is as follows:
rats are surgically implanted with a jugular catheter, which allows for intravenous self-
administration of an opioid drug, i.e. heroin per Theberge et al. (2013), or oxycodone per
Blackwood, Leary, Salisbury, McCoy, and Cadet (2019), that is paired with the
illumination of a light cue and/or compounded tone cue. Following a period of self-
administration training deemed sufficient for the animals to learn the association between

drug delivery and the drug-paired cue, animals are subjected to periods of forced or
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voluntary abstinence. Following acute (usually 24 hours) or protracted (weeks or months)
abstinence, rats are reintroduced to the previously drug-paired chamber, and allowed to
respond on the conditioned lever (“active lever”) for activation of the conditioned cues.
During this “cue test”, the drug is no longer available in the presence of the cues. The
number of responses on the active lever is interpreted as drug craving/drug-seeking
behavior. An increase in the number of active lever presses following an extended period
of abstinence (i.e. 30 days) is interpreted as cue-induced incubation of craving.

Though there are sex differences in relapse propensity and cue reactivity in men
and women (Robbins, Ehrman, Childress, & O'Brien, 1999), and in male and female rats
during extinction/reinstatement (Cox, Young, See, & Reichel, 2013), these do not always
generalize to preclinical incubation of craving models. Incubation of cocaine craving
occurs similarly in male and female rats following extended access self-administration
and 15 — 48 days of abstinence (Corbett et al., 2021; C. Nicolas et al., 2019); though it
should be noted that, in at least one study, females demonstrated enhanced craving
following an intermittent access procedure (C. Nicolas et al., 2019). Males and females
also show similar incubation of methamphetamine and heroin craving, as indicated by a
comparable increase in lever pressing after 21 days of abstinence following continuous
access (Venniro, Zhang, Shaham, & Caprioli, 2017). Some speculate that the lack of sex
differences in incubation of craving behavior is dissociable from extinction/reinstatement
because different brain regions are recruited and activated during forced abstinence
(Venniro et al., 2019). Nonetheless, this area necessitates further research as potential

behavioral sex differences could seriously impact the efficacy of treatments.
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Although the increase in drug-seeking behavior following extended abstinence
appears to converge in both sexes, this does not necessarily mean that the underlying
mechanisms are similar in males versus females. As detailed in depth later in this
manuscript, gene expression changes driving drug seeking are sex-specific.
Transcriptomic changes in response to cocaine are sex- and region-specific throughout
the reward circuitry (Engeln et al., 2020; D. M. Walker et al., 2018). In response to
extended access fentanyl self-administration, changes in gene expression in the nucleus
accumbens and ventral tegmental area are largely sex-specific, with females showing
greater drug-induced transcriptional changes in the nucleus accumbens compared to
males (Townsend et al., 2021). Treatments must be tailored with this mind although
ultimately aiming to attenuate behavior similarly.

Sucrose is a natural (i.e. non-drug) reward, which has also been shown to induce
incubated craving following a period of abstinence (Counotte, Schiefer, Shaham, &
O'Donnell, 2014; J. W. Grimm, Barnes, et al., 2011; J. W. Grimm et al., 2013; C. Li &
Frantz, 2010). Often, the experimental protocol for studying incubation of sucrose
craving is similar to incubation of drug craving: train rodents on sucrose self-
administration (oral, rather than intravenous), submit them to a period of abstinence, then
reintroduce them to the drug-paired cues and use the number of previously-sucrose-
paired lever responses to operationally compare craving in early and late abstinence.
Studies of this nature have uncovered useful information about the underlying
mechanisms of sucrose seeking, some of which overlap with opioid-related mechanisms
at the circuitry/neurotransmitter level (Dingess et al., 2017; Noye Tuplin & Holahan,

2019). There is a lack of studies examining sex differences in incubation of sucrose
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craving. In fact, only one study has directly examined sex differences in palatable food
craving following forced abstinence (Madangopal et al., 2019). They did not observe sex
differences in sucrose craving after 1, 21, 60, 120, nor 200 days of abstinence. This is in
contrast with another recent study, which found that females respond more for sucrose-
paired cues during an extinction session in early abstinence compared to males (Jeffrey
W. Grimm et al., 2022), but note that a different paradigm was used. Thus, sucrose is a
relatively understudied substance that can be used to compare and contrast drug- versus

natural reward-induced changes throughout abstinence.

Neural Mechanisms Involved in Incubation of Opioid and Sucrose Craving

The mesocorticolimbic reward pathway underlies seeking of drug and natural
rewards (Roura-Martinez et al., 2019). Specific brain regions involved in the incubation
of opioid and sucrose craving include the ventral tegmental area, nucleus accumbens, and
amygdala (Reiner, Fredriksson, Lofaro, Bossert, & Shaham, 2019; Rogers, Ghee, & See,
2008). Additionally, ventral tegmental area to nucleus accumbens pathway (Barson,
Morganstern, & Leibowitz, 2012), as well as the basolateral to central amygdala pathway
(Roura-Martinez et al., 2019), appear to be critical in driving incubation of craving for
both substances. For a comprehensive review of the brain regions involved in opioid
relapse-like behaviors beyond what is covered in these experiments, we recommend
Reiner et al., 2019.

Not only do the brain regions themselves appear to overlap, there are also
significant similarities in neurotransmission therein. Dopamine is a key neurotransmitter

that moderates the rewarding properties of opioids and sucrose, as well as incentive
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salience of drug-paired cues, motivation to seek, and craving for both substances (Jun
Gao, Li, Zhu, Brimijoin, & Sui, 2012; Guy, Choi, & Pratt, 2011; Koob & Volkow, 2016).
For example, SCH 23390, a selective D1 receptor antagonist, is capable of blocking
context-induced reinstatement of heroin seeking (J. M. Bossert, Poles, Wihbey, Koya, &
Shaham, 2007), as well as sucrose seeking (J. W. Grimm, Harkness, et al., 2011).
Promisingly, SCH 23390 reduced sucrose-paired cue-induced extinction responding
similarly in both sexes during early abstinence (it was not tested in late abstinence in this
study, Jeffrey W. Grimm et al., 2022). Glutamate is another primary neurotransmitter that
is affected by opioids and sucrose, and subsequently mediates reward-related memories
and cue reactivity therein. Extracellular glutamate is increased in the nucleus accumbens
core during a cue-induced heroin-seeking test, and reducing glutamate in this region
inhibits reinstatement of heroin seeking (LaLumiere & Kalivas, 2008). Moreover,
agonizing mGIuR2/3 in the central amygdala decreases glutamate release and inhibits
incubation of sucrose and cocaine craving (Uejima, Bossert, Poles, & Lu, 2007).
Agonizing mGIuR2/3 in the accumbens attenuates context-induced reinstatement of
heroin seeking (Jennifer M. Bossert, Poles, Sheffler-Collins, & Ghitza, 2006).
Importantly, some (but not all) of the findings above pertain to reinstatement of
sucrose/opioid seeking, and do not account for incubation craving, which is a separate
paradigm induced using forced or voluntary abstinence. Expanding some of these queries
to craving specifically is an important future direction.

Within each of the aforementioned brain regions, plasticity events produced by
reinforcer consumption underlie the long-lasting changes in seeking behavior. These

neural adaptations require coordinated molecular processes within cells that produce and
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sustain these alterations after the reinforcer is no longer available. At the center of these
events are changes in gene expression, which are governed by a complex interaction of
transcription factors with the epigenetic landscape. Epigenetics refers to environmentally-
induced changes in gene expression that occur independently of changes to the genome.
A critical component of epigenetic alterations are transcription factors, which are proteins
responsible for activating or suppressing the transcription of DNA to RNA. This is the
first of many steps necessary for gene expression (Latchman, 1993). Important
transcription factors include ERK and CREB, which play a critical role in drug-induced
plasticity (Girault, Valjent, Caboche, & Herve, 2007), and AFosB, which is known to be
affected by chronic drug exposure and involved in incubation of cocaine craving
(reviewed in Nestler, 2001; reviewed in Nestler, Barrot, & Self, 2001). Phosphorylation
of ERK, CREB, and GluA1 are also affected by chronic opioid exposure and abstinence,
and correlate significantly with increased opioid seeking (Kong, Song, & Yu, 2014; C. Y.
Li, Mao, & Wei, 2008; Sun et al., 2015). Similarly, a chronic high fat diet followed by
forced abstinence and exposure to a sucrose-seeking test elicited changes in
phosphorylated CREB, BDNF, and AFosB in the NAcc (Sharma, Fernandes, & Fulton,
2013).

Despite the overlap, gene expression studies have uncovered heroin-specific
changes in several plasticity-related genes and nuclear receptors in the nucleus
accumbens and basolateral amygdala that are affected uniquely by chronic drug exposure
and do not generalize to sucrose (Koya et al., 2006; Kuntz, Patel, Grigson, Freeman, &
Vrana, 2008; Sun et al., 2015). Protein level changes that accompany incubation of

opioid craving include changes to opioid receptor expression in mesolimbic reward
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regions, including the nucleus accumbens and dorsal striatum (Blackwood et al., 2019;
Theberge et al., 2012). Studies on epigenetic mechanisms have uncovered significant
changes in gene expression, particularly for genes encoding transcription factors, such as
EGR1, EGR2, Nr4al, and Fos, and those important to learning and memory, such as
Homer 1 b/c, and Arc (Willard M. Freeman et al., 2008; Koya et al., 2006; Kuntz-
Melcavage, Brucklacher, Grigson, Freeman, & Vrana, 2009; Kuntz et al., 2008; Sun et
al., 2015). Many of these do not generalize to sucrose.

To date, the vast majority of studies examining opioid-induced molecular changes
have only included male subjects and/or have not accounted for moderating effects of
biological sex. Furthermore, many of these studies focused on changes that occur
following re-exposure to drug-paired cues. This approach excludes insight into drug-
induced changes occurring throughout abstinence to prime the system for increased
craving. Thus, although the mechanisms underlying opioid self-administration and
seeking are beginning to crystalize, it is unclear whether these findings will generalize to
females, and whether abstinence-induced changes are a successful target for curbing
incubation of craving prior to cue re-exposure. A summary of opioid-induced
neurotransmitter and molecular changes is provided in Table 1. As shown, there are still
many gaps when it comes to understanding these processes in females. Of course, this is
of critical importance in order to design treatments that will be highly effective both men
and women. These mechanisms represent druggable and relevant processes that can be
targeted throughout abstinence. The overall goal of preventing these alterations from
occurring and/or treating them throughout abstinence holds promise in terms of treating

the underlying cause of increased craving, rather than treating the symptoms of relapse.
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Table 1. Comparison Of Opioid-Related Neurobiological Mechanisms And Incubation
Of Craving Behavior In Males And Females.
1 indicates an upregulation or overexpression, | indicates a downregulation or
repression, 11 indicates an enhancement driven by estrous cycle or ovarian hormones,
??? indicates that data are unavailable and/or inconclusive, SA indicates self-
administration. Given that literature is more robust for other reinforcers, such as
cocaine, studies pertaining to other reinforcers and/or baseline differences have been
included only where opioid-related data are inconclusive.

Mechanism Males Females References Cited
Glutamate 1 during SA 1 in response to lJ:i”KB- Eecz'gifﬁaf‘?_'GeQrge
extracellular levels | 1 during acute and chronic - Koob (2016); Hearing,

withdrawal and
during cue re-
exposure

morphine
11 during estrus

Graziane, Dong, and
Thomas (2018);
LaLumiere and Kalivas
(2008); Mousavi,
Shafaghi, Kobarfard, and
Jorjani (2007); H.-w.
Shen, Scofield, Boger,
Hensley, and Kalivas
(2014)

Glutamate receptor
phosphorylation
and expression

1 phosphorylation
in response to
chronic morphine
1 throughout

?7??

1 activation
following cocaine
SA

Kim et al. (2018);
Martinez et al. (2016); H.
Shen, Moussawi, Zhou,
Toda, and Kalivas (2011)

withdrawal
Dopamine 1 during SA 1 in response to iigégE)‘eg(_eéﬁ'?d J. Hd Cha
. g ; Di Chiara an
extracellular levels | | flurmg morphlne Imperato (1988): Koob
withdrawal | during (2009); Shi et al. (2008);
withdrawal Velasquez et al. (2019); Q.
dt D. Walker, Rooney,
T compare O_ Wightman, and Kuhn
males at baseline (2000)
11 compared to
males during estrus
D1 receptor 1 277 Hearing et al. (2018);

expression

1| during estrus but
excitability is
increased with
estradiol treatment

D1 agonist increases

heroin SA

Levesque, Gagnon, and Di
Paola (1989); Rowlett,
Platt, Yao, and Spealman
(2007)

D2 receptor
expression

!

772
1] during estrus

D2 agonist decreases

heroin SA

J. B. Becker and G. F.
Koob (2016); Hearing et
al. (2018); Rowlett, Platt,
Yao, and Spealman (2007)

GPCR signaling

1

1

11 during estrus

Aitta-aho et al. (2012); Jill
B. Becker and George F.
Koob (2016); Wang and
Burns (2009)
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Table 1 continued.

1 following chronic
exposure

males at baseline
1 compared to

Mechanism Males Females
CAMP/PKA levels | | following acute 277 ﬁronica,I IKrzus, anol1994 .
exposure 1 compared to atzenellenbogen (1994);

Lynch, Kiraly, Caldarone,
Picciotto, and Taylor
(2007); Nazarian et al.
(2009); Nestler (2004)

1 following chronic
exposure and
withdrawal

11 during estrus

| during males following
withdrawal cocaine treatment
11 by estradiol
pERK/pCREB | following acute 1 during Bobzean, Kokane, Butler,
levels exposure withdrawal and perrotti (2019);

Nestler (2004); Weiner et
al. (2009)

Delta Fos B levels

1 following chronic
exposure and
throughout
abstinence

?2?7?

1 following sexual
experience and
chronic cocaine

1 compared to
males following
ethanol treatment

Acaba, Sidibe, Thygesen,
Van der Kloot, and Been
(2019); Berardino et al.
(2019); Nye and Nestler
(1996); Wille-Bille, de
Olmos, Marengo, Chiner,
and Pautassi (2017)

Gene expression
changes

1 Arc, Ania-3,
Homerl, EGR1,
EGR2, Nrdal,
Nr4a3

27?

Data presented in
Chapter 3 suggests
different gene
expression patterns
in males versus
females in response
to opioid self-
administration and
abstinence

Koya et al. (2006);
Mayberry et al., in prep

Incubation of
opioid craving

1

Fanous et al. (2012);
Venniro et al. (2019)

Incentive Salience and Sensitization

Drug-paired cues can gain importance or “salience” over repeated conditioning.

Consequently, cues can eventually trigger similar behavioral responses as drugs

themselves (Robinson & Berridge, 2003; Steketee & Kalivas, 2011). Robinson and

Berridge present a theory of incentive sensitization, in which neutral stimuli (i.e. drug-
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paired cues) become increasingly meaningful when paired with chronic drug use, such
that eventually those same stimuli are inherently motivational and sufficient to induce
powerful drug cravings (“salient”) (Robinson & Berridge, 1993). This is one theory for
how re-exposure to light cues (rodents) and environmental cues (humans) can trigger
craving and relapse, and is one of the most pervasive theories in the current
understanding of cue-induced incubation of craving.

Many studies have demonstrated a multidirectional relationship between drug-
paired cues, craving, and activation of memory-related brain regions, such as the
amygdala and hippocampus (Everitt, Cardinal, Hall, Parkinson, & Robbins, 2019;
McClernon et al., 2016). These complexes are also implicated in the mesocorticolimbic
reward pathway, which is known to play a role in reinforcing efficacy and motivation to
obtain most drugs of abuse (reviewed in Koob & Volkow, 2010; and Koob & Volkow,
2016). As discussed previously, this pathway overlaps in its mediation of naturally
reinforcing substances and experiences (dopamine contributions reviewed in Baik, 2013;
cholinergic contributions reviewed in Mark, Shabani, Dobbs, & Hansen, 2011).
Additionally, the same brain regions project to motor response centers in a way that
contributes meaningfully to drug-seeking behavior (Mogenson, Jones, & Yim, 1980).
Thus, there is ample evidence that the ventral tegmental area, both sub-regions of the
nucleus accumbens, the amygdala, and other components of the mesocorticolimbic
pathway are key players in mediating the rewarding properties of opioids and sucrose, as
well as motivation to seek those substances, and learned associations with incentivized

stimuli that elicit craving.
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Males and females both imbue salience on reward-paired cues, though it is not
entirely clear if and how cue reactivity and incentive sensitization (behaviorally or
mechanistically) diverge on the basis of biological sex, particularly for opioids.
Involvement of the prefrontal cortex, amygdala, and ventral striatum appear to be
involved in opioid cue reactivity in both males and females (Ekhtiari, Kuplicki, Aupperle,
& Paulus, 2021). In this study, both men and women were included, and sex differences
were not reported or highlighted. Women with alcohol use disorder report higher stress-
induced relapse rates compared to men (Jill B. Becker & George F. Koob, 2016), and
importantly, attribute higher stress ratings to opioid-paired cue re-exposure (Moran et al.,
2018). One hypothesis is that cues gain salience in both sexes, but take on a greater
aversive salience in females, and thus are more likely to contribute to stress-induced
relapse. This is consistent with sex differences in HPA axis regulation, as well as in
cortisol and corticotropin-releasing factor release and regulation (Pantazis et al., 2021).
Ultimately, reward-paired cues become significant and can trigger an intense desire to
seek drugs in both sexes. Additional studies are needed to discern whether cue-salience-

mediated relapse is driven by distinct affective profiles in males versus females.

Conclusions
Cue-induced incubation of drug craving refers to the progressive increase in
craving that occurs in the weeks to months following drug cessation when re-exposed to
previously drug-paired cues. In rodents, this is typically quantified using responses on a
previously reward-paired lever. This increase in lever pressing behavior is well

established for many drugs of abuse, including opioids, and has been observed in both
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sexes. It has also been documented via self-report in humans (O'Brien et al., 1992), and
therefore represents a highly translational phenomenon. Importantly, it should be noted
that craving is very difficult to define. There are limitations associated with lever pressing
in rodents and self-reporting in humans, such that these are often binary and subjective
measures. Additionally, although craving for the natural, non-drug reward sucrose also
intensifies (J. W. Grimm, Barnes, et al., 2011; Theberge et al., 2013), this is not the
intended target for potential treatments. Comparisons of opioid- versus sucrose-seeking
behavior are necessary for designing treatments that can effectively attenuate opioid
relapse without impacting the natural reward system.

There is immense overlap in the neurobiological systems involved in reward and
motivation for both reinforcers. For example, the circuitry within the mesocorticolimbic
reward pathway, including regions like the ventral tegmental area and nucleus accumbens
are critical for sucrose and opioid seeking (Guy et al., 2011; Koob & Volkow, 2016).
Dopamine and glutamate are key neurotransmitters involved in reward seeking generally
(J. M. Bossert et al., 2007; J. W. Grimm, Harkness, et al., 2011; LaL.umiere & Kalivas,
2008; Uejima et al., 2007). At the molecular level, mechanisms appear to diverge. For
example, changes in gene expression related to learning and memory are affected by
opioid exposure and abstinence, and these either have not been studied in the context of,
or do not generalize to sucrose (Koya et al., 2006). Although the general mechanisms that
mediate reward overlap between opioids and sucrose, there appears to be a more nuanced
role at the transcriptomic level. These changes represent a unique option for modulating
opioid-related behaviors and targeting the intensification of opioid-related cue reactivity

without affecting the natural reward system.
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Females have been largely understudied in attempting to delineate opioid-induced
molecular and transcriptomic changes that lead to craving, despite known sex differences
in many components of addiction (Jill B. Becker & Chartoff, 2019; J. B. Becker & G. F.
Koob, 2016). The opioid literature, though conflicting, suggests that there may be a
higher degree of overlap in opioid-seeking behavior between males and females (Céline
Nicolas et al., 2021; Venniro et al., 2019). Some neural mechanisms, such as an increase
in extracellular dopamine and glutamate in response to opioid exposure (Mousavi et al.,
2007; H.-w. Shen et al., 2014) are consistent. There are also neurobiological sex
differences that impact addiction-related processes (Jill B. Becker & Chartoff, 2019;
Calipari et al., 2017). Gaps in research remain regarding how males and females
experience transcriptomic changes throughout abstinence that lead to enhanced opioid
craving, as well as whether they experience similar behavioral profiles of opioid craving

beyond lever pressing.

Obijectives of This Dissertation

Overall, the field has made tremendous progress in terms of understanding the
neurobiological basis of incubation of cocaine craving. However, many of these findings
do not generalize to opioids, nor the natural reward sucrose. The studies included here
aim to look beyond lever pressing at additional behaviors associated with cue-induced
craving in order to refine the definition of craving (Chapter 2). This is important in order
to improve preclinical models of relapse-like behavior and to lay the groundwork for
identifying neural mechanisms involved in opioid versus sucrose craving. Sucrose-

exposed rats are included as a control group throughout in order to disentangle the
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mechanisms governing cue-reward associations broadly from those that specifically
contribute to opioid-paired cue-induced craving and opioid relapse. Female subjects must
be included and the estrous cycle must be considered (Chapter 2) in order to determine
sex-specific behavioral and molecular changes. Additionally, we aim to elucidate the
transcriptomic changes that occur in response to chronic opioid exposure and extended
abstinence without re-exposure to cues (Chapter 3). A better understanding of which, if
any, of these changes are opioid-specific will greatly improve the specificity of potential
targets and reduce the likelihood of impacting motivation for natural rewards. Lastly, we
aim to test the efficacy of one epigenetic treatment approach — interfering with the read-
out of drug-induced histone modifications — at reducing heroin consumption (Chapter 4).
Ultimately, this research has the potential to improve the understanding of drug-seeking
behavior, help identify a pending relapse event, and inform highly specific treatment
targets for opioid craving in both males and females. These mechanisms can be targeted
before or during abstinence to prevent or mitigate the changes that prime the system for
opioid craving when re-exposed to familiar environments, with the overall goal of

preventing relapse, rather than treating the symptoms.
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CHAPTER 2: OPIOID AND SUCROSE CRAVING ARE ACCOMPANIED BY
UNIQUE BEHAVIORAL AND AFFECTIVE PROFILES AFTER EXTENDED
ABSTINENCE IN MALE AND FEMALE RATS

The aforementioned “incubation of craving” phenomenon (J. W. Grimm et al.,
2001; Pickens et al., 2011) relies heavily on rodent lever-pressing behavior to assess
increased craving in response to reward-paired cues throughout abstinence. Drug-related
stimuli can gain salience and induce sensitization, known as incentive sensitization
(Berridge & Robinson, 2016). One prominent construct in the addiction field is that
incentive sensitization contributes to chronic, compulsive drug seeking, as well as other
documented stereotyped behaviors during cue re-exposure (Tindell, Berridge, Zhang,
Pecifia, & Aldridge, 2005). This form of reward-related plasticity can last years after
cessation of drug use (Carr, Ferrario, & Robinson, 2020; Paulson, Camp, & Robinson,
1991). Thus, incentive sensitization, in which drug-paired cues gain salience, likely
contributes to incubation of craving, in which cue re-exposure elicits drug seeking even
after prolonged abstinence. Importantly, these phenomena are thought to lead to high
relapse rates.

Though craving was recently added as a diagnostic criteria for substance use
disorder, it is poorly defined and difficult to assess. Rodents respond significantly more
on an “active lever” following several weeks of abstinence, which is interpreted as
incubation of craving. This is used to model enhanced relapse-like behavior seen in
humans. However, such methods do not account for other potentially important and more
nuanced behaviors. This experiment built upon a wealth of previous behavioral
sensitization studies and incorporated some of the drug-induced stereotypical behaviors

in establishing a behavioral signature of opioid craving. Behavioral sensitization refers to

Mayberry 19



documented, drug-induced, predictable (stereotyped) responses that emerge in both
humans (Sax & Strakowski, 2001) and rodents (Steketee & Kalivas, 2011), and is not to
be confused with incentive sensitization — a theoretical concept that stimuli can induce
drug-seeking behavior. These specific stereotyped movements are predictive of drug-
induced behavioral and neural changes, and therefore they served as a suitable foundation
for this study.

Craving for the natural reward sucrose also increases over extended abstinence
and was used as a comparison to tease out opioid-specific profiles that accompany cue-
induced reinforcer seeking. Sucrose is an important control group because it acts on many
of the same neural pathways as drugs of abuse, and yet it is not the intended target of
treatments aimed to reduce craving. Given that incubation of craving happens for opioids
and sucrose, this indicates that, in general, the brain is intensifying cue-reinforcer
associations over extended abstinence, regardless of reinforcer. Changes that are
consistent across reinforcers suggest overlap in the pathways driving this process. Some
of these changes can be adaptive (as is the case for remembering cues that are predictive
of natural rewards). However, by isolating opioid-specific changes, it is possible to
disentangle the behaviors associated with maladaptive drug-cue association
intensification throughout abstinence. This can help improve preclinical models of opioid
seeking, while also pointing to underlying neural mechanisms that drive symptoms of
opioid craving. As such, the goal here was to delineate and fine-tune the more subtle
changes in behavior and affective state that accompany increased drug seeking in

response to cue re-exposure.
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Positive and negative affective states are thought to contribute to relapse potential
(J. B. Becker & G. F. Koob, 2016; McKay, Rutherford, Cacciola, Kabasakalian-McKay,
& Alterman, 1996; Rubin, Stout, & Longabaugh, 1996; Witkiewitz & Bowen, 2010) and
clinical models of relapse include affective state (Witkiewitz & Marlatt, 2004). However,
this domain is not often considered in preclinical models of reinstatement or cue-induced
incubation of craving, particularly for opioids. Rodent affective states can be measured
using ultrasonic vocalizations (USVs). Low-frequency 22-kHz USVs (18-33-kHz) are
emitted in situations of fear or anxiety, and are therefore interpreted as negative-valence
affective state. High-frequency 50-kHz USVs (38-90-kHz) are emitted in response to
rewarding situations such as social play and drug or food self-administration, and are
therefore interpreted as positive-valence affective state or anticipatory (Barker, Simmons,
& West, 2015). Ultimately, USVs can elucidate affective components of opioid craving
in rats.

There are no sex differences in incubation of heroin craving, as measured by
active lever presses (Venniro et al., 2019); however, it is possible that males and females
differ in terms of more granular addiction-related behaviors. For example, females show
enhanced locomotor sensitization in response to experimenter-delivered
methamphetamine (Robinson, 1984) and cocaine (Carr et al., 2020). Females also show
greater incentive sensitization following intermittent access cocaine self-administration
(A. B. Kawa & T. E. Robinson, 2019). Limited studies have examined the role of
biological sex in USV production. Female High Alcohol Drinking (HAD-1) rats emit
more 50-kHz USVs during ethanol access compared to males (Mittal et al., 2019).

Importantly, it is unknown whether there is a sex-specific behavioral or affective
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signature associated with sucrose or opioid craving that persists into protracted
abstinence. This could help in designing preclinical models of opioid craving that may be
sex-specific, rather than testing male and female rats under conditions based on the male
model alone.

Another important consideration that may influence some of these behaviors is
the female estrous cycle. The estrous cycle affects addiction-like behaviors including
cocaine conditioned place preference (CPP), and incubation of cocaine craving (Calipari
etal., 2017; C. Nicolas et al., 2019; Paris et al., 2014). However, results related to if/how
the estrous cycle impacts opioid-related behaviors are conflicting (Knouse & Briand,
2021). Furthermore, few studies have examined the potential role of the estrous cycle on
sucrose self-administration or stereotyped behaviors. This information is critical in terms
of developing treatments that are sensitive to how fluctuations in gonadal hormones
influence drug taking and seeking in comparison to non-pathological reward seeking
generally.

The overarching goal of this work was to delineate and fine-tune the more subtle
changes in behavior and affective state that accompany increased drug seeking in
response to cue re-exposure. We aimed to identify behaviors that accompany craving
generally. Another objective of this study was to identify drug-specific behavioral
correlates of craving that do not generalize to natural rewards. This method provides
important insight into characteristics of “normal” (non-pathological) craving behaviors
versus those that specifically accompany heroin craving. These findings can 1) improve
the preclinical model of opioid craving/relapse-like behavior, and 2) lay the groundwork

for identification of circuits governing opioid-cue reactivity. Males and females were
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included to address potential sex differences. All measurements were tracked across the
estrous cycle with the goal of identifying whether fluctuations in gonadal hormones affect
self-administration, craving, and/or any of the more nuanced behaviors. These findings
contribute to a better behavioral definition of craving and aid in identifying opioid-

specific neural circuits involved in craving.

Methods
Animals
For all experiments, male (n=51) and female (n=66) Long-Evans rats were bred in
house. All animals used in the studies were 60-180 days old and were pair-housed. Rats
were housed in a reverse light-dark cycle colony room with lights off at 9:00AM and
were handled daily for 2-5 minutes each for at least five days prior to the start of any
behavioral procedure or test. Experiments were conducted in the dark phase. Animals had
ad libitum access to water and standard laboratory chow throughout the experiment. Male
and female cohorts were run at separate, counter-balanced times, and self-administration
chambers were cleaned thoroughly in between cohorts to minimize exposure to the
opposite sex. All animal procedures were performed in accordance with the Temple
University animal care committee’s regulations.
Heroin Self-Administration, Forced Abstinence, and Relapse Tests
Rats used for intravenous heroin self-administration were anesthetized using an
intraperitoneal injection of 80 mg/kg ketamine and 12 mg/kg xylazine prior to surgery.
An indwelling SILASTIC catheter was threaded subcutaneously over the shoulder blade,
inserted in the jugular vein, and sutured in place. The catheter routed to a mesh back

mount platform (Strategic Applications Inc., Lake Villa, IL) which was sutured below the
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skin between the shoulder blades. Catheters were flushed daily with 0.2 mL of Timentin
(0.93 mg/mL) dissolved in heparinized saline to prevent clogging. Following the 7-day
recovery period, rats were placed in operant chambers and allowed to lever press on a
fixed ratio 1 (FR1) schedule for heroin infusions (0.10 mg/kg/infusion over 5 seconds).
Sessions began at the onset of the animals’ dark cycle. Responses on the “active lever”
resulted in one infusion, accompanied by a 5-second light cue and a subsequent 20-
second timeout period during which the house light was off and lever presses were
recorded but had no contingent drug infusion. Heroin self-administration sessions
followed an intermittent access paradigm, which included three hours of “drug-available”
time, followed by a 15-minute window of “no-drug available”. This procedure repeated
three times per session, resulting in a total of nine hours of drug availability, and was
performed daily on 10 consecutive days. Heroin self-administering rats were tested
behaviorally for signs of craving during early (Day 1) and late (Day 30) abstinence using
a within-subjects design. Within-subjects relapse tests (“cue tests”) were 30 minutes long
under extinction conditions, meaning that active lever presses resulted in cue light
presentation, but no contingent reward. Throughout abstinence (one or 30 days), rats
were housed in their home cage, were not re-exposed to the self-administration chambers,
and were handled regularly. Animals had ad libitum access to food and water throughout.
Sucrose Self-Administration, Forced Abstinence, and Relapse Tests

Separate cohorts of male and female rats self-administered sucrose. This natural,
non-drug reward acts as an important control group in establishing baseline behaviors
that change over 30 days of forced abstinence. Unsurgerized drug-naive rats responded

on the “active lever” for one sucrose pellet (FR1 schedule) that was accompanied by a 5-
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second light cue, and a subsequent 20-second timeout period as previously described.
Sucrose self-administration occurred for two hours daily on 10 consecutive days. At the
end of one or 30 days of forced abstinence (as described above), male and female rats
were tested for sucrose seeking under extinction conditions for one hour. Again, all
sessions began at the onset of the animals’ dark cycle and animals had ad libitum access
to food and water throughout all phases of the experiment.

Recording Relapse Tests and Scoring for Stereotyped Behaviors

Each cue test was video recorded for off-line scoring by investigators blind to
condition. Videos from heroin seeking tests were 30 minutes in length. Videos from
sucrose seeking tests were one hour in length. In both cases, videos were recorded in 5-
minute increments via SD card dashcams (Pruveeo, Blaine, WA) attached to the top of
each sound-attenuating chamber to provide an aerial view of the operant box floor. Raw
footage was then edited together using Adobe Premiere Pro (Adobe Inc., San Jose, CA)
to create one continuous, 30-minute or hour-long video. In hour-long videos, only the
first 30 minutes were scored in order to make sessions comparable to the 30-minute
relapse test sessions.

Scored behaviors included horizontal locomotion and stereotypies. These were
tracked using an online counter and timer. To measure horizontal locomotion, a two-by-
two grid was superimposed over the floor of the operant chamber displayed on the
computer screen in the recording. The grid was measured to ensure that it was
approximately 15 cm by 15 cm and that each quadrant was of equal size. Scorers then
counted each “beam break”, or instance in which the rat moved from one quadrant of the

chamber to another by crossing one of the grid lines with its head and shoulders. Time
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spent grooming was quantified by the amount of time an animal spent licking, pawing, or
scratching itself. Time spent sniffing was quantified by the amount of time that an
animal’s nose was in contact with the floor or walls of the operant box, either while
stationary, or while mobile. The number of hops or darts across the operant chamber
quantified instances of hyperactivity.

Audio Recording and Scoring Ultrasonic Vocalizations (USVs)

Ultrasonic vocalizations were collected from a subset of rats, with the goal of
delineating the affective profile of craving in early versus late abstinence. Ultrasonic
microphones from Dodotronic (Ultramic 200K) were placed atop the self-administration
chamber and positioned inside a foam noodle to secure them in an upright position. They
were positioned flush against the Plexiglas top of the operant chamber in order to capture
clear recordings. Microphones were plugged into HP computers and USV recordings
were obtained using Raven Pro 1.5 beta (Ithaca, NY) at a 192,000-Hz sampling rate in
10-minute segments. WAVE files were run through DeepSqueak, a Matlab-based USV
detection program.

The Short Rat Call neural network was used to detect 50-kHz USVs. Calls were
accepted or rejected based on if they met frequency criteria (38-90-kHz) and duration
criteria (5 ms or longer). Calls were differentiated from background noise by visual
confirmation of a clear shape on the spectrogram. The Long Rat Call Network was used
to detect 22-kHz USVs within the range of 18-33-kHz. Trained scorers counted the
number of USVs during the duration of the cue test. Random files were assigned to a
second scorer for accuracy. Calls in the 18-33-kHz range were termed “22-kHz USVs”

and were interpreted as a negative-valence affective state. Calls in the 38-90-kHz range
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were termed “50-kHz USVs” and were interpreted as anticipatory or positive-valence
affective state. The classification of calls as positive- or negative-valence affective states
is based on previous research (Barker et al., 2015).

Gonadal Hormone Measures

Gonadal hormone measures were analyzed in a subset of females. Each day
throughout self-administration, vaginal lavage was conducted using a cotton-tipped
applicator soaked in sterile saline to collect loose vaginal cells. Lavage data was collected
for a minimum of ten consecutive days prior to, as well as the day of each cue test.
Vaginal cytology was conducted in order to determine the concentration and volume of
three main cell types associated with distinct phases of the female estrous cycle: diestrus,
as indicated by an abundance of sparse leukocytes, proestrus, as indicated by nucleated
epithelial nuclei, and estrus, as indicated by dense, overlapping cornified cells. For the
purposes of these experiments, the cycle was split into estrus (proestrus and estrus) and
non-estrus (metestrus and diestrus) phases.

To determine the effect of the female estrous cycle on sucrose and/or heroin self-
administration, the average number of pellets/infusions earned was compared across all
female rats in estrus versus non-estrus on each day of self-administration. During the
early and late abstinence cue tests, the number of active lever presses was averaged and
compared for female rats in estrus versus those in non-estrus. Overall locomotion,
sniffing, grooming, and hyperactivity were compared for each rat individually and
grouped according to whether a given rat was in estrus or non-estrus on the day of the
seeking test. Infusions/pellets earned were used as a proxy for opioid/sucrose intake,

whereas active lever presses during the cue test were used to interpret craving.
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Statistical Analysis

Three-way ANOVAs were used to compare active lever responses during the Day
1 or Day 30 cue test with abstinence condition (Day 1 vs Day 30), sex, and reinforcer
(sucrose vs heroin) as between-subjects factors. Three-way ANOVAs were used for
overall locomotion, sniffing, grooming, hyperactivity, and 50-kHz ultrasonic vocalization
analyses with sex, reinforcer, and abstinence condition as between-subjects factors. In all
cases, if a significant interaction was found after performing ANOVAs, post-hoc
comparisons were made using Bonferroni’s multiple comparisons test.

For comparisons of heroin and sucrose taking across phases of the estrous cycle,
mixed model ANOVAs were used to compare infusions/pellets earned during self-
administration. Session (self-administration day 1 versus day 2 versus day 3 etc.) was
used as the within-subjects factor, and condition (estrus versus non-estrus) was used as
the between-subjects factor. Two-way repeated-measures ANOVAs were used to
compare active lever presses during the early (Day 1) and late (Day 30) abstinence cue
tests. Abstinence condition (abstinence Day 1 versus abstinence Day 30) and estrous
cycle phase (estrus versus non-estrus) were used as between-subjects factors. Again, if a
significant interaction was found after performing ANOVAs, post-hoc comparisons were
made using Sidak’s or Bonferroni’s multiple comparisons test. For comparisons of
locomotion, sniffing, grooming, and hyperactivity in estrus versus non-estrus females in
early and late abstinence, a two-way ANOVA was used. Abstinence day and estrous
cycle phase were both between-subjects factors. Sidak’s and Bonferroni’s multiple

comparisons tests were used if an interaction was detected.
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Results

Incubation of Sucrose and Heroin Craving are Associated with Reinforcer-Specific
Behavioral Profiles

Male and female rats were allowed to intravenously self-administer (IVSA)
heroin (0.10mg/kg/infusion) or self-administer sucrose pellets for 10 days, and were then
assigned to either one (Day 1) or 30 days (Day 30) of forced abstinence. At the end of
each respective abstinence time point, rats were tested for drug- or sucrose-seeking
behavior (Figure 1A). A camera was mounted to the ceiling of the sound-attenuating
chamber and an ultrasonic microphone was positioned in the front right corner atop the
Plexiglass ceiling of the operant chamber to record ultrasonic vocalizations (USVs) and
to score behaviors offline respectively (Figure 1B). Active lever responses increased
from abstinence Day 1 to abstinence Day 30 in heroin- and sucrose-treated males and
females, indicating incubation of craving (Figure 1C; day [F1,232=52.74, p<.0001]; sex
[F1,232=9.825, p=.0019]; reinforcer [F1,232=2.824, p=.0942]; day x sex x reinforcer
[F1,232=4.549, p=.0340]). Post-hoc comparisons revealed that sucrose females responded
significantly more than heroin females and sucrose males in early abstinence (Day 1
female sucrose vs Day 1 female heroin, p=.0003; Day 1 female sucrose vs Day 1 male
sucrose, p=.0402, Bonferroni’s multiple comparisons test). Overall locomotion, as
measured by the total number of times a rat crossed one of the superimposed beams
bisecting the operant chamber in the video recording, increased over 30 days of
abstinence from heroin and sucrose in both sexes (Figure 1D; day [F1,232=100.6,
p<.0001]; sex [F1.232=2.124, p=.1464]; reinforcer [F1,232=1.397, p=.2384]). Grooming
decreased in heroin males and females, and was unchanged in sucrose males and females

after 30 days of abstinence (Figure 1E; day [F1,23.=10.78, p=.0012]; sex [F1,232=.2969,
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p=.5864]; reinforcer [F123,=6.620, p=.0107]; day x sex x reinforcer [F1232=4.318,
p=.0388]; Day 1 male heroin vs Day 30 male heroin, p=.0138; Day 1 male sucrose vs
Day 30 male sucrose, p>.9999; Day 1 female heroin vs Day 30 female heroin, p<.0001,;
Day 1 female sucrose vs Day 30 female sucrose, p=.1848, Bonferroni’s multiple
comparisons test). Sniffing was unchanged in all conditions, with the exception of an
increase in sucrose-exposed females (Figure 1F; day [F1,232=23.20, p<.0001]; sex
[F1,232=6.569, p=.0110]; reinforcer [F1,232=16.82, p<.0001]; sex x reinforcer
[F1,232=4.304, p=.0391]; Day 1 male heroin vs Day 30 male heroin, p>.9999; Day 1 male
sucrose vs Day 30 male sucrose, p=.1316; Day 1 female heroin vs Day 30 female heroin,
p=.1848; Day 1 female sucrose vs Day 30 female sucrose, p<.0001, Bonferroni’s
multiple comparisons test). Hyperactivity, as measured by hops and darts across the cage,
increased over 30 days of abstinence from heroin, but not sucrose in males and females
(Figure 1G; day [F1231=24.49, p<.0001]; sex [F1.231=2.717, p=.1007]; reinforcer
[F1,231=16.05, p<.0001]; day x reinforcer [F1231=12.11, p=.0006]; Day 1 male heroin vs
Day 30 male heroin, p=.0050; Day 1 male sucrose vs Day 30 male sucrose, p>.9999; Day
1 female heroin vs Day 30 female heroin, p<.0001; Day 1 female sucrose vs Day 30
female sucrose, p=.7376, Bonferroni’s multiple comparisons test). In summary,
locomotion, as measured by total beam breaks, increased over 30 days of abstinence in all
groups. There was a sex- and reinforcer-specific effect on grooming, such that it
increased in sucrose-exposed females and is unchanged in all other groups. Heroin-
exposed male and female rats demonstrated decreased grooming and increased
hyperactivity over 30 days of forced abstinence. This represents a heroin-specific

behavioral pattern, as it does not generalize to sucrose-exposed rats of either sex.
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Figure 1. Incubation of Craving Is Associated With Sex- And Reinforcer-Specific
Behavioral Signatures. A. Experimental timeline including 10 days of intravenous
heroin or oral sucrose self-administration, followed by a recorded cue test after one
(AD1) or 30 (AD30) days of forced abstinence. B. Cameras were mounted on the
ceiling of the sound-attenuating chamber to record movement and behaviors during
the cue test. An ultrasonic microphone was positioned against the Plexiglas top of the
operant box to record ultrasonic vocalizations. C. Sucrose- and heroin-exposed males
and females showed incubation of craving, as indicated by an increase in active lever
pressing after 30 days of abstinence. D. Overall locomotion, as measured by total
beam breaks increased in heroin- and sucrose-exposed males and females over 30
days of abstinence. E. Grooming decreased in heroin-exposed rats and was unchanged
in sucrose-exposed rats of both sexes after 30 days of abstinence. F. Sniffing was
unchanged in all conditions, with the exception of an increase in sucrose-exposed
females. G. Hyperactivity, as measured by hops and darts across the cage, increased
over 30 days of abstinence from heroin, but not sucrose in males and females. Data
show mean + SEM; *p<.05, ns = not significant (p>.05), AD1 and AD30 = abstinence
Day 1 and abstinence Day 30.

Heroin-Exposed Male Rats Show an Increase In 50-kHz USVs After 30 Days of Forced
Abstinence

22-kHz calls are unchanged in heroin-exposed males and females (data not
shown). 50-kHz increased only in heroin-exposed male rats and were unchanged in all
other groups after 30 days of abstinence (Figure 2; day [F1,51=65.73, p<.0001]; sex
[F1,5:1=84.83, p<.0001]; reinforcer [F151=69.82, p<.0001]; day x sex x reinforcer
[F1,5:=60.12, p<.0001]; Day 1 heroin male 50-kHz calls vs Day 30 heroin male 50-kHz
calls, p<.0001; Day 1 sucrose male 50-kHz calls vs Day 30 sucrose male 50-kHz calls,
p>.9999; Day 1 heroin female 50-kHz calls vs Day 30 heroin female 50-kHz calls,
p>.9999; Day 1 sucrose female 50-kHz calls vs Day 30 sucrose female 50-kHz calls,
p>.9999, Bonferroni’s multiple comparisons test). Very few 22-kHz calls were observed.
Many were short in length and captured in conjunction with a series of 50-kHz calls.
Compared to 50-kHz calls, 22-kHz calls were very infrequent and did not change from

early to late abstinence in either sex for either reinforcer.
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Figure 2. Incubation of Heroin Craving Is Associated With an Increase in 50-kHz
Ultrasonic Vocalizations (USVs) In Males, But Not Females. 22-kHz and 50-kHz
calls were unchanged in sucrose-exposed males and females. Data show mean +
SEM; *p<.05, ns = not significant (p>.05).

Estrous Cycle Does Not Impact Heroin or Sucrose Self-Administration nor Incubation of
Craving

Over ten days of self-administration females took increasing amounts of heroin
(Figure 3A; time, [Fo541=3.821, p=.0001]). There was no difference in heroin taking
between females in estrus versus those in non-estrus (Figure 3A; estrus, [F3148=.5299,
p=.6624]). Female rats experienced incubation of heroin craving following 30 days of
abstinence (Figure 3B; time, [F1,51=18.02, p<.0001]); however, craving was not affected
by phase of the estrous cycle (Figure 3B; estrus, [F151=.0881, p=.7677]; interaction,

[F151=1.989,p=.1645]). Similarly, increasing amounts of sucrose were taken over 10 days
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of self-administration (Figure 3C; time, [Fo760=66.68, p<.0001]), and there were no
differences between females in estrus versus those in non-estrus (Figure 3C; estrus,
[F1201=.2342, p=.6290]; interaction, [Fg,760=.8406,p=.5787]). Females also experienced
incubation of craving for the natural reward sucrose (Figure 3D; time [F1,63=12.57,
p=.0007]), and there was no effect of estrous cycle phase on sucrose craving (Figure 3D;

estrus, [F163=.2057, p=0.6517]; interaction, [F163=.7248,p=.6517]).
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Figure 3. The Effect of the Female Estrous Cycle Phase (Estrus versus Non-Estrus)
On Heroin and Sucrose Self-Administration and Craving. A. Female heroin-treated
rats earned more infusions over 10 days of intravenous self-administration regardless
of estrous cycle phase. B. Females demonstrated incubation of heroin craving, as
indicated by an increase in active lever responses during a 30-minute cue test
following 30 days of abstinence, and there were no differences in active lever
responses between estrus and non-estrus females at either abstinence time point. C.
Female sucrose-treated rats earned more sucrose pellets over 10 days of oral self-
administration regardless of estrous cycle phase. D. Females demonstrated incubation
of sucrose craving, as indicated by an increase in active lever responses during a 1-
hour cue test following 30 days of abstinence, and there were no differences in active
lever responses between estrus and non-estrus females at either abstinence time point.
Data show mean + SEM; *p<.05, ns = not significant (p>.05).

Locomotion is the Only Behavior Enhanced in Estrus Females after 30 Days of
Abstinence from Heroin Compared to Non-Estrus

Total beams breaks increased from Day 1 to Day 30 of abstinence in heroin-
treated females (Figure 4A; time [F145=33.58,p<.0001]). Estrus females showed greater
locomotion than non-estrus females (Figure 4A; estrus, [F1,45=6.151,p=.0169];
interaction, [F1,45=.5535,p=.4608]). The observed decrease in grooming was not affected
by phase of the estrous cycle (Figure 4B; time, [F145=18.30,p=.0001]; estrus,
[F1,45=.0093,p=.9235]; interaction, [F145=1.762,p=.1911]). Sniffing increased over 30
days of abstinence from heroin regardless of phase of the estrous cycle (Figure 4C; time,
[F1,45=9.245,p=.0039]; estrus, [F145=1.018,p=.3183]; interaction, [F145=.0221,p=.8826]).
Interestingly, the increase in hyperactivity over 30 days of abstinence from heroin was
not affected by the phase of the estrous cycle (Figure 4D; time, [F1,45=15.36,p=.0003];

estrus, [F1,45=.0558,p=.8144]; interaction, [F145=.2112,p=.6481]).
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Figure 4. The Effect Of The Female Estrous Cycle Phase (Estrus Versus Non-Estrus)
On Addiction-Related Behaviors Following One or 30 Days of Abstinence from
Heroin. A. Total beam breaks increased over 30 days of abstinence, and locomotion
was higher in estrus females compared to non-estrus females. B. Grooming decreased
over 30 days of abstinence regardless of estrous cycle phase. C. Sniffing increased
over 30 days of abstinence regardless of estrous cycle phase. D. Hyperactivity
increased over 30 days of abstinence and there was no effect of estrous cycle phase.
Data show mean + SEM; *p<0.05, ns = not significant (p>.05).

Locomotion and Hyperactivity are Enhanced in Estrus Females after 30 Days of
Abstinence from Sucrose Compared to Non-Estrus

As with heroin-treated females, overall locomotion, as measured by total beam
breaks increased over 30 days of abstinence from sucrose (Figure 5A; time,
[F1,86=54.91,p<.0001]). Again, locomotion was higher in estrus females compared to
non-estrus females (Figure 5A; estrus, [F1,86=6.386,p=.0133]; interaction,
[F1,8=.0115,p=.9150]). Grooming increased over 30 days of abstinence from sucrose
(Figure 5B; time [F1,8=4.194,p=.0436]), but was not affected by phase of the estrous
cycle (Figure 5B; estrus, [F1,8=1.091,p=.2993]; interaction, [F1,8=1.974,p=.11636]).
Similarly, sniffing increased over 30 days of abstinence from sucrose (Figure 5C; time
[F1,86=23.98,p<.0001]), but was not affected by phase of the estrous cycle (Figure 5C;
estrus, [F1,8s=0.003,p=.9568]; interaction, [F1gs=.064,p=.8006]). Hyperactivity was
enhanced in estrus females at Day 30 of abstinence, but was not affected by estrous cycle
phase in early abstinence (Figure 5D; time, [F1.8=3.923,p=.0508]; estrus,
[F1,86=5.459,p=.0218]; interaction, [F1g=1.767,p=.1872]; Day 1 estrus vs non-estrus,

p>.9999; Day 30 estrus vs non-estrus, p=.0479, Bonferroni’s multiple comparisons test).
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Figure 5. The Effect Of The Female Estrous Cycle Phase (Estrus Versus Non-Estrus)
On Addiction-Related Behaviors Following One or 30 Days of Abstinence from
Sucrose. A. Total beam breaks increased over 30 days of abstinence, and locomotion
was higher in estrus females compared to non-estrus females. B. Grooming increased
over 30 days of abstinence regardless of estrous cycle phase. C. Sniffing increased
over 30 days of abstinence regardless of estrous cycle phase. D. Hyperactivity was
enhanced at Day 30 in estrus females, and there was no effect of estrous cycle on
hyperactivity at Day 1. Data show mean + SEM; *p<.05, ns = not significant (p>.05).

Discussion

This study aimed to refine a more robust picture of behavioral and affective states
that accompany opioid seeking after extended abstinence, when craving is high. After
chronic self-administration of either intravenous heroin or the natural reward sucrose, rats
underwent an abstinence paradigm that is known to induce craving after 30 days (Lu et
al., 2004). Sucrose is a natural reward that acts on many of the same brain regions as
drugs of abuse and leads to enhanced craving. Thus, it was important to establish
behaviors that change in response to extended abstinence and cue re-exposure generally,
and subsequently to differentiate opioid-specific behavioral changes. To that end, we
explored overall locomotion, sniffing, grooming, hyperactivity, ultrasonic vocalizations
(USVs), and estrous cycle phase. Results indicate a reinforcer-specific behavioral profile
that emerges after 30 days of forced abstinence in heroin-exposed rats. Interestingly, total
beam breaks increased over 30 days of abstinence regardless of sex and reinforcer,
indicating that increased craving is associated with a general increase in locomotion.
Heroin exposure resulted in a unique behavioral signature, including a decrease in
grooming and an increase in hyperactivity that was seen in both sexes but did not

generalize to the natural reward sucrose. Sniffing showed a sex- and reinforcer-specific
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effect, such that it increased in sucrose-treated females over 30 days of abstinence, and
was unchanged in all other groups. Heroin-exposed males emitted more 50-kHz USVs
during the late abstinence heroin seeking test when craving was high, which was not seen
in females, nor sucrose-exposed rats of either sex. Estrous cycle phase did not influence
self-administration nor craving for either reinforcer. However, locomotion and/or
hyperactivity were enhanced in estrus females in a reinforcer-specific manner. These
results underscore the notion that opioids cause long-lasting neural adaptations, which
take effect and persist throughout abstinence in order to prime the system for increased
craving and compulsive drug seeking when re-exposed to drug-paired cues. These
changes are characterized by decreased grooming and increased hyperactivity, which
represent an opioid-specific behavioral profile of craving in response to cue re-exposure.
An increase in positive-valence affective state is thought to drive this drug-seeking
behavioral signature, though this may be sex-specific. The mechanism for explaining the
different behavioral profiles in heroin- versus sucrose-exposed rats is a critical next step
that remains undetermined, though it is outside the scope of this report. Ultimately, the
goal is that these descriptive data lay the foundation for further exploration of such a
mechanism. Taken together, these results are promising in terms of developing treatments
tailored to opioid craving and associated behaviors without interrupting the natural
reward system.

Increase in Lever Pressing Is Associated With Increased Locomotion in Males and
Females, Regardless Of Reinforcer

Re-exposure to reward-paired cues not only induces an increase in seeking
behavior, but also a general increase in overall locomotion, as measured by beam breaks.

There are similarities between changes in locomotion/stereotypies and incubation of
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craving, such that both persist after long periods of abstinence (Madangopal et al., 2019;
Paulson et al., 1991; Pickens et al., 2011). For example, locomotion increases during a
cue-induced reinstatement test following chronic sucrose self-administration and 30 days
of abstinence (Aoyama, Barnes, & Grimm, 2014; J. W. Grimm, Manaois, Osincup,
Wells, & Buse, 2007; Harkness, Wells, Webb, & Grimm, 2016), though in some of these
studies, rats had undergone extinction training prior to reinstatement. Following exposure
to experimenter-delivered morphine, a priming injection stimulated increased locomotor
sensitization after three and nine weeks of abstinence (Vanderschuren et al., 1997).
Others have shown that this persists for up to three months of abstinence (Powell &
Holtzman, 2001). Though these studies (and the bulk of studies examining sensitization)
focus on changes with opioids on board, one report found that overall locomotion is
depressed 24 hours into abstinence without re-exposure to heroin. Although it is unclear
whether this change reached significance, locomotion appears to increase following 14
days of abstinence, again without a priming injection (Leri, Flores, Rajabi, & Stewart,
2003). All of these aforementioned conclusions were based on male subjects only. This
study corroborates these findings and extends them to females.

Locomotion and reinstatement are mediated by overlapping neurotransmitter
mechanisms in the ventral tegmental area and accumbens, whereby activation of
glutamate receptors on accumbal dopamine terminals leads to the increase in dopamine
that drives increased locomotion and motivation (Roy A. Wise, 2004; M. Wu,
Brudzynski, & Mogenson, 1993). In fact, reducing locomotion and seeking sometimes
cannot be dissociated. For example, dopamine D1 receptor antagonist SCH 23390

attenuates overall locomotion and sucrose seeking, which are increased after 30 days of
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abstinence without extinction training (J. W. Grimm, Harkness, et al., 2011).
Additionally, treatments that reduce incubation of cocaine craving also reduce
locomotion after 30+ days of forced abstinence (Murray et al., 2021). Thus, there is an
overlapping system that contributes to behavioral sensitization with drugs on board, cue-
induced relapse-like behavior, and locomotion. Here, we show that these drug-induced
neural adaptations can be triggered by cue re-exposure even after prolonged abstinence.

In Both Sexes, Chronic Heroin Exposure and Extended Abstinence Results in an Opioid-
Specific Behavioral Profile

Although craving and overall locomotion increase over 30 days of abstinence
regardless of sex and reinforcer, other behaviors, like grooming and hyperactivity change
uniquely following exposure to heroin versus sucrose. Most of the research on incubation
of craving has utilized responses on a previously reward-paired lever to assess craving,
regardless of reinforcer. Here, we show that other behaviors, such as grooming and
hyperactivity, may be better suited for quantifying opioid craving. One important
limitation of this study is that certain self-administration parameters (session duration and
continuous versus intermittent access) were inconsistent across reinforcers, which
possibly contributes to the behavioral differences seen here. Though a mechanism for
driving these behavioral changes is undetermined, these unique behavioral profiles are
significant and relevant because they 1) underscore the wealth of data indicating that
increased active lever presses occur in males and females upon cue re-exposure after
prolonged abstinence, while 2) adding more nuanced and robust measurements of opioid
craving, such as grooming and hyperactivity. These data can help improve preclinical
models of craving/relapse-like behavior while also serving as a powerful foundation for

additional mechanistic exploration.

Mayberry 43



The decrease in grooming and increase in hyperactivity that are associated with
peak heroin craving may represent a hyperactive or compulsive behavioral profile similar
to compulsive drug seeking. Noradrenergic hyperactivity can lead to hyperarousal,
trouble focusing, and overactivity (Yamamoto, Shinba, & Yoshii, 2014). Treatments that
reduce noradrenergic outflow have been shown to reduce cue-induced opioid craving
(Sinha, Kimmerling, Doebrick, & Kosten, 2007). Thus, one interpretation is that cue-
induced heroin craving in late abstinence is reflective of a hyperactive state, a
preoccupation with drug seeking, and a decrease in self-directed behaviors, such as
grooming. Grooming and hyperactivity are associated with cocaine- and opioid-induced
behavioral sensitization (J. B. Becker, Molenda, & Hummer, 2001; Zhan, Ma, Wang, &
Liu, 2015), though not many studies have examined them in the context of cue-induced
craving without re-exposure to the drug itself.

It is interesting that many of the behaviors — incubation of craving, increased
locomotion, and the heroin-specific decrease in grooming, and increase in hyperactivity —
were consistently altered in both sexes. The only recorded behavior that was
differentially affected in males and females was the sucrose-specific increase in sniffing
seen in females, but not males. Notably, though sucrose-exposed females respond more
than sucrose-exposed males during early abstinence, there were no observed sex
differences in heroin seeking at either time point. This is consistent with other reports that
males and females experience similar increases in opioid-seeking behavior after extended
abstinence (Venniro et al., 2019). Compared to males, females show enhanced incentive
sensitization to cocaine following intermittent self-administration (Alex B. Kawa & Terry

E. Robinson, 2019), as well as behavioral sensitization to experimenter-delivered
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amphetamine (Van Haaren & Meyer, 1991). In some cases, behaviors like grooming are
uniquely affected in only females and unchanged in males when morphine is on board
(Zhan et al., 2015). Here, the magnitude of change in stereotypies and locomotion are
similar in males and females, with the exception of sniffing in sucrose-exposed females.
A possible explanation is that males and females react differently when opioids are
present, but that over time, the opioid- and cue-induced behavioral changes become more
comparable across sexes. This would help explain why males and females show a similar
increase in cue-induced opioid craving over 30 days of abstinence (Venniro et al., 2019).
Overall, this is promising in terms of designing treatments administered throughout
abstinence that are likely to be effective in both sexes at reducing craving and other
behaviors associated with compulsive drug seeking.

Extended Abstinence from Heroin Is Associated With an Increase in 50-kHz Ultrasonic
Vocalizations in Males, But Not Females

Another sex-specific change was reflected in 50-kHz ultrasonic vocalizations
(USVs). USVs were recorded during seeking tests to determine whether there is an
affective component of drug/sucrose seeking in early versus late abstinence, when
craving is high and other heroin-induced behavioral changes emerge. Audio recording of
craving tests on Day 1 and Day 30 of abstinence revealed no change in 22-kHz USVs in
either sex, and an increase in 50-kHz USVs in males, but not females. 22-kHz and 50-
kHz USVs were unchanged in sucrose-exposed males and females. The lack of 22-kHz
USVs is inconsistent with previous reports that when a conditioned cue is no longer
predictive of a reward, rats will emit 22-kHz calls (Coffey et al., 2013). Here, there were
few 22-kHz calls during any of the cue tests for either sex/reinforcer. The lack of 22-kHz

USVs is consistent with the idea that somatic withdrawal symptoms are not driving
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craving behavior. Although rats may experience withdrawal-like behavior in early
abstinence following chronic opioid self-administration (Gipson, Dunn, Bull, Ulangkaya,
& Hossain, 2020; Seaman Jr & Collins, 2021), withdrawal symptoms subside within the
first few days of abstinence (Welsch, Bailly, Darcq, & Kieffer, 2020). Yet, craving
continues to intensify for several weeks. As such, withdrawal signs and craving follow
opposite trajectories and one is unlikely to affect the other. Interestingly, protracted
forced abstinence from cocaine (30 or 60 days) does not lead to a difference in 22-kHz
nor 50-kHz calls during a contextual reinstatement test compared to calls made during
self-administration (Barker et al., 2014), though in this study, USVs were not collected
during an early abstinence seeking test. Here, 50-kHz, but not 22-kHz USVs change
across abstinence in a sex- and reinforcer-specific manner.

Preclinical studies reveal relatively fewer sex differences associated with opioid-
related behaviors, including relapse (Céline Nicolas et al., 2021). Here, males and
females show similar patterns of relapse-like behavior, and yet females do not display an
increase in 50-kHz USVs during the late abstinence relapse test when craving is high. It
is likely that males emit 50-kHz USVs as an anticipatory behavior during re-exposure to
opioid-paired cues. This is consistent with studies demonstrating that males report
elevated moods prior to and during cocaine and alcohol relapse events (McKay et al.,
1996; Rubin et al., 1996). Other studies also interpret 50-kHz USVs as positive-valence
affective states in anticipation of social and drug rewards (Barfield, Auerbach, Geyer, &
Mclintosh, 1979; Ma, Maier, Ahrens, Schallert, & Duvauchelle, 2010). In fact, cues
predictive of electrical stimulation of reward-related brain regions elicit increased 50-kHz

calls in males (Burgdorf, Knutson, & Panksepp, 2000). Conversely, women are more
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prone to anxiety-, stress-, and depression-driven cocaine relapse (reviewed in J. B.
Becker & G. F. Koob, 2016; McKay et al., 1996; Rubin et al., 1996). Women report a
greater increase in sadness and decrease in joy in response to opioid-paired imagery and
paraphernalia compared to men (Yu et al., 2007). As with many observed sex differences,
further research is needed to delineate why other behavioral end points are similar at
abstinence Day 30, and yet there is a sex difference in 50-kHz USVs. In other studies
examining USVs, females are often not included or not compared to males directly. One
possibility is that females are more prone to stress-induced relapse. Re-exposure to drug-
paired cues in the absence of drug delivery is likely to evoke mild stress (Schultz, Dayan,
& Montague, 1997), and stress-induced reinstatement does increase over time (Sinha,
Shaham, & Heilig, 2011). However, it can be argued that the cue test is not as stressful as
the stimuli used to precipitate stress-induced seeking, such as a foot shock. Therefore it is
likely not sufficient to induce 22-kHz calls nor 50-kHz calls in females, which would be
consistent with a positive affect-induced relapse event. To that point, if a stress-primed
reinstatement model was used in place of the cue-induced model here, females may show
a greater number of USVs as they are potentially more sensitive to stress-induced relapse.
In males, the increase in 50-kHz positive-valence affective calls, increase in
locomotion, and increase in hyperactivity that accompany increased drug seeking may
reflect an overactive or “manic”-like state. The simultaneous decrease in grooming may
reflect a decrease in self-directed behaviors that is generally consistent with a compulsive
drug seeking profile. This should be interpreted with caution so as not to over-
anthropomorphize these measures. The intention is simply to characterize the behavioral

profiles in a way that may lead to further exploration of underlying mechanisms. For
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example, these changes are potentially caused by dopamine D1 receptor activation in the
nucleus accumbens shell, given that dopamine D1 receptors are linked to initiating
anticipatory 50-kHz calls (Simola & Brudzynski, 2018), and D1 receptor antagonism
reduces these calls (Buck, Vendruscolo, Koob, & George, 2014). The dopamine system is
also extensively linked to drug reward (R. A. Wise & Bozarth, 1985), motivation to seek
rewards (reviewed in Volkow, Wise, & Baler, 2017), as well as pathological manic states
when there is an excess of dopamine (Ashok et al., 2017). Moreover, methamphetamine-
induced 50-kHz calls are attenuated by anti-mania drugs and have, in the past, been used
to quantify mania-like behavior in methamphetamine-treated rats (Woéhr, 2021).
Additional studies are needed to ascertain the exact underlying mechanisms that connect
increased locomotion, hyperactivity, and 50-kHz calls to decreased grooming and
increased heroin seeking; however, their coexistence could represent a state of
hyperarousal and compulsive drug seeking possibly mediated by the dopamine system.

Females Self-Administer Increasing Amounts of Heroin and Sucrose, and Experience
Incubation of Craving Regardless Of Estrous Cycle Phase

Overall, this study shows few sex differences in terms of opioid-related behaviors.
It is possible that sex differences will emerge when females are tested in a specific phase
of the estrous cycle, and this effect may be obscured given the large sample sizes and
estrous cycle variability across samples. Though there are many published reports
indicating that the female estrous cycle impacts stimulant- and nicotine-related behaviors
(Feltenstein, Byrd, Henderson, & See, 2009; Lynch, 2008; Lynch, Tan, Narmeen, Beiter,
& Brunzell, 2019; C. Nicolas et al., 2019), the results are equivocal when it comes to
opioids, and there is very little available data concerning natural rewards like sucrose.

Here, the female rats were freely cycling and estrous cycle was tracked throughout self-
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administration, as well as on days that they were tested for craving. There were a similar
and ample number of females in non-estrus versus estrus on any given cue test day.
Females self-administered increasing amounts of heroin and sucrose over the ten days of
self-administration, and there were no differences in consumption between female rats in
estrus versus those in non-estrus. All female rats experienced an increase in heroin- and
sucrose-seeking behavior over 30 days of protracted abstinence, and there was no
difference in lever pressing between estrus and non-estrus females at Day 1 nor Day 30.
Thus, the increase in heroin and sucrose seeking cannot be attributed to a specific phase
of the estrous cycle, nor is any one phase of the estrous cycle overrepresented here.

Some data indicate that female rats self-administer up to 70% less heroin during
the proestrus phase of their cycle (Lacy, Strickland, Feinstein, Robinson, & Smith, 2016),
and that ovariectomized (OVX) females treated with estradiol take a greater number of
heroin infusions compared to vehicle-treated OV X females (M. E. Roth, Casimir, &
Carroll, 2002). However, these studies were either quite short (i.e. four hours in the case
of the Lacy study), or a lower dose of heroin was used (i.e. 0.0075 mg/kg as in the case of
the Roth study). In freely cycling females treated with vehicle and permitted to self-
administer heroin over an extended-access 12-hour session, there was no effect of estrous
cycle on heroin taking (M. E. Roth et al., 2002). Other studies that utilized four three-
hour daily sessions and a range of doses report no differences in heroin taking nor
progressive ratio breakpoint between OV X females, OV X females treated with estradiol,
and males (Sedki, Gardner Gregory, Luminare, D’Cunha, & Shalev, 2015; Stewart,
Woodside, & Shaham, 1996). There are also no differences in cocaine self-administration

in estrus versus non-estrus females during long-access sessions (Corbett et al., 2021).
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Though results regarding the role of gonadal hormones on opioid self-administration are
conflicting across published reports, results from this study are more consistent with
other extended-access paradigms. This indicates that treatments for heroin use may not
need to be as sensitive to cycle-dependent fluctuations as other drugs of abuse.

One recent study found that rats self-administered similar amounts of sucrose
regardless of estrous cycle phase (K. T. Schmidt et al., 2021). In this article, rats were
also trained on heroin self-administration prior to sucrose self-administration, and there
was an observed decrease in heroin taking during proestrus. However, heroin self-
administration and sucrose self-administration sessions were both two hours in duration,
and a lower heroin dose of 0.0075 mg/kg was used. Thus, the sucrose self-administration
paradigm used was similar to the one used here, whereas the heroin self-administration
paradigm was not. Ours is the first study that the authors are aware of to track estrous
cycle phase alongside incubation of sucrose craving. It has been reported that there are no
sex differences in sucrose seeking after 1, 21, 60, 120, and 200 days of abstinence
(estrous cycle was not tracked in this study) (Madangopal et al., 2019). Sucrose-related
findings are extremely limited. Yet, results so far seem to be consistent with the finding
that sucrose self-administration is not dependent on fluctuations in gonadal hormones.

Locomotion Is the Only Behavior Enhanced in Estrus Females after 30 Days of
Abstinence from Heroin, Whereas Locomotion and Hyperactivity Are Enhanced in Estrus
Females after 30 Days of Abstinence from Sucrose

Locomotion, sniffing, grooming, and hyperactivity were also assessed in the
context of the estrous cycle. Estrus females showed increased locomotion following
extended abstinence from both reinforcers. Sniffing and grooming were affected similarly

in estrus versus non-estrus females at both abstinence time points for both reinforcers.
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Interestingly, although hyperactivity did not change across protracted abstinence in
sucrose-exposed females, it was higher in estrus females at Day 30. Hyperactivity
increased across over time in heroin-exposed females, but was not affected by estrous
cycle phase. As with data regarding the effects of the estrous cycle on incubation of
craving, there was a sizeable and comparable number of estrus and non-estrus females in
any given group. Thus, the fact that males and females showed largely similar behavioral
profiles in early and late abstinence is unlikely to be attributable to females being tested
in a specific estrous cycle phase.

The overall increase in locomotion seen in estrus females builds on previous
results indicating a general increase in activity in female rats in estrus (Giles et al., 2010)
by demonstrating that this occurs reliably even after treatment with either sucrose or
heroin. Other studies show that estrus females demonstrated reduced cocaine- and
amphetamine-induced locomotion and increased amphetamine-induced stereotypies than
those in non-estrus (J. B. Becker & J.-H. Cha, 1989; Quifiones-Jenab, Ho, Schlussman,
Franck, & Kreek, 1999). This is opposite from what was observed here in response to
cues only: estrus females show an increase in locomotion, and no differences in other
stereotyped behaviors. Interestingly, freely cycling females show cocaine-induced
locomotor sensitization in response to cocaine challenge that is not seen in OV X females;
however, OV X females treated with estradiol showed enhanced stereotyped behaviors
and OV X females treated with progesterone showed reduced stereotyped behaviors
(Souza et al., 2014). In these experiments, cocaine was on board. Here, we build on these
previous results by demonstrating that, not only is overall locomotion increased following

extended abstinence, it appears to be further enhanced in estrus females.
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Conclusions

Consistent with previous reports, cue-induced incubation of craving occurred
similarly across 30 days of extended abstinence, regardless of sex and reinforcer. Here,
we show that the increase in active lever pressing was associated with an increase in
locomotion. Analysis of more granular behaviors revealed that heroin exposure and
extended abstinence were associated with a decrease in grooming and an increase in
hyperactivity in both males and females that did not generalize to sucrose-exposed rats.
Whereas increased responding on a previously reward-paired lever is suitable for
assessing craving broadly (as has been the standard in the field), grooming and
hyperactivity should be considered in future quantifications of opioid craving
specifically. Therein, these data help to refine preclinical models of opioid relapse-like
behavior. Heroin craving was also associated with an increase in 50-kHz USVs in males,
but not females. Thus, males may experience a greater degree of anticipation and/or
positive-valence affective states during opioid relapse events. Analysis of the female
estrous cycle revealed that heroin and sucrose self-administration increase across ten days
and are not different between estrus and non-estrus females. Similarly, all female rats
showed enhanced craving after protracted abstinence, and there were no differences
between estrus and non-estrus females in neither early nor late abstinence. Female rats in
estrus showed enhanced locomotion, regardless of whether they self-administered sucrose
or heroin. Taken together, these results are a promising foundation for identifying neural
mechanisms and behavioral signals associated with opioid craving in males and females.
Additionally, they suggest that potential treatments may not need to be quite as sensitive

to fluctuations in gonadal hormones in order to be effective.
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CHAPTER 3: TRANSCRIPTOMICS IN THE NUCLEUS ACCUMBENS SHELL
REVEAL SEX- AND REINFORCER-SPECIFIC SIGNATURES ASSOCIATED WITH
MORPHINE AND SUCROSE CRAVING

Relapse rates for substance use disorder are nearly 85% within the first year of
sobriety (Melemis, 2015). As previously discussed, cravings intensify throughout
abstinence, particularly in response to drug-paired cues. Cue re-exposure in late
abstinence triggers relapse-like behavior, as well as other drug-specific stereotyped
behaviors discussed in Chapter 2. Here, we build on these findings by assessing
molecular changes that occur throughout abstinence following chronic exposure to either
morphine or the natural reward sucrose in males and females. Drug-induced changes in
gene expression are a likely candidate for driving stable behaviors like increased drug
seeking that emerge after 30 days of abstinence. These are also promising targets to
improve therapeutics for substance use disorders. Importantly, disentangling the
mechanisms underlying sucrose seeking from those involved in drug craving is critical
for delineating opioid-specific therapeutic targets that are unlikely to affect the natural
reward system.

Sex differences in opioid craving are equivocal, and in some cases, non-existent
(Céline Nicolas et al., 2021). Some studies report higher opioid relapse rates in women
during early (Maehira et al., 2013), but not protracted abstinence (Kennedy et al., 2013).
In preclinical models, sex differences are not observed in incubation of opioid craving
(Céline Nicolas et al., 2021; Venniro et al., 2019; Venniro et al., 2017). Males and
females also show similar fentanyl self-administration and cue-induced relapse-like
behavior following 14 days of food-induced voluntary abstinence (Reiner et al., 2020). In

the previous chapter, we present concurrent findings that incubation of heroin and
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sucrose craving occur similarly in males and females, and are not dissociable by phase of
the female estrous cycle. However, despite similar behavioral end points, it is possible
that incubation of craving represents a sex convergence, in which different underlying
mechanisms drive similar behaviors in males and females. The goal of this study was to
compare the transcriptomic changes underlying incubation of opioid and sucrose craving
in males and females to delineate sex- and reinforcer-specific molecular correlates of cue-
induced craving.

An assessment of the transcriptomic profile across acute versus extended
abstinence gives insight into drug-induced neuroadaptations and how they fluctuate
during a time window when craving is building. Importantly, many of these changes — in
particular, those that change during the course of extended abstinence - represent
druggable targets. Changes in gene expression within the nucleus accumbens core
accompany cue-induced reinstatement of heroin seeking (Koya et al., 2006). The two
sub-regions of the nucleus accumbens are functionally dissociable, in that the core is
critical for learning reward-cue pairings, and the shell is important for enacting cue-
elicited responses (Corbit, Muir, & Balleine, 2001; Parkinson, Olmstead, Burns, Robbins,
& Everitt, 1999). Drug-induced transcriptomic changes are also distinct in each sub-
region, with self-administered opioids causing distinct alterations in the nucleus
accumbens shell (Jacobs, de Vries, Smit, & Schoffelmeer, 2004). Of course, there are
many additional brain regions that are necessary for opioid relapse-like behaviors (for a
comprehensive review, see Reiner et al., 2019). The current studies focused on the
accumbens shell, which is part of a critical circuit involved in contextual reinstatement of

heroin seeking (J. M. Bossert et al., 2016), and potentially involved in cue-induced
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cocaine and alcohol seeking, although pharmacological inactivation studies provide
differing results (Fuchs, Evans, Parker, & See, 2004; Gibson, Millan, & McNally, 2019).
The mGIluRz3 agonist LY 379268 (J. M. Bossert, Gray, Lu, & Shaham, 2006), and D:-
receptor antagonist SCH 23390 (J. M. Bossert et al., 2007) in the shell reduce contextual
reinstatement of heroin seeking after extinction. Others have explored neural adaptations
following re-exposure to drug-associated cues. However, cue re-exposure itself can
induce gene expression changes (Massart et al., 2015). Much less is known about
transcriptomic alterations following drug exposure and abstinence without re-exposure to
the drug-paired cues, which could prime the nucleus accumbens shell to respond when re-
exposed to such cues. To that end, we used RNA sequencing to quantify gene expression
changes in the nucleus accumbens shell following chronic morphine or sucrose self-
administration and acute or extended abstinence without re-exposing the rats to the self-
administration chambers or reward-paired cues.

Transcriptomic analyses are uniquely positioned to provide insight into the
biological pathways and potential master regulators that drive increased craving, which
represent unigque opportunities to treat the root cause of craving, rather than the
symptoms. This approach, compared to other methods, provides a broad and high-
throughput picture of gene expression changes, which we can then compare across
abstinence duration, biological sex, and drug history. A better understanding of specific
genes and pathways associated with opioid exposure and abstinence is critical for
isolating the processes that contribute to craving. These data can inform potential
treatments that mitigate enhanced craving prior to an individual re-integrating into their

previous environment.
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Methods
Animals

For all experiments, 60 — 180-day-old male (n=192) and female (n=156) Long-
Evans rats were bred in house and pair-housed after weaning. Animals were handled
daily for at least 5 days prior to the start of any behavioral procedure or test. All rats had
ad libitum access to water and standard laboratory chow. The Institutional Animal Care
and Use Committee of Temple University approved all animal care and experiments.

Drugs

Morphine sulfate was gifted by the NIDA drug supply and was dissolved in sterile

0.9% saline.
Catheter Implantation Surgery

Rats were anesthetized and the jugular vein was catheterized according to
previous methods (Ellis et al., 2020) described in Chapter 2. Catheters were flushed daily
with 0.2 mL of Timentin (0.93 mg/mL) dissolved in heparinized saline to prevent
clogging.

Morphine Self-Administration, Forced Abstinence, and Relapse Tests

During morphine self-administration experiments, rats were pair-housed on a
regular 12-hour light/dark cycle. All morphine self-administration and tissue collection
occurred during the dark phase. During self-administration, the animals were in the
operant chambers with access to food and water from 9:00 PM to 9:00 AM (12-hour self-
administration sessions during the dark cycle). A small number of animals had to be
euthanized due to complications stemming from surgery or other health concerns. Out of

207 morphine-treated animals, 25 were singly-housed for the duration of the study. None
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of the morphine-treated rats used for RNA sequencing were singly-housed. Rats self-
administered morphine (0.75 mg/kg/infusion over 5 seconds) on a fixed ratio 1 (FR1)
schedule. A 5-second cue light was activated during infusion delivery, followed by a 20-
second timeout during which responses were recorded, but no drug was delivered. There
was a maximum of 75 infusions per session. An “inactive lever” with no programmed
consequence was also included in all studies. Control animals from these cohorts
underwent identical procedures, but only had access to intravenous saline. For each
comparison presented in the manuscript, cohorts included equal representation of subjects
for each of the groups. This design precluded the possibility of “cohort”/“batch” effects
for all sex- and reinforcer-specific comparisons. Moreover, every cohort of animals
included subjects that were processed for behavioral endpoints (drug seeking) and
subjects that were dedicated to tissue collection. Tissue processing for library
preparations and RNA sequencing was also done side-by-side with equal representation
for each of the groups (i.e. controls, Day 1 of abstinence, and Day 30 of abstinence).
Differentially expressed genes (DEGs) were identified using comparisons of
groups that were run, processed, and sequenced together. For comparisons across groups
that were not run together (i.e. male versus female or morphine versus sucrose), only the
list of DEGs and/or enrichment terms were compared. Several cohorts of animals were
run to collect sufficient tissue and behavioral data for each comparison. Each of these
cohorts contained comparable number of rats in each of the groups included in the
comparison. Following self-administration, rats from each cohort were randomly sub-
divided into those that were sacrificed on abstinence Day 1 versus those that were

sacrificed on abstinence Day 30. Regardless of condition or sex, all rats underwent either
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24 hours or 30 days of forced abstinence in a between-subjects design. During the
abstinence period, rats were housed with ad libitum access to food and water, but had no
access to the self-administration chambers and were handled regularly. At the end of each
abstinence time point (24 hours = Morphine Day 1/D1; 24 hours = saline; 30 days =
Morphine Day 30/D30), a subset of rats were tested for morphine seeking during 1-hour
“cue tests”. Therein, responses on the previously drug-paired active lever resulted in
illumination of the cue light, but no contingent infusion of morphine, as described in
Chapter 2.
Sucrose Experiments

Separate (drug-naive) cohorts of male and female rats were used for oral sucrose
self-administration. Sucrose self-administration occurred for two hours daily on ten
consecutive days. Self-administration followed a fixed ratio 1 (FR1) schedule under the
same parameters described in Chapter 2. Rats could earn a maximum of 90 sucrose
pellets per self-administration session. Out of 141 sucrose-exposed animals, seven were
singly-housed at some point during the study. For each comparison presented in the
manuscript, the subjects were run in cohorts that included equal representation of subjects
in each of the groups. Control (“cue only”) animals were run on identical conditions but
no sucrose pellets were delivered. All rats had ad libitum access to water and standard
laboratory chow throughout the experiment. Rats were housed in home cages and
handled regularly throughout abstinence. At the end of one or 30 days of forced
abstinence (“Sucrose Day 1/D1” and “Sucrose Day 30/D30”), male and female rats were
“cue” tested for sucrose seeking for one hour starting at 9:00AM (dark phase), as

described in Chapter 2.
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Tissue Collection and RNA Sequencing

Rats used for RNA sequencing were never re-exposed to the drug- or sucrose-
taking context after completing self-administration (cue-naive). Tissue collection
occurred during the dark phase (between 8:00 AM — 11:00 AM) either 24 hours or 30
days after the final self-administration session. Tissue from saline and cue only control
animals was collected on abstinence Day 1 only. Immediately following decapitation,
brains were sectioned on a 1mm brain block. Nucleus accumbens shell tissue was quickly
micro-dissected using a 2mm puncher, flash-frozen on dry ice, and stored at -80C. Each
group contained 7 — 11 biological replicates. All samples prepared for RNA extraction
contained bilateral nucleus accumbens shell (NAcSh) from one animal. Total RNA was
isolated using QIAzol lysis reagent and purified using the RNeasy micro kit (Qiagen).
RNA quality was assessed via Nanodrop (260/280nm and 260/230nm). RNA quantity
was measured using the Qubit™ RNA HS Assay kit (Invitrogen, USA). All RNA
samples used for sequencing had an RNA integrity number > 8. Library preparation was
performed using the NEBNext Ultra Il Directional RNA Library Prep Kit (New England
BioLabs). Samples were sequenced by Genewiz (South Plainfield, NJ) according to sex
and condition (i.e. all male heroin-exposed samples together, all female heroin-exposed
samples together, etc.) No comparisons were made across sequencing runs in order to
help mitigate variability across mRNA extraction and subsequent library preps. The
criteria to define DEGs was a 50% change in the expression (|log 2 Fold change| > 0.58)
and an adjusted p-value < 0.1. R statistical software (version 4.0.1) was used for
downstream analysis and visualization of the RNA sequencing analysis output (Auger &

Jouannet, 2005; Sabunciyan, 2019; Yuferov et al., 2018), including, but not limited to
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drawing heat maps and Venn diagrams. Pathways (from KEGG) and gene ontology terms
(biological process, molecular function and cell compartment) by adjusted p-value < 0.1
were selected for further analysis. To compare gene expression agnostically, the Rank—
Rank Hypergeometric Overlap (RRHO) analysis was used. This algorithm compares two
gene lists ranked by the p-value of differential expression observed in two experiments
and estimates the number of overlapping genes. Subsequently, a heat map is created
showing the strength and pattern of correlation between two expression profiles
(Subramanian et al., 2005). RRHO?2 library in R (Subramanian et al., 2005) was used to
compare early and late abstinence DEGs in males and females for overlap in up- and
downregulated DEGs, respectively. Only the resulting list of genes from each group was
compared across groups.
Correlation Analysis

Pearson correlations between total morphine/sucrose consumption (infusions or
pellets earned) during self-administration and number of active lever presses during the
Day 1 or Day 30 cue test were calculated using ggscatter code from ggpubr library (ver
0.4.0) in R (ver 4.0.3).

Statistical Analysis

GraphPad Prism (version 9.0.1) was used for ANOVAs. Mixed model ANOVAs
were used to compare infusions/pellets during self-administration. Session was used as
the within-subject factor, and condition (saline or “cue only” control versus abstinence
Day 1 versus abstinence Day 30) were used as between-subject factors. Two-way
repeated-measures ANOVAs were used to compare active lever responses during the Day

1 or Day 30 cue test. Lever (active versus inactive) was used as the within-subject factor,
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and abstinence condition (Day 1 versus Day 30) was used as the between-subjects factor.
In all cases, if a significant interaction was found post-hoc comparisons were made using
Bonferroni’s multiple comparisons test. If data were not spherical, the Geisser-

Greenhouse correction was applied.

Results

Incubation of Morphine Craving Is Accompanied By Sex-Specific Changes in Gene
Expression in the Nucleus Accumbens Shell

Following 10 days of intravenous self-administration (IVSA), rats underwent
either one or 30 days of forced abstinence. Rats were then tested for craving, or tissue
was collected from the nucleus accumbens shell and processed using RNA sequencing
(Figure 6A). Over 10 days of IVSA, male rats earned more morphine infusions
compared to saline-treated rats (Figure 6B; condition, [F2,126=17.82, p<.0001], time,
[Fo,1134=1.450, p=.1619, Geisser-Greenhouse epsilon=.2752]; interaction, [F1s1134=7.567,
p<.0001]). Animals that underwent one or 30 days of abstinence earned a similar number
of morphine infusions (Figure 6B; Saline versus Morphine Day 1, p=.0003; Saline
versus Morphine Day 30, p<.0001; Day 1 versus Day 30, p=.1313). During morphine
seeking tests, active, but not inactive lever presses were higher on Day 30 compared to
Day 1 (Figure 6C; condition, [F1,2:=10.57, p=.0038], lever [F1,21=37.67, p<.0001];
interaction, [F1,2:1=9.165, p=.0064]; active lever presses, p=.0001; inactive lever presses,
p=.7160), indicating that incubation of morphine seeking occurred in male rats.

Female rats underwent the same regimen. The number of morphine infusions
increased over 10 days of self-administration, and females self-administered more

morphine than saline controls (Figure 6D; condition, [F275=10.52, p<.0001], time,
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[Fo,675=4.027, p<.0001, Geisser-Greenhouse epsilon=.3368]; interaction, [F1s675=5.531,
p<.0001]). There were no differences in morphine taking between rats that eventually
underwent one or 30 days of abstinence (Figure 6D; Saline versus Morphine Day 1,
p=.0012; Saline versus Morphine Day 30, p=.0003; Morphine Day 1 versus Morphine
Day 30, p=.9290). Female rats also exhibited incubation of drug seeking after 30 days
(Figure 6E; condition, [F110=7.325, p=.0221], lever [F1,10=7.008, p=.0244]; interaction,
[F1,10=1.853, p=.2033]; active lever presses, p=.0163; inactive lever presses, p=.5256).
Females earned more morphine infusions than males overall and both sexes showed in an
increase in the number of infusions earned over the 10 days of morphine self-
administration (sex [F1,140=7.117, p=.0085]; time [F2.509,351.2=17.29, p<.0001]; interaction
[Fo,1260=1.694, p=.0857]). Morphine seeking increased on Day 30 compared to Day 1 of
abstinence similarly for males and females (sex [F1,31=2.441, p=.1283]; Day [F131=15.43,
p=.0004]; interaction [F1,31=1.499, p=.2300]).

Rats used for tissue collection and RNA sequencing did not undergo cue tests.
However, all animals from which tissue was collected were part of cohorts in which
morphine seeking was tested and shown to increase over extended abstinence (Figure
6A). RNA sequencing of the accumbens shell revealed sex-specific changes in gene
expression following forced abstinence. Genes that were unchanged between control
saline-treated rats and Day 1 of abstinence from morphine, but showed a large change in
expression after 30 days of abstinence were of particular interest. These “incubation-
induced” changes in gene expression — those that occur over prolonged abstinence —

mirror the increase in craving behavior that co-occurs over the same period.
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Figure 6. Self-Administration and Incubation of Morphine Craving Behavior in Male
and Female Rats. A. Experimental timeline including 10 days of morphine or saline
intravenous self-administration (IVSA), followed by either 1 or 30 days of forced
abstinence. Separate cohorts self-administered oral sucrose with the same
experimental timeline. B. Male morphine-treated rats earned more infusions over 10
days of IVSA, whereas controls earned fewer infusions of saline. Morphine infusions
did not differ between rats that eventually underwent one or 30 days of abstinence. C.
Males demonstrated incubation of morphine craving, as indicated by an increase in
active, but not inactive lever presses during a 1-hour cue test following 30 days of
abstinence. D. Female morphine-treated rats earned more infusions over 10 days of
IVSA, whereas controls earned fewer infusions of saline. Infusions did not differ
between rats that eventually underwent one or 30 days of abstinence. E. Female rats
also demonstrated incubation of morphine craving, as shown by an increase in active,
but not inactive lever presses after 30 days of abstinence. Data show mean + SEM;
***p < 0.001, **p <0.01, *p < 0.05.

In males, 315 differentially expressed genes (DEGs) were identified after 30 days
of abstinence compared to one day of abstinence (Morphine D1 versus Morphine D30);
89 DEGs were identified comparing one day of abstinence to controls (saline versus
Morphine D1); and 173 DEGs were identified comparing 30 days of abstinence to
controls (saline versus Morphine D30) (Figure 7A). In females, 79 Morphine D1 versus
Morphine D30 DEGs, 155 saline versus Morphine D1 DEGs, and 155 saline versus
Morphine D30 DEGs were identified (Figure 7B). Only 22 overlapping DEGs were
identified between males and females when comparing the saline and Morphine D30
groups (Figure 7C), indicating sex-specific gene expression changes following extended

forced abstinence from morphine self-administration.
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Figure 7. Transcriptomics Associated With Incubation of Morphine Craving In Male
and Female Rats. A. RNA-sequencing was performed on nucleus accumbens shell
tissue from cue test-naive rats after either one (D1) or 30 (D30) days of forced
abstinence from morphine self-administration or saline self-administration (Sal).Venn
diagram shows the number of differentially expressed genes (DEGS) across
conditions (Sal = Saline controls, D1 = rats that underwent one day of forced
abstinence, D30 = rats that underwent 30 days of forced abstinence) in males. B.
Venn diagram shows the number of DEGs across conditions in females. C. Venn
diagram shows the number of D30 vs. Sal DEGs between males and females. D.
Heatmap sorted by fold change of D30 vs. saline DEGs compared to D1 vs. Sal DEGs
in males. E. Heatmap sorted by fold change of D30 vs. Sal DEGs compared to D1 vs.
Sal DEGs in females. F. Rank-rank hypergeometric overlap analysis comparing gene
expression patterns between D1 vs. Sal in males and females. G. Rank-rank
hypergeometric overlap analysis comparing gene expression patterns between D30 vs.
Sal in males and females. H. Top five (out of 28 total) KEGG enrichment terms
identified using D30 vs. Sal DEGs in males. The number of genes identified in each
term is identified in parentheses to the right of the bar graph. 1. Transcription factors
predicted by ShinyGo to regulate D30 vs. Sal DEGs in males. J. Top five (out of 12
total) KEGG enrichment terms identified using D30 vs. Sal DEGs in females. The
number of genes identified in each term is identified in parentheses to the right of the
bar graph. K. Transcription factors predicted by ShinyGo to regulate D30 vs. Sal
DEGs in females. L. Common KEGG enrichment terms identified using D30 vs. Sal
DEGs in both males and females. The number of genes identified in each term is
identified in parentheses to the right of the bar graph. M. Transcription factors
predicted by ShinyGo to regulate D30 vs. Sal DEGs in both males and females.

Heatmaps sorted by fold change comparing saline to Morphine D30 DEGs
revealed sex-specific, incubation-induced patterns of gene expression (Figure 7D, E). In
both sexes, the majority of DEGs comparing 30 days of abstinence from morphine to
saline were unchanged in the comparison of one day of abstinence to saline. This change
in expression mirrors the pattern of craving-like behavior, in which craving
changes/increases over 30 days of abstinence. Males and females showed different
proportions of “incubation-induced” genes, with males showing more upregulated genes,

and females showing more downregulated genes across abstinence.
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Rank-rank Hypergeometric Overlap (RRHO) analyses were used to compare the
overlap in overall gene expression patterns in males and females between saline controls
and morphine-exposed rats after one (Figure 7F) or 30 (Figure 7G) days of abstinence.
RRHO analyses compared genes across sex that show similar (top right and bottom left
quadrants) or opposite patterns (top left and bottom right quadrants) of expression
following abstinence. Warm colors (“hot spots™) indicate significant overlap in the
direction of the change, whereas cooler colors represent minimal overlap in expression.
At day one of abstinence from morphine compared to saline (Figure 7F), males and
females showed similar patterns of up- (hot spots in bottom left quadrant) and down-
regulated (hot spots in top right) genes. At Day 30 (Figure 7G), there was some overlap
between males and females for genes down-regulated by extended abstinence (upper
right quadrant) but substantially less overlap for genes up-regulated (cool colors in
bottom left quadrant). Interestingly, many genes showed a sex-specific change
(highlighted in bottom right and top left quadrants), showing up-regulation in one sex but
down-regulation in the other.

Gene Ontology KEGG pathway enrichment analysis of DEGs identified
biological pathways altered by abstinence from morphine self-administration comparing
Day 30 of abstinence to saline. ShinyGo analysis identified predicted transcription
factors. In males, 28 KEGG pathways (Figure 7H) and six transcription factors (Figure
71) were identified. In females, 12 KEGG pathways (Figure 7J) and 13 transcription
factors (Figure 7K) were identified. Interestingly, only four common KEGG pathways
were identified in both males and females (Figure 7L). However, the majority of

predicted transcription factors were common to both males and females (Figure 7M).

Mayberry 67



Incubation of Sucrose Craving Is Accompanied By Reinforcer- And Sex-Specific Changes
in Gene Expression

In order to examine incubation of craving for a non-drug reward, separate cohorts
of male and female rats self-administered oral sucrose for 10 days; controls received only
cues and no sucrose. Importantly, animals had free access to food and water throughout
the studies. The number of earned sucrose pellets increased over 10 days of self-
administration and was higher than “cue only” controls (Figure 8A; condition,
[F260=180.1, p<.0001], time, [F2.67s,160.7=56.10, p<.0001, Geisser-Greenhouse
epsilon=.2975]; interaction, [F1s540=12.65, p<.0001]). There were no differences in the
number of pellets earned between rats that eventually underwent one compared to 30
days of abstinence (Figure 8A; Control vs. Sucrose Day 1, p<.0001; Control vs. Sucrose
Day 30, p<.0001; Sucrose Day 1 vs. Sucrose Day 30, p=.9921). During the cue tests,
active, but not inactive lever presses, were higher on Day 30 of abstinence from sucrose
compared to Day 1 for male rats (Figure 8B; condition, [F1,6=30.02, p=.0015], lever
[F1,6=27.34, p=.0020]; interaction, [F16=16.73, p=.0064]; active lever presses, p=.0010;
inactive lever presses, p=.7281). RNA sequencing of the accumbens shell revealed robust
changes in gene expression associated with 30 days of abstinence from sucrose in males

(Figures 8C, 8D).
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Figure 8. Transcriptomics Associated With Incubation of Sucrose Craving In Male
and Female Rats. A. Males self-administering sucrose earned increasing numbers of
pellets over 10 days of self-administration, whereas controls decreased the number of
cue presentations. Rats did not differ in terms of sucrose consumption regardless of
whether they eventually underwent one or 30 days of abstinence. B. Male rats
demonstrated incubation of sucrose craving, as indicated by an increase in active, but
not inactive lever responses. C. Tissue was collected from the nucleus accumbens
shell of cue test-naive male rats after either one or 30 days of forced abstinence and
processed for RNA sequencing. Venn diagram shows the number of differentially
expressed genes across conditions (Control = cue only controls, D1 = rats that
underwent one day of forced abstinence, D30 = rats that underwent 30 days of forced
abstinence). D. Heatmap sorted by fold change of D30 vs. Control DEGs compared to
D1 vs. Control DEGs in males. E. Females self-administering sucrose earned
increasing numbers of pellets over 10 days of self-administration, whereas controls
decreased the number of cue presentations. There were no differences in sucrose
taking between rats that eventually underwent one or 30 days of abstinence. F.
Females showed incubation of sucrose craving. G. Venn diagram shows the number
of differentially expressed genes across in females. H. Heatmap sorted by fold change
of D30 vs. Control DEGs compared to D1 vs. Control DEGs in females. I. Venn
diagram shows the number of differentially expressed genes across males and females
in the sucrose Day 30 vs. Control category. J. Morphine vs. sucrose DEGs Venn
diagram compares DEGs between male morphine 30 days of abstinence from
morphine vs. Control (D30 vs. Sal) alongside male 30 days of abstinence from
sucrose vs. Control (D30 vs. Control). K. Morphine vs. sucrose DEGs Venn diagram
compares DEGs between female 30 days of abstinence from morphine vs. control
(D30 vs. Sal) alongside female 30 days of abstinence from sucrose vs. Control (D30
vs. Control). Data show mean + SEM; ****p < 0.0001, **p<0.01.

Sucrose-treated female rats took increasing amounts of sucrose over 10 days of
self-administration and earned more sucrose than “cue only” controls (Figure 8E;
condition, [F2,75=103.7, p<.0001], time, [F2.261,160.6=41.69, p<.0001, Geisser-Greenhouse
epsilon=.2512]; interaction, [F1g675=8.168, p<.0001]). Active lever presses were higher
on Day 30 of abstinence from sucrose compared to Day 1 for females (Figure 8F;
condition, [F1,3,=26.68, p<.0001], lever [F13.=67.16, p<.0001]; interaction, [F1,3=13.52,
p=.0009]; active lever presses, p<.0001; inactive lever presses, p=.6007) indicating that

incubation of cue-induced sucrose craving occurred in both sexes. The number of sucrose

Mayberry 70



pellets earned increased over the 10 days of self-administration and was comparable in
males and females (sex [F1,100=0.5802, p=.4480]; time [Fo,000=123.2, p<.0001];
interaction [Fo000=1.244, p=.2642]). Sucrose seeking increased on Day 30 compared to
Day 1 of forced abstinence similarly for males and females (sex [F1,22=0.1087, p=.7448];
Day [F1,22=31.32, p<.0001]; interaction [F12,=0.0147, p=.9046]).

Females also showed abstinence-specific patterns in gene expression (Figures
8G, 8H). Comparison of the 230 DEGs between controls and the Sucrose Day 30
abstinence group revealed only 10 overlapping genes between males and females (Figure
81). KEGG pathway analyses also showed that there are no common KEGG pathways for
sucrose-treated males and females, suggesting a sex-specific mechanism. When
comparing controls to 30 days of abstinence from either morphine or sucrose in males,
the resulting DEGs were largely unique to the reinforcer: 93 sucrose-specific DEGs, 202
morphine-specific DEGs, and only 10 DEGs that overlapped across reinforcers (Figure
8J). Similarly, females had 121 sucrose-specific DEGs, 178 morphine-specific DEGs,
and 6 common DEGs between morphine and sucrose (Figure 8K). Furthermore, KEGG
pathway analyses revealed morphine- and sucrose-specific terms.

The Amount of Morphine Consumed Is Positively Correlated With Drug Seeking In Late
Abstinence

Pearson correlations comparing total consumption during self-administration and
reward-seeking behavior during early or late abstinence revealed that morphine and
sucrose exposure impact craving at opposite time points. In males, total morphine
infusions earned during IVSA was positively correlated with active lever presses at Day
30 of forced abstinence (Figure 9A; Day 30, [R=0.7, p=0.0018]) but there was no

correlation between total consumption and morphine seeking at Day 1 (Figure 9A; Day
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1, [R=-0.27, p=0.45]). Females showed a similar pattern, with total morphine infusions

correlating positively to morphine seeking only in late abstinence (Figure 9B; Day 1,

[R=0.52, p=0.19], Day 30, [R=0.85, p=0.016]). Thus, the amount of morphine an animal

consumed was predictive of their morphine-seeking behavior after extended abstinence.

This effect was reversed in sucrose self-administering rats. In males, total sucrose pellets

earned was positively correlated with sucrose seeking during the Day 1, but not Day 30

cue test (Figure 9C; Day 1, [R=0.51, p=0.0015], Day 30, [R=-0.11, p=0.46]). The same

pattern was observed in sucrose self-administering females (Figure 9D; Day 1, [R=0.26,

p=0.017], Day 30, [R=0.073, p=0.6]).
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Figure 9. Morphine Consumption Predicts Drug Seeking In Late Abstinence for
Males and Females. A. Total morphine infusions earned by males during
intravenous self-administration showed a significant positive correlation with
morphine seeking, as measured by active lever presses, during the Day 30 cue test,
but not Day 1 cue test. B. Total morphine infusions earned by females during self-
administration showed a significant positive correlation with morphine-seeking
during the Day 30 cue test, but not Day 1 cue test. C. Total sucrose pellets earned by
males during self-administration showed a significant positive correlation with
sucrose-seeking during the Day 1, but not Day 30 cue test. D. Total sucrose pellets
earned by females during self-administration showed a significant positive
correlation with sucrose-seeking during the Day 1, but not Day 30 cue test.

Discussion

Opioid consumption produces long-lasting changes in gene expression in the
brain, some of which persist after extended abstinence (W. M. Freeman et al., 2008; Nye
& Nestler, 1996; Spijker et al., 2004). However, whether these molecular changes
mediate the intensification of drug seeking remains an open question and little is known
about how these mechanisms differ across biological sex. Our results indicate that,
although incubation of heroin (Chapter 2) and morphine (Chapter 3) craving occurred
similarly in both sexes, the transcriptomic signature associated with extended abstinence
and craving was sex- and reinforcer-specific in the nucleus accumbens shell. In
comparison to saline controls, hundreds of genes were unchanged in early abstinence and
became either up- or downregulated over the course of prolonged abstinence from
morphine (“incubation-induced”). These genes are of particular interest, given that their
expression patterns mirror the change in drug-seeking behavior observed after extended
abstinence. The saline and “cue only” control groups served as a baseline to determine
the direction of observed changes, which cannot be determined by comparing abstinence
Day 1 to abstinence Day 30 groups. One notable limitation of this study is that tissue

from the control groups was only collected on Day 1 of abstinence. Hence, the possibility
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that some of the transcriptomic changes are caused by the passage of time alone cannot
be completely excluded. “Incubation-induced genes” are potential targets for novel
treatment development and drug discovery to mitigate craving. Interfering with the
development of some of these changes and/or aiming to reverse them after extended
abstinence has the potential to remedy the root of craving behavior, rather than treating
the symptoms that emerge during extended abstinence. One critical first step in this
endeavor will be to functionally validate the role of some of the identified transcripts in
mediating the intensification of drug craving over time.

Incubation of Morphine Craving Is Associated With Sex-Specific Alterations

The overwhelming majority of research examining opioid-induced changes in

gene expression has been conducted in males. Of the 374 DEGs associated with extended
abstinence from morphine, only 22 overlapped between males and females. It should be
noted that transcriptomic changes are likely sex- and region-specific throughout the
reward circuitry (Engeln et al., 2020; D. M. Walker et al., 2018), though gene expression
analyses in other regions (i.e. the nucleus accumbens core) are outside the scope of this
article. Opioid exposure induces changes in the expression and phosphorylation states of
transcription factors ERK, CREB, and AFosB, as well as plasticity-related genes and
nuclear receptors (Koo et al., 2015; C. Y. Li et al., 2008; Nye & Nestler, 1996; Sun et al.,
2015; Q. Zhang et al., 2016). These plasticity-related changes persist after the cessation
of exposure and therefore provide likely mechanisms for stable behaviors such as
incubation of craving (Jaenisch & Bird, 2003; Nye & Nestler, 1996; Perrotti et al., 2008).
Many of these documented changes were observed only in males that were re-exposed to

the drug-paired cues (W. M. Freeman et al., 2008; Koya et al., 2006), which itself induces
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changes in gene expression (Willard M. Freeman et al., 2008; Schiltz, Kelley, & Landry,
2005; Schroeder, Holahan, Landry, & Kelley, 2000). Here, we used cue-naive rats to
characterize the transcriptomic changes that occur throughout abstinence independently
of re-exposure to drug-paired cues. These changes represent potential mechanisms
driving the change in behavior (drug seeking and other behaviors discussed in Chapter 2).
In all cohorts of animals, a subset of rats were re-exposed to cues to ensure that enhanced
drug seeking occurred for that particular cohort. Therefore, we are confident that the
RNA sequencing results are representative of neural adaptations occurring in animals
displaying incubation of morphine craving.

Morphine dependence produced by chronic non-contingent injections elicits
long-lasting changes in gene expression of molecules involved in GPCR and
neurotrophic signaling, as well as GABA and glutamate neurotransmission in multiple
brain regions of the reward pathway (Ammon-Treiber & Hollt, 2005; Koo et al., 2015; H.
D. Schmidt et al., 2015; Spijker et al., 2004). We found many DEGs that fall in the
aforementioned categories in our male data sets. Gria2 and Gria3, which encode AMPA
receptor subunits, were upregulated in males during late abstinence and in females during
early abstinence, respectively, with no changes in the expression of NMDA or kainate
receptor subunits in either sex. Genes related to GABA-B receptor function, including
Gabbrl, were upregulated in both sexes at Day 30, and expression of this gene was also
lower in females at the early abstinence time point. Consistent with previous reports
(Spijker et al., 2004), neurotrophic factor Ntrk1 expression was unchanged in males in
late abstinence. In sharp contrast, Ntrk1 was upregulated in females at Day 30. Incubation

of oxycodone craving is associated with access- and region-specific changes in the
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expression of fibroblast growth factors following a relapse test at abstinence Day 30.
Fofl, Fgf2, Fgfrl, Fgfr2, and Fgfr4 are unchanged in the nucleus accumbens (Blackwood
et al., 2019). We corroborate that all of these genes are unchanged in late abstinence for
both sexes. Protein kinase C beta (PRKCB), which helps regulate CREB signaling, is
downregulated in male human heroin users (S. J. Chen et al., 2016). A single nucleotide
polymorphism in Prkcb is also associated with alcohol cue reactivity in men and women
(J. Chen et al., 2015). Here, Prkcb expression was unchanged in male rodents exposed to
morphine, but was drastically reduced at Day 1 and increased at Day 30 of abstinence in
female rats. These findings add to a growing list of studies that identified sex-specific
transcriptional changes following exposure to cocaine (Deena M. Walker et al., 2021)
and fentanyl (Townsend et al., 2021). Interestingly, others have found that females show
greater drug-induced transcriptional changes in the nucleus accumbens compared to
males (Townsend et al., 2021). Here, females had a greater number of DEGs in early
abstinence compared to males, though there was more overlap in expression between
sexes in early compared to late abstinence. Another important consideration is that
females consumed more morphine overall than males during 10 days of chronic access,
which may also have contributed to the distinct signatures observed in each sex. This sex
difference in morphine intake is consistent with other reports that females experience a
faster acquisition of opioid self-administration (J. B. Becker & G. F. Koob, 2016; Lynch
& Carroll, 1999), maintain more self-administered morphine and heroin (though these
findings are dose-dependent), and exhibit higher progressive ratio breakpoints for
morphine and heroin compared to males (Alexander, Coambs, & Hadaway, 1978;

Carroll, Campbell, & Heideman, 2001; Cicero, Aylward, & Meyer, 2003; Hadaway,
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Alexander, Coambs, & Beyerstein, 1979). It should be noted that others fail to observe
sex differences and/or observed greater intake in males under different access conditions
(Mavrikaki, Pravetoni, Page, Potter, & Chartoff, 2017). Sex differences in opioid self-
administration are inconsistent, and it is highly likely that dose, drug, and route of
administration play critical roles (Megan E. Roth, Cosgrove, & Carroll, 2004). However,
our results that males and females show similar opioid craving following extended
abstinence is consistent with other reports (Céline Nicolas et al., 2021; Venniro et al.,
2019; Venniro et al., 2017).

KEGG pathway enrichment analyses revealed minimal overlap between males
and females that underwent prolonged abstinence from morphine. In morphine-exposed
rats, male-specific pathways included cholinergic and dopaminergic synapses, and
amphetamine addiction. Genes within these pathways are associated with alcohol cue
reactivity, long-term heroin exposure in humans, and chronic amphetamine exposure in
rodents (J. Chen et al., 2015; S. J. Chen et al., 2016). Female-specific pathways included
spliceosome and protein processing in the endoplasmic reticulum. Enrichment of the
spliceosome pathway may indicate differential involvement of RNA polymerase Il and
epigenetic regulation via alternative splicing (Zhu, Zhu, Dai, Wang, & Jin, 2018). Genes
within these pathways include Pcbpl, which is implicated in post-transcriptional
regulation of mu opioid receptor mMRNA (Hwang, Wagley, Law, Wei, & Loh, 2017), and
several heat shock proteins, which have been broadly implicated in opioid exposure,
withdrawal, and behavioral sensitization (Abul-Husn et al., 2011; Luo et al., 2011).
Hsp70 Binding Protein 1 (Hspbpl) is downregulated in females, but not males after 30

days of abstinence from morphine. Hspalb, which encodes HSP70-2, is upregulated in

Mayberry 77



females, but not males in late abstinence. Others have found that escalating doses of
morphine over a 10-day treatment period induces changes in Hsp70, Hsp27, Hsp40, and
Hsp105, though this was seen in the frontal cortex after experimenter-delivered
morphine, and was only studied in males (Ammon-Treiber & Hollt, 2005).

There were 25 overlapping predicted transcription factors between morphine-
exposed males and females. Only six male- and 13 female-specific transcription factors
were identified. Male-specific transcription factors include TCFAP2C, which is involved
in hippocampal glutamatergic neurogenesis (Mateus-Pinheiro et al., 2017), and E2F1,
which is altered by nicotine and alcohol exposure (Alamanda, Singh, Lawrence, &
Chellappan, 2012; Ali Beg et al., 2020). Female-specific transcription factors include
HES1 and HES7, which are linked to synaptic plasticity, alcohol exposure, and cannabis
dependence (Matsuzaki, Yoshihara, Ohtsuka, & Kageyama, 2019; Saffroy et al., 2019;
Tyler & Allan, 2014; X. Zhang et al., 2018). KLF4 — predicted to contribute in both sexes
here — is a transcription factor in the toll-like receptor 4 pathway involved in incubation
of heroin craving (Theberge et al., 2013). It is possible that sex-specific transcription
factors regulate the expression of sex-specific target genes, which ultimately affect
craving behavior similarly in males and females.

Immediate early genes (IEGSs) are thought to participate in drug-induced
neuroplasticity and have been shown consistently to respond to many drugs of abuse,
including heroin and cocaine (Ammon-Treiber & Hollt, 2005; Ammon, Mayer, Riechert,
Tischmeyer, & Hollt, 2003; Cates et al., 2019; dela Pefia et al., 2015; Freeman, Brebner,
Lynch, et al., 2002; Freeman, Brebner, Patel, et al., 2002; Freeman et al., 2001; W. M.

Freeman et al., 2008; Jacobs et al., 2004; Jacobs, Smit, de Vries, & Schoffelmeer, 2005;
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Koya et al., 2006; Kuntz et al., 2008; X. Li, F. J. Rubio, et al., 2015; X. Li et al., 2018;
Suzuki, Chuang, Doi, & Chuang, 2003; Zidtkowska, Korostynski, Piechota, Kubik, &
Przewtocki, 2012). Several IEGs, including EGR1, EGR2 and EGR3 were identified as
potential upstream transcription factors; however, we did not observed changes in the
expression of Fos/c-fos or JunB/c-jun, which are changed in the nucleus accumbens of
male rats that have been tested for incubation of craving after 30 days of abstinence from
long-access oxycodone self-administration (Blackwood et al., 2019). We found Egrl and
Egr2 to be unchanged in the shell of males and females at either point of abstinence. Our
results are consistent with previous studies for Egrl, the expression of which does not
change after 1 or 14 days of abstinence from self-administered heroin (Kuntz et al.,
2008). However, Egr2 expression is altered in the accumbens during early abstinence
from experimenter-delivered morphine (Spijker et al., 2004) or self-administered heroin
(Kuntz et al., 2008). Egr2 is also upregulated in the accumbens after 14 days of
abstinence, but only in rats that received yoked heroin infusions (Kuntz et al., 2008), and
shows a dramatic downregulation after three weeks of abstinence in rats that received
experimenter-delivered morphine (Spijker et al., 2004). The present results reinforce the
idea that re-exposure to cues, the route and regimen of exposure, as well as biological sex
are all critical considerations in establishing the molecular correlates of drug seeking and
drug craving behaviors (Koya et al., 2006; Kuntz-Melcavage et al., 2009; Kuntz et al.,
2008; Spijker et al., 2004).

Another important consideration are the well-researched sexually dimorphic
aspects of the reward circuitry, which are established by organizational sex differences in

reward-related neurotransmission and anatomy (Jill B. Becker et al., 2012). As it relates
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to drug abuse, males and females express different dopaminergic neuron density
(McArthur, McHale, & Gillies, 2007) and cocaine-induced dopamine release (Q. D.
Walker, Ray, & Kuhn, 2006). Thus drug-induced sex-specific transcriptional changes
(Deena M. Walker et al., 2021) may be partly explained by evolutionarily conserved sex
differences that support divergent reproductive strategies and needs based on biological
sex (Simerly, 2002). In fact, drug addiction is likely one of many sexually convergent
behaviors influenced by sex-specific molecular underpinnings.

Changes in Gene Expression after Prolonged Abstinence Are Reinforcer-Specific

Craving for sucrose, a non-drug reward, also increases over time (Avena,

Long, & Hoebel, 2005; Counotte et al., 2014; J. W. Grimm, Barnes, et al., 2011; J. W,
Grimm et al., 2016; J. W. Grimm et al., 2005; C. Li & Frantz, 2010). Given that natural
rewards produce similar effects in the mesocorticolimbic reward pathway (J. W. Grimm,
Harkness, et al., 2011; Rogers et al., 2008), and induce similar changes in transcription
factors, such as AFosB (Nye & Nestler, 1996; Sharma et al., 2013), a comparison of the
molecular changes associated with incubation of opioid versus sucrose craving can parse
opioid-specific mechanisms that minimally affect the natural reward system. Sucrose-
treated rats demonstrated fewer changes in gene expression overall; however, similar to
morphine, robust alterations were observed over 30 days of abstinence from sucrose.
Although the incubation-induced patterns are similar across reinforcers, the genes
themselves show minimal overlap. In males, only ten genes were changed consistently
following extended abstinence from sucrose or morphine; in females, only six genes were
found to overlap. KEGG enrichment terms were also unique to sucrose versus morphine.

This is consistent with other findings that examined changes in gene expression following
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opioid or sucrose self-administration, extinction, and re-exposure to drug-paired cues,
and found that very few alterations generalized across reinforcers (J. A. J. Becker,
Kieffer, & Le Merrer, 2017; Koya et al., 2006; Kuntz et al., 2008; Sell et al., 2000).
Although others have compared changes in gene expression in sucrose- versus opioid-
exposed rats (Koya et al., 2006), this study builds on previous findings by examining
transcriptional changes in controls, as well as opioid- and sucrose-exposed rats of both
sexes at different abstinence time points. This provides a robust understanding of the
patterns and time course of gene expression changes. These data strongly suggest that
incubation of morphine and sucrose craving are driven by distinct mechanisms.
Total Intake Is Correlated With Reward Seeking

Total morphine consumption was correlated with drug-seeking behavior in late
abstinence. This effect was reversed in rats that self-administered sucrose, such that
sucrose consumption was correlated with sucrose-seeking behavior in early abstinence.
The finding that increased morphine exposure is linked to higher levels of relapse-like
behavior is in line with previous findings that long access self-administration is necessary
for incubation of oxycodone, methamphetamine, and cocaine craving (Everett, Baracz, &
Cornish, 2020; Purgianto et al., 2013; Salisbury, Blackwood, & Cadet, 2020). Here, all
rats were permitted extended access to intravenous morphine; however, those that self-
administered higher amounts exhibited enhanced incubation of craving, thus indicating
that chronic exposure is necessary for relapse-like behavior. Conversely, extended access
is not required for incubation of sucrose craving, given that sucrose seeking is similar
after 30 days of abstinence, regardless of whether rats underwent 2- or 6-hour access

daily self-administration sessions (J. W. Grimm et al., 2005). It is possible that
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heightened opioid exposure acts uniquely to induce robust transcriptomic changes that
affect drug-seeking behavior on a longer-term scale. The finding that morphine, but not
sucrose consumption was linked to reward seeking in late abstinence is further evidence
that natural rewards act via distinct mechanisms and do not require prolonged exposure to

induce craving.

Conclusions

Male and female rats exhibited cue-induced incubation of craving following
10 days of self-administration and 30 days of abstinence from either morphine or sucrose.
This is the first report of incubation of morphine craving in males and females. Morphine
consumption was correlated with drug-seeking behavior after extended, but not acute
abstinence, whereas sucrose exposure was correlated with seeking behavior in early
abstinence only. RNA sequencing of the nucleus accumbens shell showed robust changes
in gene expression that emerged over prolonged abstinence. Although the increase in
drug-seeking behavior is similar across sexes and reinforcers, the underlying genes and
pathways are dissociable by biological sex and morphine versus sucrose. This builds on
results from Chapter 2 that show an opioid-specific behavioral profile that accompanies
peak craving in late abstinence. Opioids induce specific changes in gene expression that
may underlie these drug-specific behavioral changes comprising incubation of opioid
craving. Importantly, though males and females show similar drug seeking and other
behavioral changes, the underlying mechanisms diverge, which strongly indicates a sex
convergence. Overall, these results are promising for developing potentially sex- and

drug-specific treatment options that will improve efficacy in both men and women.
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CHAPTER 4: EFFECTS OF THE BROMODOMAIN INHIBITOR JQ1 ON HEROIN
SELF-ADMINISTRATION

Chronic opioid exposure causes gene expression changes that persist for weeks
into abstinence. Many of these changes are regulated by drug-induced epigenetic
mechanisms, which affect how accessible DNA is to transcriptional complexes. Histone
acetyltransferases add acetylated marks to the tails of histone proteins, around which
DNA is coiled. This is a permissive change because it causes a more relaxed state in
which transcriptional machinery can more easily bind (Browne, Godino, Salery, &
Nestler, 2020). Specifically, histone acetyltransferases NCOAL, NCOAS3, and KAT6B
are increased, whereas the histone deacetyltransferase HDACS is decreased following
chronic heroin exposure. Both of these epigenetic modifications contribute to increased
H3K27 acetylation near the transcription start site for GRIAL (G. Egervari et al., 2017).
Conversely, Bdnf is stably downregulated for up to two weeks of abstinence following
chronic morphine exposure. This downregulation is associated with RNA polymerase 2
stalling, increased expression of the repressive histone mark H3K27me3, and increased
binding of co-repressor complexes mSIN3a and ING2 (Koo et al., 2015). Cocaine
induces long-term changes in histone acetylation states that drive stable changes in gene
expression for up to 100 days into abstinence (W. M. Freeman et al., 2008). Thus, drug
exposure leads to changes in histone acetylation states, which themselves are long lasting,
and this drives persistent changes in gene expression throughout abstinence that prime the
system for craving when re-exposed to drug-paired cues. To build on the results from
Chapters 2 and 3, we decided to test the efficacy of an epigenetically targeted treatment at

interfering with heroin self-administration.
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JQ1 is a bromodomain inhibitor, which competes at acetyl-lysine recognition
motifs and thereby blocks the functional ability of histone acetylation in regulating gene
expression (Q. Wu et al., 2019). Bromodomains bind to acetylated lysines, meaning they
are effective at targeting epigenetic changes caused by drug exposure. JQ1 is referred to
as an epigenetic “reader” because it interacts with epigenetic marks that are already in
place. JQ1 has been shown to reduce cocaine-induced changes in Bdnf expression, as
well as functionally decreasing cocaine conditioned place preference (CPP) (Sartor,
Powell, Brothers, & Wahlestedt, 2015). Additionally, JQ1 reduces epigenetic marks and
molecules associated with addition-like behaviors, such as phosphorylated BDNF (Guo et
al., 2020) and histone H3 acetylation (G. Egervari et al., 2017). Given that heroin-
induced increases in histone acetylation promote heightened expression of genes related
to learning, memory, and addiction, JQ1 is a promising target for interfering with heroin-
related epigenetic changes and subsequent drug seeking. Thus far, studies have found that
intrastriatal infusions of JQ1 reduce heroin self-administration on the day JQ1 was given,
as well as up to 48 hours after the last JQ1 treatment (G. Egervari et al., 2017). These
studies did not fully assess the time course of JQ1’s ability to reduce heroin self-
administration; and more importantly, they did not test whether systemic delivery could
interfere with heroin taking. This is translationally relevant, as a potential treatment
would act systemically in humans. Lastly, studies examining the efficacy of JQ1 thus far
have only used male subjects. It is unknown whether JQ1 will be efficacious in females,
which is critical information in ensuring that potential treatments are highly effective in

both men and women.

Mayberry 84



This study aimed to address these gaps in knowledge by administering systemic
JQ1 injections after heroin self-administration was stably acquired. Males and females
received intracerebroventricular (i.c.v.) microinjections of JQ1 or its vehicle, saline, after
10 days of intravenous heroin self-administration. Heroin self-administration was
monitored on the day of the injection, and for four subsequent days in order to determine
if JQ1 reduced heroin taking, and if so, for how long. Lastly, a final infusion of JQ1 or

vehicle was given on day 15 and whole brains were collected two hours later.

Methods
Animals
For all experiments, male (n=10) and female (n=20) Long-Evans rats were bred in
house. All animals used in the studies were 60-180 days old. All rats were pair-housed in
a reverse 12-hour light/dark cycle colony room (lights off at 9:00 AM) for the duration of
the experiments. All animals were handled daily for 2-5 min each for at least 5 days prior
to the start of any behavioral procedure or test. All experiments were conducted in the
dark phase. All rats had ad libitum access to water and standard laboratory chow
throughout the experiment. Male and female cohorts were run at separate, counter-
balanced times, and self-administration chambers were cleaned thoroughly in between
cohorts to minimize exposure to the opposite sex.
Intravenous and Intracranial Surgeries
Rats were surgerized with a jugular catheter according to the methods described
in Chapters 2 and 3. Following the jugular catheter surgery, but prior to beginning
intravenous self-administration, guide cannulae (C317G-SPC, cut 4 mm below pedestal;

Plastics One, Roanoke, VA) for JQ1 administration were implanted into the cerebral
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ventricle (anteroposterior -0.5 mm, mediolateral + 1.4 mm; dorsoventral —3.0 mm). Rats
were allowed to recover in their colony room home cages for 7 days prior to self-
administration training. Catheters were flushed daily with 0.2 mL of Timentin (0.93
mg/mL) dissolved in heparinized saline, and cannulae were sealed with wire obturators
when not in use, to prevent clogging.
Heroin Self-Administration

Following the 7-day recovery period, rats were placed in operant chambers and
allowed to lever press on a fixed ratio 1 (FR1) schedule for heroin infusions (0.10
mg/kg/infusion over 5 seconds). All rats self-administered heroin. As described
previously, responses on the “active lever” resulted in one infusion, accompanied by a 5-
second light cue and a subsequent 20-second timeout period during which the house light
was off and lever presses were recorded but had no contingent drug infusion. Heroin self-
administration sessions followed an intermittent access paradigm, which included one
hour of “drug-available” time, followed by a 5-minute window of “no-drug available”.
This procedure repeated six times per session, resulting in a total of six hours of drug
availability, and was performed daily on 10 consecutive days (Figure 10A).

JQL1 or Vehicle Microinjections

On the eleventh consecutive day of intravenous self-administration, rats received
2 uL of 20 umol/L of JQ1 as an intracranial microinjection into the cerebral ventricle.
Control rats received identical microinjections of JQ1’s vehicle saline. Five minutes after
the microinjection, rats entered an eleventh heroin self-administration session, and
continued self-administering heroin on days 11 — 14 (Figure 10A). Chronic heroin

exposure increases the expression of histone acetyltransferases, both globally and at
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specific lysines (Egervari et al., 2017, represented in Figure 10B). This permissive
epigenetic process makes chromatin more accessible and increases the likelihood of
transcription. Bromodomains (BRDs) bind to acetylated lysines (represented in Figure
10C), recruit chromatin remodeling complexes, and can regulate transcriptional
activation (Klein, 2018; Muller, Filippakopoulos, & Knapp, 2011; Q. Wu et al., 2019).
The bromodomain inhibitor JQ1 competes with BRDs at the acetyl-lysine recognition

motifs to suppress acetylation read-out (represented in Figure 10C).

Heroin IVSA (0.1 mg/kg/infusion) Heroin IVSA
Days 1-10 = Pre-treatment Baseline Days 11-14 = Post-treatment
Males or Females or Veh or Veh
Microinjections Microinjections

(2 pL of 20 umoliL, i.c. v)

1 Ja1
@ Chronlc ‘MDM W
JQ1 JQ1
LB

opioids

Figure 10. Timeline of JQ1 Experiments and Representation of Mechanism of Action.
A. Male and female rats underwent 10 days of intravenous heroin self-administration
(IVSA) to establish a pre-treatment baseline. On IVSA day 11, rats received an
intracerebroventricular microinjection of either the bromodomain inhibitor JQ1, or its
vehicle, saline. Immediately following the microinjection, they resumed intravenous
heroin self-administration, which occurred on subsequent days until IVSA day 14 to
establish post-JQ1 behavior. On the fifteenth day, rats received a microinjection of
either JQ1 or vehicle two hours prior to brain collection. B. Representation of
increased acetylation caused by chronic opioid exposure. C. Representation of JQ1
competing with bromodomains at the acetyl-lysine recognition motifs, and thus
blocking the read-out of acetylated lysines. IVSA = intravenous self-administration;
Veh = vehicle (saline); I.c.v. = intracerebroventricular; Ac = acetyltated mark; BRD =
bromodomain.
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Statistical Analysis

Two-way ANOVASs were used to compare heroin infusions during intravenous
self-administration (IVSA). Session (self-administration day 1 versus self-administration
day 2 versus self-administration day 3, etc.) was used as a within-subjects factor, and
condition (vehicle-treated versus JQ1-treated) was used as a between-subjects factor.
Male and female data were analyzed separately. In order to assess potential sex
differences, three-way ANOVAs were used to compare baseline heroin infusions (an
average of infusions earned over the last three days of heroin IVSA before
microinjections) to infusions earned on the day of the microinjection. Sex and treatment
(vehicle-treated versus JQ1-treatted) were used as between-subjects factors, while day
(baseline, “BL” versus day of treatment, “D1”’) was used as a within-subjects factor. In
all cases, if a significant interaction was found after performing ANOVAs, post-hoc

comparisons were made using Bonferroni’s multiple comparisons test.

Results
JQ1 Does Not Alter Heroin Self-Administration in Either Sex

Following 10 days of intravenous self-administration (IVSA), rats received
unilateral microinjections of 2 pL of 20 pmol/L of JQ1 or its vehicle saline into the
cerebral ventrical. 5 minutes later, rats resumed heroin self-administration for days 11 —
14. Over 10 days of IVSA, female rats earned an increasing amount of heroin infusions,
and there were no differences in heroin consumption between rats that eventually
received JQ1 versus vehicle injections (Figure 11A; time, [Fs54099.20=2.654, p=.0228,
Geisser-Greenhouse epsilon = .4261], condition, [F1,18=.0992, p=.7565]; interaction,

[F13233=1.336, p=.1931]). Males also increased heroin consumption and did not differ on
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the basis of whether they eventually received JQ1 or vehicle treatment (Figure 11B;
time, [F3.2852299=5.359, p=.0050, Geisser-Greenhouse epsilon = .2527], condition,
[F17=.5911, p=.4671]; interaction, [F13,01=.4941, p=.9227]). Comparisons of baseline
heroin infusions (BL = an average of infusions earned over the last three days of IVSA)
to heroin infusions earned on the day of treatment (D1) revealed no differences between
males and females, nor JQ1- versus vehicle-treated rats (Figure 11C; sex, [F1,24=.1564,
p=.6960; condition, [F1,24=1.272, p=.2706]; interaction, [F124=7.442, p=.0117]). Post-hoc
comparisons revealed that vehicle-treated male rats showed a reduction in heroin
consumption on the day of the microinjection (D1), whereas all other groups were
unchanged (Vehicle males BL versus D1, p=.0140; Vehicle females BL versus D1,

p=.3453; JQ1 males BL versus D1, p>.9999; JQ1 females BL versus D1, p=.7339).
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Figure 11. JQ1 Does Not Alter Heroin Consumption in Male nor Female Rats. A.
Over 10 days of IVSA, female rats earned an increasing amount of heroin infusions,
and there were no differences in heroin consumption between rats that eventually
received JQ1 versus vehicle injections. B. Males also earned an increasing amount of
heroin infusions, and there were no differences in heroin consumption between rats
that eventually received JQ1 versus vehicle injections. C. There were no differences
between males and females, nor JQ1- versus vehicle-treated rats. Post-hoc
comparisons revealed that vehicle-treated male rats showed a reduction in heroin
consumption on the day of the microinjection (D1), whereas all other groups were
unchanged. Veh = Vehicle (saline), BL = Baseline (last three days of IVSA), D1 =
day of microinjection (day 11 of IVSA). Data show mean + SEM; *p < 0.05.

Discussion

Chronic exposure to opioids leads to persistent changes in gene expression that
can prime the system for increased craving and other behavioral changes when re-
exposed to drug-associated cues. In both humans and rodents, heroin exposure increases
acetylation of specific lysines, as well as global acetylation, while also decreasing the
histone deacetyltransferase HDACS5 (G. Egervari et al., 2017). Increased acetylation near
the transcriptional start site for glutamatergic genes, such as GRIAL, leads to increased
expression of this gene in the brains of heroin-exposed rats (G. Egervari et al., 2017).
These epigenetic processes are stable, persisting for up to 100 days into abstinence (W.
M. Freeman et al., 2008). Thus, exposure to opioids leads to changes in acetylation,
which promote sustained, long lasting changes in gene expression. These transcriptomic
alterations underpin stable neural adaptations related to drug use. Epigenetic treatments
functionally correct these changes by interfering with molecular changes that lead to gene
expression alterations. One such treatment, the bromodomain inhibitor JQ1, has shown
promise in terms of attenuating drug-induced gene expression changes and reducing

heroin- and cocaine-related behaviors (G. Egervari et al., 2017; Guo et al., 2020; Sartor et
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al., 2015). JQ1 competes at acetyl-lysine recognition motifs and thereby blocks the
functional ability of histone acetylation in regulating gene expression. However, in order
to function in humans, a treatment must work at a systemic level. This study built on
previous findings regarding JQ1’s ability to reduce heroin self-administration by
examining whether this treatment was effective when delivered systemically, and
whether it would work in females. Male and female rats underwent chronic intravenous
heroin self-administration (IVSA). After 10 days of establishing drug-taking behavior,
microinjections of JQ1 or its vehicle were delivered into the cerebral ventricle
(intracerebroventricular = i.c.v.). The time course of JQ1’s efficacy was assessed by
monitoring drug self-administration the day of the microinjection, and for three
subsequent days. Results demonstrate that males and females acquire drug self-
administration and increase heroin consumption throughout IVSA. However, unlike
previous studies, JQ1 was not effective at reducing heroin self-administration in males.
Although vehicle-treated males showed decrease in heroin self-administration on the day
of the microinjection, the number of animals is very low, and the males in particular
showed more variability. Additional studies/animals are needed to confirm whether the
vehicle-induced decrease in heroin self-administration is accurate. We also show, for the
first time, that JQ1 is not effective at reducing heroin self-administration in females.

The most likely cause for the discrepancy between this study and others (G.
Egervari et al., 2017) was the location of the microinjection. Injections into the striatum
result in localized effects, whereas injections into the cerebral ventricle result in more
widespread effects throughout the central nervous system (Pietersz et al., 2021). This is

similar to findings that intra-accumbens injections of JQ1 successfully reduce cocaine
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CPP, whereas injections outside of the accumbens (“misses”) do not affect CPP (Sartor et
al., 2015). Others have also failed to replicate effects given intrastriatally with an i.c.v.
injection. Intrastriatal injections of glial cell-derived neurotrophic factor (GDNF) increase
locomotion and rearing on the day of the injection and for several days after, whereas
i.c.v. injections at the same dose have no effect on locomotion. Far fewer GDNF-
immunoreactive cells were observed in the substantia nigra following an i.c.v. injection.
Based on this, the authors concluded that a higher dose would be required in order to
observe the same effects with an i.c.v. route of administration (Kobayashi, Ogren, Hoffer,
& Olson, 1998). Indeed, when given as a systemic intraperitoneal injection at doses of 25
or 50 mg/kg, JQL1 is effective at reducing cocaine-induced increases in Bdnf expression,
cocaine CPP, and cocaine-primed reinstatement, whereas a lower dose of 10 mg/kg is not
sufficient (Guo et al., 2020; Sartor et al., 2015). All of these papers included only male
subjects, and thus it was an open question whether JQ1 would successfully alter heroin
taking in females. However, as shown here, females exhibit similar heroin-taking
behavior compared to males, and likewise, there is no effect of JQ1 in either sex.

The study in which intrastriatal JQ1 reduced heroin self-administration also found
alterations in glutamatergic genes in long-term heroin users, which they recapitulated in a
rodent model (G. Egervari et al., 2017). JQ1 was used to interrupt the heroin-induced
epigenetic regulation of such genes and thereby correct glutamatergic dysregulation,
which has been extensively implicated in incubation of craving (Pickens et al., 2011).
However, the glutamatergic system is extremely complex. It is highly likely that an i.c.v.
injection of JQ1 cannot fully rectify the epigenetic consequences of heroin on glutamate

without some compensation from other brain regions. In further support of this notion,
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LY379268, an mGIuR2/3 agonist, which functionally decreases glutamate release, had no
effect on heroin self-administration when given as a systemic intraperitoneal injection (J.
M. Bossert, Busch, & Gray, 2005). Overall, heroin self-administration causes distinct
changes in gene expression that are region-specific (Kuntz et al., 2008). Opioid-induced
epigenetic changes also vary drastically from region to region (Browne et al., 2020). For
example, repeated morphine injections during conditioned place preference upregulate
histone H3 phosphoacetlyation in the accumbens, but the same epigenetic changes are not
seen in the prefrontal cortex (Sheng, Lv, Wang, Zhou, & Hui, 2011). Thus, although
intrastriatal JQ1 can successfully attenuate heroin self-administration by interfering with
striatal epigenetic alterations, it likely fails at a systemic level due to other ongoing
epigenetic and transcriptomic changes in related regions. A critical next step will be to
assess JQ1’s ability to regulate gene expression by comparing transcriptomics and

epigenetic changes in the brains of JQ1- versus vehicle-treated rats.

Conclusions

Males and females self-administered increasing amounts of heroin over 14 days
of intravenous self-administration (IVSA), regardless of JQ1 microinjections given on
IVSA day 11. A comparison of lever pressing behavior on the last three days of IVSA
prior to the injection (“baseline”) versus the day of the injection confirmed that there
were no changes, except vehicle-treated males, who showed a decrease in lever presses
on the day of the injection. These results are in contrast to previous studies showing that
intrastriatal JQ1 injections successfully attenuate heroin self-administration in males. It is

unclear why intracebreoventricular (i.c.v.) injections had no effect on heroin
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consumption. Differences are likely attributable to route of administration, as other
studies have concluded that a much higher dose of JQ1 is needed when given as a more
systemic treatment. This study shows, for the first time, that JQ1 is not effective as an
i.c.v. treatment in females. These results are an important step in translating previous
findings to clinical populations. Future studies are needed to confirm whether JQ1
corrects heroin-induced changes in gene expression, and whether a higher dose, given as

an i.c.v. injection would successfully attenuate heroin self-administration.
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OVERALL CONCLUSIONS AND FUTURE DIRECTIONS

Opioid use disorder is a highly prevalent, debilitating, and chronic disease, with
up to 85% of patients experiencing a relapse event within the first year of sobriety
(Melemis, 2015). Cravings are one of the hallmark criterion for opioid use disorder, and
often contribute to relapse, especially in response to cue re-exposure. Craving intensifies
throughout the first month or so of abstinence, which is known in the field as “incubation
of craving” (J. W. Grimm et al., 2001; Pickens et al., 2011). Rodent models rely on
responses on a previously reward-paired lever to interpret craving. Such a measurement
overlooks other, more nuanced behavioral and affective components of drug seeking.
Although some recent studies have included female subjects (Calipari et al., 2017; C.
Nicolas et al., 2019; Venniro et al., 2019), the majority of research so far has focused
solely on males. Therefore, it is not clear whether there are behavioral and molecular sex
differences associated with incubation of opioid craving. The female estrous cycle is an
important consideration that has been shown to enhance stimulant-related behaviors
(Corbett et al., 2021; Lynch, 2008; C. Nicolas et al., 2019), but opioid-related findings
are far less consistent (Knouse & Briand, 2021). Furthermore, there is a dearth of
information comparing opioid-related findings to natural rewards. As described in
Chapter 1, natural rewards and drugs of abuse overlap considerably in terms of their
effects on dopamine, glutamate, and the brain regions within the mesocorticolimbic
reward pathway (Barson et al., 2012; Rogers et al., 2008; Roura-Martinez et al., 2019). In
particular, the nucleus accumbens shell is critical for heroin-related behaviors, including
contextual reinstatement (J. M. Bossert et al., 2006; J. M. Bossert et al., 2007; Gibson et

al., 2019). At the transcriptomic level, mechanisms involved in sucrose versus opioid
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seeking appear to separate (Koya et al., 2006; Sun et al., 2015). However, a thorough
comparison of the gene expression changes caused by chronic sucrose versus opioids and
extended abstinence without re-exposure to cues has not been conducted until now. The
studies here address these gaps by including female subjects, tracking the estrous cycle,
and comparing opioids to the natural reward sucrose, with the overall goal of enhancing
the understanding of opioid craving and identifying treatment targets that are likely to
help men and women without impacting the natural reward system. Ultimately, these
represent promising avenues for treatment that can be administered before or throughout
abstinence. The goal of such treatments would be to attenuate the spike in craving before
it emerges, as opposed to treating the symptoms of craving/relapse when they occur.

In Chapter 2, we sought to better understand the behavioral and affective profile
of opioid craving, as well as the role of the female estrous cycle on opioid seeking and
related behaviors. Males and females self-administered heroin or sucrose for 10 days,
followed by one or 30 days of forced abstinence. Craving tests were administered at the
end of each respective abstinence time point. Therein, the previously reward-paired lever
resulted in presentation of reward-paired cues, but no contingent reward delivery. This is
a paradigm known to elicit craving after 30 days of abstinence. Craving tests were video
and audio recorded in order to quantify additional measures — influenced largely by drug-
induced behavioral changes seen in the behavioral sensitization literature. Comparisons
revealed that, although overall locomotion and reward seeking increased unanimously
regardless of sex and reinforcer, heroin-exposed rats demonstrated specific behaviors
associated with peak heroin craving in late abstinence. A decrease in grooming and

increase in hyperactivity could indicate a “mania”-like state of drug seeking, potentially

Mayberry 96



driven by an increase in positive affect, though the latter was observed in males only.
Heroin-exposed males made significantly more 50-kHz ultrasonic vocalizations during
the Day 30 craving test, which is often interpreted as increased anticipation and/or
positive-valence affective state (Buck et al., 2014; Ma et al., 2010). The female estrous
cycle did not affect self-administration nor craving, and only affected locomotion and
hyperactivity on a reinforcer-dependent basis. These results expand on the traditional
lever-pressing assessments of craving. This demonstrates that opioids function uniquely
to imbue long-lasting changes in behavior that emerge concordantly with enhanced drug
seeking in response to drug-paired cues after 30 days of forced abstinence. Although
lever pressing and overall locomotion may be appropriate for measuring craving across
multiple reinforcers, other measures such as grooming and hyperactivity may be more
nuanced to detect changes in opioid craving specifically. Furthermore, the estrous cycle
findings diverge from stimulant-related literature, but are consistent with other long-
access opioid studies (M. E. Roth et al., 2002). Taken together, these results suggest that
opioid addiction-like behaviors may be less dependent on fluctuations of gonadal
hormones.

In addition to an opioid-specific set of behaviors, we also wanted to know about
the molecular changes accompanying incubation of opioid craving. Many studies have
focused on gene expression changes in early abstinence, in response to experimenter-
delivered drugs (as opposed to self-administered), and/or following re-exposure to drug-
paired cues (Blackwood et al., 2019; Kuntz-Melcavage et al., 2009; Kuntz et al., 2008).
Less is known about the ongoing changes throughout abstinence prior to cue re-exposure.

This is critical in terms of delineating the mechanisms underlying incubation of opioid
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craving and designing effective treatments to be administered throughout abstinence in
order to attenuate cue reactivity in late abstinence. Again, comparisons to natural
rewards, and across biological sex were lacking, which represented a major gap in terms
of identifying treatment targets for opioid craving in males and females.

In Chapter 3, RNA sequencing of the nucleus accumbens shell was conducted in
order to explore opioid- and sucrose-induced changes in gene expression. Male and
female rats underwent 10 days of morphine or sucrose self-administration. Control rats
self-administered saline or responded for cues only, respectively. After one or 30 days of
forced abstinence, some rats underwent the craving test as previously described. Results
indicate that morphine consumption was predictive of morphine seeking in late, but not
early abstinence, whereas the opposite was true for sucrose. Other cue test-naive rats
from these cohorts were used for RNA sequencing of the nucleus accumbens shell.
Results show a sex- and reinforcer-specific set of genes that is unchanged in early
abstinence, and then demonstrate robust overexpression or suppression in late abstinence
(compared to controls). For example, genes related to GABA and glutamate
neurotransmission, including Gria2, Gria3, Gabbrl, and Ntrk1 were altered in a sex-
specific manner, which builds on results from previous studies examining males only
(Ammon-Treiber & Hollt, 2005; Koo et al., 2015; H. D. Schmidt et al., 2015; Spijker et
al., 2004). Prkcb, suppression of which has been linked to heroin use in men (S. J. Chen
et al., 2016), and Hspalb, which encodes a heat shock protein that others have shown to
be altered in the frontal cortex of male rats (Ammon-Treiber & Hollt, 2005) were
regulated in a sex-specific manner here: unchanged in males, and drastically increased

after 30 days of abstinence in females. These “incubation-induced” targets are of

Mayberry 98



particular interest given that their change in expression mirrors the change in craving
occurring over the same time course. KEGG pathways were also distinct across sex and
reinforcer, further indicating a unique transcriptomic signature of morphine craving. In
contrast to previous findings that immediate early genes (IEGs) such as Fos/c-fos and
JunB/c-jun are changed in response to cue re-exposure during an incubation of
oxycodone craving test (Blackwood et al., 2019), we did not see changes in immediate
early gene expression. One exception is that EGR1, EGR2, and EGR3 emerged as
upstream transcription factors in both males and females. This highlights the importance
of studying transcriptomic changes without re-exposure to drug-paired cues, as cue re-
exposure itself can induce gene expression changes that may not reflect underlying
alterations caused by drug exposure and abstinence alone. Overall, these findings have
helped to elucidate opioid-specific transcripts that change over the course of extended
abstinence in males versus females. An important future direction will be to functionally
validate some of these changes in an attempt to reduce craving upon cue re-exposure.

A highly likely explanation for the long-lasting changes in gene expression that
persist long after drug cessation involves epigenetic mechanisms. Environmental factors,
including drug exposure, cause changes to epigenetic enzymes, which act on chromatin
conformations to make gene expression more or less likely. Chronic opioid exposure
induces changes in acetylation, both globally and at specific lysines, which is a
permissive epigenetic mark that leads to increased gene expression (Gabor Egervari et al.,
2017). Thus, based on our RNA sequencing results, we were interested to test a treatment
that could functionally interfere with these drug-induced changes in histone acetylation.

One such treatment is JQ1, a bromodomain inhibitor. JQ1 interferes with the read out of
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acetylated lysines; it does not alter the epigenetic marks themselves, but prevents them
from being interpreted, thus halting downstream changes in transcription. Such methods
are being investigated for their therapeutic potential in other fields (Muller et al., 2011).
JQ1 was also an attractive option because of the promise it has shown at reducing
cocaine-induced changes in gene expression, and correcting addiction-like behaviors
(Gabor Egervari et al., 2017; Guo et al., 2020; Sartor et al., 2015).

In Chapter 4, we tested the efficacy and time course of JQ1 at reducing heroin
self-administration in males and females. Previous research showing that JQ1 reduced
heroin self-administration and cue-induced heroin seeking after one week of abstinence
administered JQ1 as an intrastriatal injection. We extended these findings by
administering it as an intracerebroventricular (i.c.v.) injection on day 11 of self-
administration after a heroin-taking baseline had been established. As such, i.c.v.
injections did not reduce heroin self-administration in either sex. This extends previous
findings by including females and demonstrating that systemic treatments of JQ1 are not
as effective as intrastriatal injections, though it is possible that they will work if a higher
dose is used. Future studies should test this by administering a higher dose of JQ1 as an
i.c.v. injection. Additional studies should also test the ability of JQ1 to attenuate cue-
induced heroin seeking in early/late abstinence when administered systemically.

There are some limitations of the experiments described here, which should be
considered for future research. In Chapter 2, future studies could use multilevel modeling
to assess which behaviors correlate with one another and with craving. Such analyses
require computational skills beyond the scope of the work here, but we are pursuing

collaborations that will allow us to tackle this question. Additionally, a more detailed
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analysis of the directionality/speed and approach behaviors towards the cue light (sign-
tracking) or active lever (goal-tracking) may enhance the behavioral profile described
here. Deep neural networks are an ideal tool for accurately characterizing and expanding
upon the measures included in Chapter 2. The drug-specific behavioral profile described
in Chapter 2 indicates that there are unique mechanisms governing opioid-associated cue
reactivity that do not generalize to the intensification of cue-reward associations
throughout abstinence for natural, non-drug, non-pathological rewards. Future studies
should probe these differences further, with the goal of elucidating specific neural
mechanisms driving opioid craving. In Chapter 3, gene expression changes were
compared between saline controls and morphine-exposed rats that underwent one or 30
days of abstinence. Since there was no saline Day 30 group, we cannot completely
exclude the possibility that some of the gene expression changes seen in late abstinence
were due to the passage of time alone. Furthermore, gene expression analyses were
conducted in bulk tissue, which does not account for cell-specific changes across
heterogeneous cell types in the nucleus accumbens. The accumbens is comprised
primarily of medium spiny neurons (MSNSs), which express either dopamine D1 or
dopamine D2 receptors. There is evidence that the subtypes of dopaminergic medium
spiny neurons (D1- versus D2-expressing) are functionally distinct such that they play
different and opposing roles in reward (Durieux, Schiffmann, & de Kerchove d'Exaerde,
2012). In particular, blocking D1, but not D2 MSNs within the accumbens shell
attenuates incubation of morphine craving (J. Gao, Li, Zhu, Brimijoin, & Sui, 2013).
Therefore, an important future direction will be to examine gene expression changes that

occur in D1- versus D2-expressing MSNs throughout incubation, and to compare/contrast
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these findings with the bulk tissue results from Chapter 3. There is evidence that drug-
induced transcriptomic changes occur differently in other brain regions (D. M. Walker et
al., 2018). Thus, future work should investigate drug- and abstinence-induced changes in
other reward-related brain regions, including, but not limited to the nucleus accumbens
core and ventral tegmental area. Lastly, in Chapter 4, we assessed the effects of JQ1 on
drug taking, but not drug seeking, which are two distinct components of addiction-like
behaviors and underpinned by divergent mechanisms (Kalivas & O'Brien, 2008). An
exploration of whether JQ1, administered as intracerebroventricular microinjections
throughout abstinence, impacts craving during a relapse test would be worth pursuing.
Future studies should focus on functional validation of incubation-induced gene
expression changes. JQ1 was not efficacious in diminishing heroin self-administration.
However, an attempt to interfere with specific genes throughout abstinence may be the
key to reducing opioid craving upon cue re-exposure. One potential approach would be to
utilize an epigenetic editing technique (such as CRISPR/dCas9) to remove acetylated
marks from specific genes during abstinence. Genes of interest could include previously
implicated transcripts (GRIAL per the Egervari, 2017 study; EGR1/EGR2, or other
memory-related transcripts that have been studied in the context of addiction), or they
could emerge as the result of a future ChIP sequencing experiment.

A review of the neural systems involved in incubation of sucrose and opioid
craving revealed considerable overlap across the mesocorticolimbic reward system,
particularly in regards to dopamine and glutamate. These are also likely mediators of the
locomotor, grooming, hyperactive behavioral and affective changes seen in Chapter 2. In

Chapter 3, gene expression changes within the nucleus accumbens shell (a critical region
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in the aforementioned system) were sex- and reinforcer-specific, though certain genes
related to glutamatergic neurotransmission were uncovered. Importantly, many of these
changes emerged only over the course of 30 days of abstinence, and were present without
re-exposure to drug-paired cues, which highlights the persistence of opioid-induced
transcriptomic changes. In Chapter 4, a systemic injection of the bromodomain inhibitor
JQ1 failed to attenuate heroin self-administration, likely because it was acting via
compensatory mechanisms in regions outside of the striatum. These studies have added
ample behavioral and molecular data to the understanding of incubation of opioid craving
in males and females. They have built on previous literature by exploring changes in
early abstinence, as well as late abstinence with (behavioral) or without (transcriptomic)
cue re-exposure. Sucrose controls were included, which allowed us to parse opioid-
specific alterations. Females were utilized and estrous cycle was tracked, which led to an
enhanced understanding of sex-specific versus generalizable changes. This research has
the potential to improve diagnosis for opioid craving and impending relapse, while also

identifying important treatment targets in both sexes.
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