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Abstract
CLINTON S. COELHO. Assessing the involvement of projections from the prelimbic prefrontal
cortex to the paraventricular nucleus of the thalamus in cocaine withdrawal-induced anxiety.
(Under the direction of JACQUELINE F. MCGINTY)

Withdrawal from cocaine induces an immediate and powerful negative affective state which
is characterized by feelings of agitation and anxiety in humans and anxiety-like behaviors in
rodents. It has been hypothesized that the anxiogenic effects associated with cocaine withdrawal
play a major role in continued cocaine use and drive relapse to cocaine seeking. The prelimbic
(PL) medial prefrontal cortex is not only involved in the processing and regulation of negative
emotions such as anxiety but also mediates relapse to cocaine-seeking. Subcortical hubs of the
reward system that receive projections from the PL neurons are known to be dysregulated during
different stages of cocaine addiction, including withdrawal. One of the emerging and severely
understudied subcortical targets of the PL cortex implicated in cocaine reward and relapse to
cocaine seeking is the paraventricular nucleus of the thalamus (PVT). PL inputs to the PVT have
been implicated in fear-induced anxiogenic behaviors as well as relapse to cocaine seeking.
However, little is known about the contribution of PL-> PVT in cocaine withdrawal-induced
anxiety. Therefore, in this study, we explored the implications of chemogenetically inhibiting
PL->PVT projections using a combinatorial AAV vector approach in the attenuation of cocaine-
induced anxiogenic behaviors during early withdrawal from cocaine using an elevated zero maze
(EZM) and an open field test (OFT). We hypothesized that cocaine withdrawal-induced anxiety-
like behavior would be greater than that in saline control rats on the EZM and OFT tasks. Further,
inhibition of the PL->PVT projection would attenuate cocaine withdrawal-induced anxiogenic

behaviors and therefore decrease the probability of subsequent relapse to cocaine seeking.
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Additionally, we predicted that PL->PVT inhibition would not affect anxiety-like behavior in
saline control rats. Results from our study demonstrate that PL->pPVT inhibition decreased the
latency to enter open arms but increased the number of explorations of the open arms in rats with
cocaine experience compared to yoked-saline controls. In the same animals, inhibition of
PL->pPVT increased the time spent in the center of the open field in rats with cocaine experience.
Together, our results demonstrate that the PL->pPVT projection influences aspects of the anxiety
phenotype associated with exploratory behaviors. Inhibition of the PL->PVT pathway during early
withdrawal from cocaine attenuated withdrawal-induced anxiogenic behaviors and this inhibition
did not affect baseline anxiety-like behaviors in control rats. Therefore, this study provides
evidence for the involvement of the PL->PVT pathway in mediating cocaine withdrawal-induced

anxiety.



Chapter 1: Specific Aims



A high rate of relapse after a period of abstinence is one of the primary factors driving cocaine
use disorder (CUD). Withdrawal from cocaine induces an immediate and powerful negative
affective state which is characterized by feelings of agitation and anxiety in humans (Gawin and
Kleber, 1986) and anxiety-like behaviors in rodents (Barbee and Gourley, 2022). It has been posited
that this anxiety leads to continued cocaine use and drives relapse to cocaine seeking. Indeed, trait
anxiety (in humans) and increased anxiety-like behaviors (in rodents) is an influencing factor for
future cocaine use and a strong predictor for reinstatement to cocaine seeking, respectively (Woicik
et al., 2009; Erb, 2010; Liu et al., 2020; Barbee and Gourley, 2022). We therefore proposed that
targeting the negative affective states, specifically anxiety, during this early withdrawal period
would be an innovative approach in the development of novel therapeutics for the prevention of

CUD.

The medial prefrontal cortex (mPFC), specifically, the prelimbic (PL) but not the infralimbic
mPFC, is involved in the processing and regulation of negative emotions such as anxiety (El Hage
et al., 2012; Suzuki et al., 2016; Jacobs and Moghaddam, 2021a). Furthermore, the PL cortex has
been demonstrated to mediate relapse to cocaine-seeking (Koob and Volkow, 2016). Several
subcortical hubs of the reward system that receive projections from the PL neurons are known to be
dysregulated in cocaine addiction. For example, the PL to nucleus accumbens (NA) core pathway
has been implicated most often in all major forms of drug seeking after abstinence or extinction
(McFarland and Kalivas, 2001; McLaughlin and See, 2003; Berglind et al., 2009; Ma et al., 2014;
Stefanik et al., 2016). One of the emerging and severely understudied subcortical targets of the PL
implicated in drug and non-drug associated reward seeking is the paraventricular nucleus of the
thalamus (PVT) (McGinty and Otis, 2020). For example, the PVT contributes to reinstatement of

cocaine seeking (James et al., 2010; Matzeu et al., 2015) and inhibition of PL>PVT during early
1



withdrawal decreased subsequent cocaine seeking (Giannotti et al., 2018). Additionally, cocaine and
exposure to cocaine-conditioned cues/contexts has been shown to activate PVT, specifically,
posterior (p) PVT (Millan et al., 2017). Furthermore, PVT neurons are recruited by stress, and
activation of hypothalamic input to the PVT induces fear and anxiety-like behaviors indicating a
role for PVT in the regulation of negative emotional states (Kirouac, 2015, 2021). Therefore, it is
possible that withdrawal-induced anxiogenic effects of cocaine and subsequent increase in relapse
probability involves recruitment of PVT neurons. While it is known that major cortical inputs to the
PVT come from PL cortex (Li and Kirouac, 2012) and that a projection from PL to PVT is critical
in retrieval of remote fear memories (Do-Monte et al., 2015; Do Monte et al., 2016), little is known
about the contribution of PL-> PVT in cocaine withdrawal-induced anxiety. Therefore, in this
study, we investigated the role of the PL->pPVT pathway in male and female rats during cocaine
withdrawal-induced anxiety-like behaviors using an elevated zero maze (EZM) and an open field
test (OFT). We explored the implications of chemogenetically inhibiting PL->PVT projections
using a combinatorial AAV viral vector approach to inhibit cocaine-induced anxiogenic behaviors
during early withdrawal.

We hypothesized that anxiety-like behaviors would be greater in animals with cocaine
experience than in yoked-saline controls during acute withdrawal. Further, chemogenetic
inhibition of PL>PVT immediately after the last cocaine self-administration session would
decrease anxiety-like behaviors at that time. We compared the EZM and OFT behavior of male
and female rats in which the PL>PVT pathway had been chemogenetically inhibited or not 2 hr
after the end of cocaine SA or yoked saline. We also assessed the influence of inhibiting this

pathway on cue-induced relapse to cocaine seeking after one week of abstinence.



Chapter 2: Introduction



Drug addiction is a behaviorally cyclical, chronically relapsing, complex, and multistage
disorder. Behaviorally, it is characterized by a compulsion to seek and consume the drug, loss of
control over drug consumption and the development of a negative emotional and physiological
state when drug consumption is interrupted as well as access to the drug is prevented (Koob and
Volkow, 2016). Addiction has been conceptualized in the form of a three-stage recurring cycle
(Kalivas and Volkow, 2005; Koob and Schulkin, 2019) — binge/intoxication, withdrawal/negative
affect, and preoccupation/anticipation (craving). This cycle repeats itself and worsens over time.
In the binge/intoxication stage, drug consumption is initiated. The consumption of drugs leads to
feelings of pleasure and gratification, increased sexual arousal, and enhanced hedonic states.
Discontinuation of drug consumption leads to the emergence of withdrawal/negative affect stage
and is characterized by negative motivational states such as chronic irritability, emotional pain,
malaise, dysphoria, alexithymia, states of stress and anxiety, and loss of motivation for natural
rewards. This is followed by the preoccupation/anticipation stage which develops after periods of
abstinence. In this stage drug-seeking behavior is reinstated and has been hypothesized to be a key
element of relapse in humans (Koob and Volkow, 2016). Neurobiologically, each stage of the
addiction process originates from drug-induced dysregulation of brain structures that normally
function to process reward, emotions, and executive functions in the brain.

Neurobiological mechanisms of drug addiction

Drugs of abuse activate brain reward systems and induce changes in these systems which
initiate the development of addiction. Intoxicating doses of drugs activate dopaminergic neurons
of the ventral tegmental area (VTA) and release dopamine (DA) and opioid peptides into the

ventral striatum (Volkow et al., 2007; Mitchell et al., 2012). This leads to a fast and steep increase



in DA release and activation of low-affinity dopamine D1 receptors (Drd1) in the ventral striatum
(Volkow et al., 2003) and is associated with subjective sensations and rewarding effects felt after
drug consumption inducing appetitive drug-related behaviors (Caine et al., 2007). This initial
activation of the VTA to ventral striatum reward circuit in turn influences several neural inputs
and outputs that interact with it leading to drug-induced neuroadaptations within these circuits.
The circuits of the reward system form essential components regulating reward and motivation,
stress (via hypothalamic-pituitary-adrenal axis; HPA axis), mood regulation — including stress
reactivity (via amygdala, hypothalamus, and habenula) and interoception (via insula and anterior
cingulate cortex), memory (via hippocampus), and executive functions — including inhibitory
control and decision making (via prefrontal cortex). Drug-induced neuroadaptations alter the
functioning of these circuits and lead to dysregulation of reward and motivation, mood regulation
and executive function via multiple neurotransmitter systems, which include not only DA and
opioid peptides but also y-aminobutyric acid (GABA), glutamate, serotonin, acetylcholine,
norepinephrine, endocannabinoids, enkephalins, dynorphins, neuropeptide Y, and corticotrophin-
releasing factor (CRF) (Koob and Volkow, 2016). Another key feature of drugs of abuse is their
ability to reinforce behaviors previously associated with neutral, non-rewarding contextual stimuli
and conditioning them to become rewarding during drug consumption (Koob and Volkow, 2016;
Werner et al., 2019). Drug-induced activation and release of DA in ventral striatum also leads to
development of incentive salience. During the emergence of incentive salience, environmental and
interoceptive cues become associated with the subjective sensations and rewarding effects of drugs
and in turn lead to phasic release of DA when an individual is exposed to these drug-associated
cues (Berridge, 2012). This phasic release of DA induced by drug-associated cues recruits basal

ganglia circuits. Thereafter, activation of ventral striatum leads to the recruitment of striatal-



pallidal thalamocortical loops that activate the dorsal striatum resulting in habit formation (Belin
et al., 2009). Together, these processes lead to habit-like, compulsive drug seeking in humans
(Belin and Everitt, 2008) and cue-induced drug seeking and drug self-administration (SA) in
preclinical animal models of addiction (Koob and Volkow, 2016). Therefore, persistent drug-
induced dysregulation of different reward system circuits coupled with conditioned reinforcement
and incentive salience of drug-related behaviors and drug-associated cues lead to the development
of motivationally rewarding, compulsive drug-related seeking and consummatory behaviors.
During acute or protracted abstinence from drug consumption, the development of negative affect
(characterized by chronic irritability, malaise, dysphoria, states of aversion, stress and anxiety, and
loss of motivation for natural rewards) indicates progression through the addiction cycle (Koob
and Volkow, 2016). Neurochemical changes associated with this stage include decrease in
DAergic and serotonergic transmission in the nucleus accumbens (NAc) (Weiss et al., 1992)
causing decreases in reward system function for drug and non-drug rewards (Volkow et al., 1997;
Martinez et al., 2007; Volkow et al., 2007; Volkow et al., 2014). Emotional dysregulation observed
during this stage are induced by elevated HPA axis function and increased CRF in the amygdala
by chronic drug exposure (Piazza and Le Moal, 1996; Koob et al., 2014). As the period of
abstinence increases, brain stress systems continue to be recruited in the extended amygdala
leading to negative emotional states (Delfs et al., 2000; Koob et al., 2014). Aversive states
developed during acute and protracted withdrawal are partially mediated in the lateral habenula
(Hikosaka, 2010) via its projection to the rostromedial tegmental nucleus (Jhou, 2013) by
decreasing DA neuron firing in the ventral tegmental area (VTA) (Kimura et al., 2007; Matsumoto
and Hikosaka, 2007). Decreased reward function and increased stress function in the motivational

circuits of the ventral striatum, extended amygdala, and habenula trigger negative reinforcement



and contribute to compulsive drug-seeking behaviors (Werner et al., 2019). Thus, development of
enduring aversive negative affective states due to overactivation of stress and anti-reward systems
have the potential to drive relapse to drug-seeking in individuals abstaining from drug
consumption. The preoccupation/anticipation stage is the stage of addiction in which, after
abstinence, the reinstatement of drug-seeking behavior occurs. This stage has been the primary
focus for identifying neurobiological mechanisms of relapse and developing pharmacotherapies.
Preclinical rodent studies have derived three major modalities of reinstatement — drug-induced,
cue-induced, and stress-induced. Drug- and cue-induced reinstatement involves the glutamatergic
projection of prelimbic prefrontal cortex (PL) to ventral striatum circuit (McFarland and Kalivas,
2001) and glutamatergic projection from the PL, basolateral amygdala, and ventral subiculum to
the NAc (Vorel et al., 2001; Everitt and Wolf, 2002), respectively. However, stress-induced
reinstatement is dependent on the activation of CRF and norepinephrine circuits in the extended
amygdala (Pich et al., 1995; Shaham et al., 1998; Delfs et al., 2000; Shaham et al., 2000; Shalev
et al., 2002; Shaham et al., 2003) and the VTA. Similarly, human studies have demonstrated
activation of the prefrontal cortex (PFC) (Lee et al., 2005; Risinger et al., 2005; Volkow et al.,
2005; Jasinska et al., 2014; Kober et al., 2016) and increased DA release in striatum, amygdala,
and PFC by drug-associated cues (Volkow et al., 2006; Koob and Volkow, 2010; Fotros et al.,
2013; Milella et al., 2016). The other behaviors characteristic of this stage include excessive
salience to drug-associated rewards, decreased responsiveness to non-drug rewards, and decreased
ability to inhibit maladaptive behaviors (Volkow et al., 2003; Goldstein and VVolkow, 2011). These
are derived from deficits in executive functions which are largely controlled by the frontal cortex.
Indeed, individuals with a history of drug addiction show decreased frontal cortex activity during

decision making, self-regulation, inhibitory control, and working memory (Volkow et al., 2011).



Therefore, drug-induced deficits in executive function via dysregulation of neuronal networks
within the PFC, coupled with heightened incentive salience for reinstatement of drug-related
behaviors against a background of low reward system function and high stress system function
induce a powerful drive for pathological drug seeking.

Cocaine Use Disorder (CUD) abstinence and relapse

From a clinical point of view, drug addiction is now termed substance use disorder (SUD)
and defined in a range from mild to moderate to severe, with the severity of the SUD depending
upon the number of established criteria applying to an individual’s condition (American
Psychiatric Association and Association, 2013). SUDs are further classified based on the class of
drug that an individual is addicted to. For example, development of addiction to alcohol is termed
as alcohol use disorder (AUD), to opioids is termed as opioid use disorder (OUD), and to cocaine
is termed as cocaine use disorder (CUD). In the United States alone, of the 61.2 million users of
illicit drugs, 4.8 million people aged 12 older used cocaine in 2020 (Center for Behavioral Health
Statistics, 2021). Of the 4.8 million people using cocaine, 1.4 million people had CUD. Therefore,
CUD affects millions of people worldwide and is a significant public health issue that negatively
affects social relationships and leads to substantial economic burden on the society. Despite these
staggering numbers, there are no approved pharmacotherapies and behavioral interventions remain
ineffective in a significant population of patients (Kampman, 2019). One of the primary factors
driving CUD is the high rate of relapse after a period of abstinence. Interestingly, number of days
of continuous abstinence is one of the best outcome predictors preventing relapse to cocaine use
(Carroll et al., 2014). Therefore, promoting abstinence by mitigating cocaine-withdrawal-induced
symptoms has the potential to decrease relapse probability and promote recovery. Preclinical

studies demonstrate that dysregulation of reward and stress function and emotional dysregulation



remain malleable during acute withdrawal and can be interrupted to increase reward thresholds
and therefore attenuate compulsive drug seeking. For example, CRF receptor antagonists
administered during acute withdrawal block both anxiety-like and stress-like effects of cocaine
withdrawal and increased reward threshold by reduced drug taking during compulsive cocaine
seeking (Koob et al., 2014). Compulsive drug-seeking and negative affective states get solidified
during withdrawal and protracted abstinence (Koob and VVolkow, 2016). Additionally, during acute
withdrawal, goal-directed behaviors are intact (George and Koob, 2010). Therefore, targeting
acute withdrawal phase for attenuating withdrawal-induced symptoms provides greater promise
for ensuring recovery.

Cocaine abstinence-induced anxiety

Early work by Gawin and Kleber classifies cocaine abstinence into three phases - the first
phase is “crash” which lasts from 9 hours to 4 days post cocaine, followed by “withdrawal”, lasting
from 1-10 weeks, and lastly “extinction”. The authors noted anxiety in the first two phases and
proposed that alleviation of anxiety was necessary to prevent relapse (Gawin and Kleber, 1986).
While the intensity and duration of cocaine withdrawal-induced anxiety remains debatable, a
relationship between cocaine withdrawal-induced anxiety and craving continues to persist (Barbee
and Gourley, 2022). Therefore, it has been posited that this anxiety leads to continued cocaine use
and drives relapse to cocaine seeking. Indeed, DSM-5 diagnostic criteria for abstaining cocaine
users includes anxiety sensitivity tests as an influencing factor for future cocaine use (Woicik et
al., 2009; Liu et al., 2020). Several preclinical studies have demonstrated an association between
trait anxiety and cocaine consumption, duration of cocaine withdrawal-induced anxiety and
association between cocaine withdrawal-induced anxiety and reinstatement of cocaine-seeking

behaviors (Erb, 2010; Barbee and Gourley, 2022). In these studies, the duration of cocaine



abstinence-induced anxiety lasted from 24 hours to 8 days after last cocaine administration (de
Oliveira Cito et al., 2012; EIl Hage et al., 2012). This could be enhanced for up to 28 days when
coupled with a stressful stimulus (Aboutalebi et al., 2018). Furthermore, cocaine withdrawal-
induced anxiety was also affected by the duration of cocaine exposure. For example, male rats
trained on long access cocaine SA schedule demonstrated anxiety-like behaviors for up to 42 days
post-cocaine when compared to saline controls or rats trained on short access cocaine SA schedule
(Aujlaetal., 2008). Buffalari and colleagues demonstrated that cocaine intake positively correlated
with cocaine withdrawal-induced anxiety. In the same study, the authors also demonstrated that
increased anxiety-like behavior correlated with greater cocaine-primed reinstatement (Buffalari et
al., 2012).

Involvement of PL cortex in cocaine — related behaviors

The preoccupation/anticipation stage of CUD is driven by the PFC. Executive functions are
regulated by PFC. Deficits in executive functions including decision-making, self-regulation,
inhibitory control and working memory underlie uncontrolled cocaine-seeking, decreased
responsiveness to non-drug rewards, and decreased ability to inhibit maladaptive behaviors
(Volkow et al., 2003; Goldstein and VVolkow, 2011). The PL cortex has long been demonstrated to
mediate relapse to cocaine-seeking (Koob and Volkow, 2016). PL neurons project to several sub-
cortical hubs of reward circuitry that are known to be dysregulated in cocaine addiction. The PL
to nucleus accumbens (NA) core pathway has been implicated most often in all major forms of
drug seeking after abstinence and/or extinction (McFarland and Kalivas, 2001; McLaughlin and
See, 2003; Berglind et al., 2009; Ma et al., 2014; Stefanik et al., 2016). However, neurobiological
mechanisms underlying anxiety during cocaine abstinence are poorly understood.

Impaired cognitive and attentional processes occurring during anxiety and anxiety disorders

10



have been associated with the PFC (Basten et al., 2011, 2012). Both clinical and preclinical studies
on processing of anxiety and anxiety-like behaviors are associated with circuits between the
regions of the PFC and a set of limbic structures which includes the amygdala, insula as well as
interconnected structures such as the hypothalamus (Jacobs and Moghaddam, 2021b).
Interestingly, neuroimaging studies in abstinent cocaine-dependent patients and studies in rodents
have consistently pointed to persistent structural and functional alterations in the PFC (especially
in the orbitofrontal, cingulate and insular cortices) (Franklin et al., 2002; Bolla et al., 2004;
Robinson and Kolb, 2004; Tanabe et al., 2009; Ersche et al., 2011; Goldstein and VVolkow, 2011)
and some of its connected subcortical areas (amygdala, thalamus and hippocampus) (Makris et al.,
2004; Goussakov et al., 2006; Tomasi et al., 2007). The high overlap between the brain regions
affected by chronic cocaine exposure and those that are parts of the proposed anxiety circuits
suggests that some of them may contribute to the impaired expression and/or regulation of anxiety
during cocaine abstinence. Indeed, a notable study by ElI Hage and colleagues demonstrated altered
reactivity in anterior cingulate and PL cortices, paraventricular nucleus of the thalamus (PVT), and
areas of the hypothalamus in cocaine-withdrawn rats demonstrating exacerbated anxiety (El Hage
etal., 2012).

Involvement of PVT in cocaine - related behaviors

One of the emerging and severely understudied subcortical targets of the PL implicated in
negative affect associated with withdrawal from cocaine use is the PVT. The PVT is a critical
interface between the PFC and the subcortical circuitry which has been shown to regulate both
appetitive and aversive behavior (Kirouac, 2015; McGinty and Otis, 2020; Kirouac, 2021). A
recent study from our lab has demonstrated inhibition of PL projections to posterior PVT during

early withdrawal decreased subsequent cocaine seeking (Giannotti et al., 2018). Additionally, the

11



PVT contributes to reinstatement of cocaine seeking (James et al., 2010; Matzeu et al., 2015).
Exacerbated anxiety observed in cocaine-withdrawn rats placed in an anxiogenic environment was
accompanied by dysfunctions within a restricted set of neuroanatomical regions including the
dorsal mPFC and anatomically related subcortical regions such as the PVT and specific regions of
the hypothalamus. The role of subcortical afferents to PVT in many of these behaviors has been
explored (James et al., 2010; Martin-Fardon and Boutrel, 2012; Matzeu et al., 2017) but little is
known about the contribution of PL projections to PVT in these behaviors.

Anatomical organization and connectivity of the PVT

The PVT is part of the dorsal midline thalamic nuclei. Anatomically, PVT lies adjacent to
the dorsal aspect of the third ventricle. In rodents, the PVT primarily consists of excitatory neurons
and extends over the entire rostrocaudal length of the midline thalamus. The shape of the PVT
varies along the anterior-posterior extent of the thalamus due to the presence of other groups of
midline nuclei (intermediodorsal and centromedial nuclei) and is the dorsal most member of the
midline group of thalamic nuclei. Further, the anterior aspect of the PVT (aPVT) is bordered by
the paratenial nucleus laterally, while the posterior aspect of PVT (pPVT) is bordered by the
mediodorsal nucleus (Kirouac, 2015).

Retrograde tracing studies have identified significant input from the nucleus of solitary tract,
locus coeruleus, laterodorsal tegmental nucleus, pedunculopontine tegmental nucleus,
parabrachial nucleus, periaqueductal gray, raphe nuclei and the deep mesencephalic nucleus of
brainstem to the PVT (Kirouac, 2015). Interestingly, except the afferents from the nucleus of
solitary tract, all the projections mentioned above are not unique to the PVT in that they also target
other midline and intralaminar nuclei (Kirouac, 2015). The only thalamic nucleus providing inputs

to the PVT is the ventromedial part of the reticular nucleus (Li and Kirouac, 2012). The PVT
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receives afferents from multiple areas of the hypothalamus. Most robust hypothalamic
innervations to the PVT come from the dorsomedial nucleus and suprachiasmatic nuclei (Li and
Kirouac, 2012). Other sources of hypothalamic inputs to the PVT include ventromedial,
paraventricular, arcuate nuclei, and preoptic, anterior, zona incerta and lateral hypothalamic areas
(Kirouac, 2015). The PFC is another major source of input to the PVT. These prefrontal cortical
projections to the PVT originate in layer 6 of PL, infralimbic (IL), and insular cortical areas (Li
and Kirouac, 2012). The inputs from insular cortical areas are modest in comparison to those from
the PL and IL. Furthermore, inputs from the PL and IL are topographically organized in the pPVT
and aPVT, respectively (Millan et al., 2017). The subiculum of the hippocampus also projects to
the PVT along with minor projections from the septal area and bed nucleus of stria terminalis and
these preferentially innervate the aPVT (Kirouac, 2015; Millan et al., 2017).

The PVT sends out dense projections to subcortical areas extending from the NAc to the bed
nucleus of stria terminalis (BNST), and ventral regions of caudate putamen (CPu) to central
nucleus of the amygdala (CeA) (Kirouac, 2015). Within the NAc, PVT sends dense projections to
both core and shell subregions of the NAc (Otake and Nakamura, 1998; Li and Kirouac, 2012) and
these projections originate from the rostrocaudal aspect of PVT (i.e. both aPVT and pPVT) (Li
and Kirouac, 2008). However, it has been noted that aPVT preferentially projects to NAc shell
while pPVT preferentially targets NAc core (Millan et al., 2017). The PVT projects heavily to
dorsolateral BNST and lateral and capsular subnuclei of the CeA (Li and Kirouac, 2008; Vertes
and Hoover, 2008). Although these projections originate from the rostrocaudal aspect of PVT,
there is a predominance of these projections originating from the pPVT (Li and Kirouac, 2008).
Other areas of the amygdala that receive much weaker innervations from the PVT include

basomedial, basolateral, medial, and lateral nuclei of the amygdala (Moga et al., 1995; Vertes and
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Hoover, 2008). The PVT also projects to the PFC and other subcortical structures but these
projections are less dense (Li and Kirouac, 2008). The PVT projects to all layers of the IL and
ventral region of the PL cortex (Li and Kirouac, 2008; Vertes and Hoover, 2008). Additionally,
PVT innervates the insular cortex and ventral subiculum of the hippocampus (specifically aPVT
projects to subiculum) (Kirouac, 2015). Weak to moderate projections from the PVT to
suprachiasmatic, arcuate, dorsomedial, and ventromedial nuclei of hypothalamus as well as lateral
hypothalamus and lateral septal area have been identified (Mogaet al., 1995; Li and Kirouac, 2008;
Vertes and Hoover, 2008).

Functional role of PVT in addiction related behaviors

Originally, the PVT along with other groups of midline and intralaminar thalamic nuclei
were hypothesized to function as a thalamocortical arousal system and regulate arousal, attention,
and awareness (Bentivoglio et al., 1991; Groenewegen and Berendse, 1994; Van der Werf et al.,
2002). While these functions remain true for the PVT afferents from brainstem regions and certain
cortical and subcortical regions discussed above, the PVT, through its projections to the PFC, NAc
and amygdala places it in a unique position to affect cortico-striatal and cortico-limbic mechanisms
involved in reward and motivation (McGinty and Otis, 2020). Indeed, single unit recording
experiments have demonstrated increased inhibitory tone in aPVT neurons to sucrose reward (Do-
Monte et al., 2017). Similarly, single-cell calcium imaging experiments have demonstrated
increased inhibitory tone in pPVT to NAc projections in response to sucrose-predictive cues (Otis
et al., 2019). Additionally, excitatory glutamatergic afferents from PL to PVT were also inhibited
in response to reward-predicting cues (Otis et al., 2017; Otis et al., 2019). The PVT projects to
brain regions that are implicated in the control of drug-taking and drug-seeking behavior, such as

the NAc, amygdala, BNST, and PFC (Moga et al., 1995; Kirouac, 2015). Although not initially
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included in the neurocircuitry of addiction, recent evidence implicates the PVT in the modulation
of drug-directed behavior. The PVT is activated by a single exposure to addictive drugs (ethanol,
cocaine, amphetamine, morphine, cannabinoids, nicotine), exposure to cues/context previously
paired with addictive drugs, and by reinstatement of drug seeking behaviors (Zhou and Zhu, 2019).
Earlier findings demonstrated ethanol seeking selectively activated the PVT (Dayas et al., 2008;
Hamlin et al., 2009). Additionally, potent, and selective activation of the PVT has been
demonstrated during cocaine seeking that does not occur during natural reward seeking (Martin-
Fardon and Boutrel, 2012). Functional inactivation of PVT interferes with addiction-related
behaviors, including drug seeking, indicating recruitment of the PVT in motivational aspects of
drug addiction. For example, PVT lesions prevented the psychomotor sensitization produced by
repeated administrations of cocaine (Young and Deutch, 1998) and attenuated context-induced
reinstatement of alcohol seeking (Hamlin et al., 2009). While expression of cocaine-conditioned
place preference was attenuated by injecting GABA agonists into the PVT (Browning et al., 2014),
injecting the sodium channel blocker, tetrodotoxin, into the PVT attenuated drug-primed
reinstatement of cocaine seeking (James et al., 2010). Further evidence for the involvement of PVT
in drug-dependent behaviors come from pathway-specific transient chemogenetic inactivation of
PFC->pPVT neurons. When these projections were inhibited immediately after the end of cocaine
self-administration, context-induced cocaine-seeking after 7 days of abstinence, and cue-induced
reinstatement of cocaine-seeking after extinction was inhibited (Giannotti et al., 2018). A recent
report in which transient inhibition of PVT neurons at the time of reinstatement testing enhanced
cue-induced cocaine-seeking in goal-tracking rats (Kuhn et al., 2018). Additionally, specific
inhibition of PL->PVT in sign-tracking rats decreased cue-induced reinstatement but not cocaine-

induced reinstatement of cocaine-seeking (Kuhn et al., 2022) further corroborates functional
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regulation of drug-seeking behaviors by the PVT. However, involvement of PL->PVT in anxiety-
like behaviors during early withdrawal from cocaine has not been explored. Therefore, in the
present study we assessed the involvement of the PL->PVT projection in cocaine-induced anxiety-
like behavior during early withdrawal.

Assessing anxiety-driven behaviors

Anxiety-like behaviors have been evaluated frequently using two major paradigms —
elevated plus maze (EPM) and open field test (OFT) (La-Vu et al., 2020). A modification of the
EPM is the elevated zero maze (EZM) that is a continuous circle with two open areas and two
closed areas. Increases in anxiety-like behaviors are indicated by decreased time spent in open
areas, increased latency to enter open areas, and fewer entries into open areas (Shepherd et al.,
1994). In the OFT, thigmotaxis, time spent in the center, entries into the center, increased latency
to enter the center are measures of anxiety-like behavior (Seibenhener and Wooten, 2015; La-Vu
et al., 2020). Therefore, in this study, we investigated the role of the PL>pPVT pathway in male
and female rats during cocaine withdrawal-induced anxiety-like behaviors using these two tasks.
We hypothesized that chemogenetic inhibition of PL->pPVT immediately after the last cocaine
self-administration session will decrease anxiety-like behaviors 2 hr later. We compared the
anxiety-like behavior of male and female Sprague Dawley rats in whom the PL->pPVT pathway
was chemogenetically inhibited using EZM and OFT. We also assessed the influence of inhibiting

this pathway/anxiogenic effects of cocaine withdrawal on cue-induced relapse to cocaine seeking.
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Chapter 3: Materials and Methods
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Animals: A total of 66 (34 male and 32 female) wildtype Sprague Dawley rats (WT SD) were
assigned for this study. Of these, 13 animals did not survive surgery, and 4 animals did not complete
self-administration due to catheter patency failing or self-administration not acquired. Finally, 23
males and 26 females (N = 49) weighing approximately 300g at study onset were used for cocaine
or yoked-saline SA training. All animals were purchased from Charles River/Envigo and were single
housed upon arrival in a humidity/temperature-controlled colony room within the MUSC Division
of Laboratory Animal Resources (MUSC DLAR) facility. All animals were maintained on a 12:12
h reversed light-dark cycle (lights off at 0700 h). Animals were provided with ad libitum food and
water upon arrival, while recovering from surgical procedures, and during home cage abstinence.
Animals were food-restricted to 20 g rat chow 24 h prior to, and throughout cocaine SA training.
Surgical and experimental procedures were conducted in accordance with the rules and regulations
set forth by the Institutional Care and Use Committee (IACUC) of the Medical University of South

Carolina and were in accordance with the National Institutes of Health guidelines.

Chemicals/Drugs and viral vectors: Cocaine hydrochloride (cocaine HCI) was obtained through the

National Institute on Drug Abuse (NIDA) Drug Supply Program (NIH NIDA, Baltimore MS, USA).
Chemicals/drugs used during surgeries included ketamine (VetOne, Boise ID, USA), xylazine
(Thermo Fisher Scientific, Ward Hill MA, USA), ketorolac (Sigma-Aldrich, St. Louis MO, USA),
cefazolin (Sandoz, Princeton NJ, USA), isoflurane (Piramal Pharma, Telangana, India), taurolidine
citrate lock solution (TCS; Access Technologies, Skokie IL, USA), and sterile saline (Baxter,
Deerfield IL, USA). Clozapine N-oxide dihydrochloride (CNO; Hello Bio.com) was used as a ligand
for activating the Gi-coupled hM4D DREADD. Viruses used included AAV1-hSyn-DIO-hM4Di-
mCherry (pAAV-hSyn-DIO-hM4D(Gi)-mCherry, RRID:Addgene_44362), AAV2-hSyn-DIO-

mCherry (pAAV-hSyn-DIO-mCherry, RRID:Addgene_50459) and AAVrg-Efla-Cre-mCherry
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(pPAAV-Efla-mCherry-IRES-Cre, RRID: Addgene 55632).

Intrajugular catheterization and intracranial viral Infusions: All surgeries were performed after at

least 3 days of homecage acclimation and prior to the start of cocaine or yoked-saline SA training.
For chemogenetic inhibition of PL->pPVT pathway, a combinatorial AAV vector approach was
used. This approach combined intracranial administration of a retrograde cre-expressing AAV viral
vector in the pPVT and double-floxed AAV viral vector in the PL for targeted expression of Gi-
coupled hM4Di DREADD (N = 23) or control virus (N = 26) in PL neurons projecting to the pPVT.
Intrajugular catheterization and intracranial viral infusion procedures were performed as previously

described (Giannotti et al., 2018; Siemsen et al., 2019).

Briefly, rats were intraperitoneally (i.p.) injected with a ketamine (66 mg/kg)/xylazine (1.33
mg/kg) cocktail for initial induction of anesthesia and maintained on 0.5-1% isoflurane throughout
the surgical procedures. A silastic catheter was implanted into the right jugular vein attached to a
catheter access button (SAI infusion technologies, Lake Villa IL, USA). To maintain catheter
patency during recovery and throughout SA training, i.v. catheters were flushed with TCS daily.
Immediately following intrajugular catheter implantation, anesthetized animals were head-fixed in
a stereotaxic instrument (Model 940; David Kopf Instruments, Tujunga CA, USA). Burr holes were
drilled at appropriate locations on the skull. 0.75 pL/hemisphere of AAV1-hSyn-DIO-hM4Di-
mCherry or AAV2-hSyn-DIO-mCherry was bilaterally injected into PL (coordinates from bregma:
+2.8 mm AP, 0.6 mm ML, -3.8 mm DV) over 5 minutes using a Nanoject Il microinjector
(Drummond Scientific, Broomall PA, USA). Injectors were left in place for an additional 5 minutes
to allow for viral diffusion. 0.75 pL of AAVrg-Efla-Cre-mCherry was unilaterally injected into the
pPVT (coordinates from bregma: —3.2 mm AP, 2.42 mm ML, —5.70 mm DV at an angle of 25°)

using a Nanoject Il microinjector and left in place for an additional 5 minutes for the virus to diffuse.
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Immediately after surgeries, animals were removed from the sterotaxic apparatus and placed in a
heated, clean cage until sternally recumbent and demonstrating voluntary movements. Post
surgeries, animals were returned to their home cages and allowed to recover for 7-10 days. During
recovery animals were handled, checked for health issues, appropriate recovery, and flushed with
0.05 mL of TCS to maintain catheter patency daily.

Behavior:

Self-Administration. After recovery, all rats underwent cocaine/yoked-saline SA training for 14

days. The SA procedure was followed as previously described (Giannotti et al., 2018; Siemsen et
al., 2019) and took place 6 days/week between 1100 and 1300 hours. Briefly, cocaine SA (N = 27)
or yoked-saline infusions (N = 22) were conducted in standard operant chambers equipped with two
retractable levers, a cue light, and a tone generator (Med Associates, Fairfax VT, USA). Each SA
session began with the illumination of the house light and extension of the two levers. Rats were
trained for 14d (2 h/day) to lever press for cocaine on a fixed ratio 1 reinforcement schedule.
Pressing the active lever resulted in delivery of the light and tone followed by an intravenous (i.v.)
infusion of 200ug/50uL (days 1-14) cocaine HCI dissolved in sterile saline. This was followed by
a 20s time-out period during which pressing of either lever did not result in any programmed
consequences. Both active and inactive lever presses, and number of infusions received were
recorded. Yoked-saline rats were run on a prerecorded program to receive 10 i.v. infusions of sterile
saline at random intervals over 2 h. Active and inactive lever presses were also recorded in these
rats. Criteria for acquisition of cocaine SA was > 10 infusions/session for 14 days. Animals that
received less than 10 infusions on any day were trained for additional days. During the time course
of cocaine SA training, if trend in lever pressing was altered inexplicably, animals were tested for
catheter patency with a single 0.05 — 0.10 mL i.v. infusion of brevital (sodium methohexital,
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10mg/ml) to validate catheter patency. Any animal failing to respond to brevital administration
underwent recatheterization followed by a period of recovery. If recatherterization was performed,
cocaine SA training in animals was continued or restarted depending on their progress and

performance across the SA training procedure.

Elevated zero maze: Two hours following the last cocaine/yoked saline SA session, all animals were

tested for anxiety-like behaviors using the EZM test for 6 minutes. This time duration for EZM test
was used following original EZM test protocol established by Shepherd and colleagues (Shepherd
et al., 1994). The EZM apparatus consists of an annular elevated platform with two enclosed areas
and two open areas. Animals were placed at the junction of open and enclosed areas facing the open
area and allowed to freely explore the maze. Behaviors were recorded and anxiety-like behaviors
were quantified both digitally and manually. Between animals, the platform was cleaned using 10%

ethanol/water solution and dried thoroughly.

The design of the maze was based on that originally proposed by Shepherd and colleagues
(Shepherd et al., 1994). Briefly, the maze consisted of a black acrylic annular platform with a
diameter of 105 cm diameter and width of 10 cm. This platform was elevated to 65 cm from the
ground. Two opposite quadrants of the platform were enclosed with black acrylic walls (27 cm in
height) on either edge. The remaining two quadrants were left open. The maze was enclosed using

100% light blocking curtains and was only illuminated with dim lighting (intensity of 40 lux).

A camera connected to a computer was suspended from the ceiling and recorded the behavior
of the animal for subsequent analyses (Shepherd et al., 1994). Ethovision software (Noldus,
Leesburg VA, USA) was used to quantify anxiety-like behaviors from video recordings of animals
undergoing the EZM test. Behaviors measured digitally included latency to enter open area, number

of explorations of the open area (number of times animal crosses the open-closed divide), and the
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total time spent in the open areas. Number of entries into the open areas (number of times animal
moves from closed areas into open areas) was scored manually from recorded videos. Criteria used
for this measure was when all four paws of the animal had crossed over the open-close divide into

the open area.

Open field test. Immediately following the EZM test, anxiety-like behaviors in animals were tested
using OFT for 30 minutes where thigmotaxis revealed high anxiety and more time spend in the
center revealed less anxiety. The OFT is one of the most commonly used behavioral testing methods
for assessing anxiety-like behaviors. The OFT apparatus consists of square or cylindrical arena with
clear walls and an open ceiling and uses time spent in the center of the arena as an assessment of

anxiety-like behavior (La-Vu et al., 2020).

In this study, we used square-shaped, plexiglass-covered locomotor boxes with open tops
for open field testing. The locomotor boxes (Omnitech Electronics Inc., Columbus OH, USA) were
approx. 12x12 inches, enclosed by clear plexiglass walls with infrared sensors that recorded the
location of the animal within the arena of the box. This location data of the animal was digitally
analyzed using VersaMax software (Omnitech Elctronics Inc., Columbus OH, USA). Prior to the
start of OFT, the software was programmed to identify central 8x8 inches of the arena as zone 1
(center) and an internal path (4 inch wide) along each side as zone 2 (periphery) to delineate the
center of the box from the periphery. Animals were placed in the center of the box and allowed to
freely explore for 30 minutes. The software recorded the location of the animal and analyzed the
time spent by the animal in each zone. Individual locomotor boxes were used for all animals.
Between animal cohorts, locomotor boxes were cleaned with 70% ethanol/water solution and

thoroughly dried and ventilated.

Cocaine abstinence and post-abstinence testing. After anxiety testing was completed, animals were
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returned to their home cages and underwent forced abstinence for approximately 6 days. On the 7th
day, all animals underwent a 2 h cue-induced relapse test under extinction conditions as previously
described (Giannotti et al., 2018). Briefly, rats were placed in the same operant chamber where they
had previously undergone cocaine/yoked-saline SA training for 2 h. During the test, both light and
tone cues accompanied active lever presses, but no drug was delivered. Active and inactive lever
presses were recorded. Active lever pressing during cue test was compared to the average of active
lever presses on last three days of SA training. Rats from the cocaine SA group that pressed the
active lever more than or equal to the number of average active lever presses on the last three days

of cocaine SA were considered to have relapsed to cocaine seeking.

Perfusion, histology, mapping, and imaging: Immediately after the cue-induced relapse test, rats

were anesthetized with 5 mg/kg, i.p. of 30% urethane (Thermo Fisher Scientific, NJ, USA) and
perfused with 100 ml PBS followed by buffered paraformaldehyde (PFA: 4% PFA in 0.1M PBS;
Sigma-Aldrich, St. Louis MO, USA) and the brains were extracted. Brains were postfixed in PFA
for 24 h and then the fixative was replaced with 1X PBS. Coronal brain slices of the PL and PVT
were cut in ice-cold 1X PBS at 100 um thickness using a vibratome (Leica 12008, Leica Biosystems,
Nussloch, Germany). The slices were stored and preserved in 1X PBS containing sodium azide. PL-
and PVT-containing sections were mounted and imaged using a Leica Thunder microscope and
Leica imaging software (Leica Microsystems, Wetzlar, Germany) for mCherry expression to verify
intracranial viral injection sites in both PL and PVT, and the expression of Gi-coupled hM4D
DREADD or control virus in the PL. Sections with maximal mCherry expression were mapped
using Adobe Illustrator software (Adobe, USA). Intracranial injection placements were

anatomically verified using a standard rat atlas (Paxinos and Watson, 2018).
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Experimental Design: Figure 1 shows a schematic of the experimental design. Following

recovery from intracranial and i.v. catheter surgeries, the rats were allowed to recover for 4-7 days.
To assess the influence of PL->pPVT inhibition on cocaine withdrawal-induced anxiety, the rats
underwent cocaine SA for 14 days while their yoked-saline counterparts received saline infusions.
Immediately after the last cocaine or yoked saline session, all animals were injected i.p. with 5
mg/kg of CNO. Two hours after CNO administration, animals were put in to the EZM for 5 minutes.
Latency to enter open arms, number of explorations, and time spent in open arms of the EZM were
digitally computed using Ethovision software (Noldus). Immediately after the EZM test, animals
were put into the OFT apparatus and allowed to explore for 30 minutes. Time spent in the center
versus time spent in the peripheral zone were digitally acquired using VersaMax software. Cocaine
withdrawal-induced anxiety was assessed 2 h after the last cocaine or yoked-saline SA session based
on a previous study from our group which showed that rescuing a cocaine SA-induced decrease in
plasticity-related phosphoproteins in PL cortex at this time point decreased subsequent cocaine
seeking (Whitfield et al., 2011). Following OFT, all animals were returned to their homecages and
underwent 6 d forced homecage abstinence. Data from the EZM test and OFT were used to assess

anxiogenic behaviors in both PL->pPVT-inhibited animals and controls.

On the seventh day of abstinence, all animals underwent a 2 h cue-induced relapse test to
assess the relationship between inhibition of cocaine withdrawal-induced anxiety during acute
withdrawal on relapse to cocaine seeking. Immediately following the cue test, rats were
exsanguinated and perfused with 4% PFA in PBS under anesthesia. Post perfusion, rats were
decapitated, and brains were extracted and collected for verification of DREADD or control

expression in PL and accuracy of intracranial injections in both PL and pPVT.
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Data processing and statistical analyses: Data from SA, EZM, and OFT were compiled onto

Excel spreadsheets. These data were imported and graphed using GraphPad Prism software
(Dotmatics, Boston MA, USA). Prior to statistical analyses, data from 10 animals with off-target
viral infusions were excluded from EZM, OFT and cue-induced relapse test datasets. Outliers were
assessed by employing ROUT outlier test in GraphPad Prism software, and individually excluded
from datasets of anxiety measurements prior to statistical analyses. Final sample sizes of datasets
for each group used for statistical analyses have been included in figure legends. Statistical analyses
were conducted using SPSS software (IBM, Armonk NY, USA) and included mixed and factorial
ANOVAs followed by Bonferroni-corrected pairwise comparisons when appropriate. Wherever
assumptions of sphericity were violated, Greenhouse-Geisser corrected degrees of freedom have
been reported. Post-hoc power analyses conducted using G*power software demonstrated that our
study was not sufficiently powered to assess sex differences. Therefore, data from both males and

females have been pooled and analyzed together.
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Chapter 4: Results
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Validation of intracranial AVV viral vector placements

Most injections for PL were verified to be within +2.5 to +4.2 mm from bregma (Figure 2A)
and those for pPVT lay within -3.00 to -3.72 mm from bregma (Figure 2B). mCherry expression
in PL cortex for most animals was at AP coordinates +3.7 mm from bregma (Figure 2C) while that
for pPVT was between AP coordinates -3.2 to -3.4 mm from bregma (Figure 2D). A total of 11
rats had infusions that missed the target or lacked fluorophore expression and were excluded from

analysis for anxiety-like behavioral measurements and cue-induced relapse test.
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Figure 2. Mapping of viral expression in PL cortex and pPVT.

A. Schematic mapping of PL cortex coronal sections (Paxinos and Watson, 2018) with viral
injection sites (blue dots). All viral injection sites were confirmed to be within the PL cortex
(anteroposterior coordinates from bregma: +2.5 to +4.2 mm). B. Schematic mapping of pPVT
coronal sections (Paxinos and Watson, 2018) with viral injection sites (blue dots). All viral
injection sites were confirmed to be within the pPVT (anteroposterior coordinates from bregma:
-3.0 to -3.8 mm). C. Sample image of AAV1-hSyn-DIO-hM4Di-mCherry or AAV2-hSyn-DIO-
mCherry viral expression in PL cortex. D. Sample image of AAVrg-Efla-Cre-mCherry viral

expression in pPVT.

29



Acquisition and maintenance of cocaine self-administration

To determine if animals acquired cocaine SA, we compared active versus inactive lever
pressing in both DREAAD-expressing and non-expressing rats that underwent cocaine and yoked
saline SA training across the 14 days of training procedure. A four-way (Within-subjects factors —
Number of lever presses: Active/lnactive; Number of SA days — 1-14, and between-subjects
factors — Drug: Saline/Cocaine; Group: DREADD/Non-DREADD) mixed ANOVA was used to
assess statistically significant differences.

Analyses revealed that lever pressing was significantly different between cocaine versus
saline treated rats (significant interaction between number of lever presses and cocaine vs saline
treatments; Fq, 45y = 17.185, p < 0.001; Figure 3A). Specifically, active lever presses were
significantly greater than inactive lever presses in both DREADD-expressing and non-expressing
rats that underwent cocaine SA training compared to yoked-saline controls. However, active, or
inactive lever pressing did not significantly differ between DREADD-expressing and non-
expressing cocaine and yoked-saline groups (no significant interaction between lever pressing and
DREADD/Non-DREADD groups; F, 45y = 1.369, p = 0.248). There was also a significant main
effect of number of SA days (F.09, 93.91) = 3.328, p = 0.038) indicating that within groups, saline
and cocaine treated rats differed in their lever pressing across the 14 SA training days. Specifically,
number of active lever presses remained significantly greater in rats undergoing cocaine SA
training compared to yoked-saline controls across the days of SA training (p < 0.001). Whereas
the number of inactive lever presses did not differ between cocaine- vs yoked-saline SA rats across
the 14 days of SA training (p > 0.05; Figure 3A). Additionally, there was no significant difference

in lever pressing behavior between DREADD-expressing or non-expressing rats across the 14 days
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of SA training (no significant interaction effect of DREADD expression between cocaine vs saline
rats in lever pressing across SA days; F(.00, 90.18) = 0.512, p = 0.609; Figure 3A). These data
demonstrate that both DREADD-expressing and non-expressing rats acquired and maintained
cocaine SA. As expected DREADD expression did not alter cocaine SA behavior, nor did it affect
acquisition or maintenance of cocaine SA.

A separate three-way (Within-subjects factor — Number of infusions across 14 days of SA
training, and between-subjects factors — Drug: Saline/Cocaine; Group: DREADD/Non-DREADD)
mixed ANOVA revealed that there were no significant differences in the number of cocaine or
saline infusions received between DREADD-expressing and non-expressing rats across the 14
days of SA training (no significant interaction between number of cocaine or saline infusions
received between DREADD-expressing and non-expressing rats; Fa.10, 184.32) = 0.613, p = 0.685;
Figure 3B).

Together, these data demonstrate that DREADD expression did not alter cocaine or yoked
saline SA behavior in animals. This was expected since during SA training, DREADDs were not

activated.
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Figure 3. Cocaine and yoked saline SA.

Summary graph of lever pressing behavior (A) and cocaine or saline infusions received (B) in all
animals during cocaine and yoked-saline SA training. A. Differences in active (solid lines) and
inactive (dotted lines) lever presses between DREADD-expressing cocaine (green; N = 13) and
yoked-saline (light green; N = 10) rats, and non-DREADD expressing cocaine (orange; N = 14)
and yoked-saline (light orange; N = 12) rats across 14 days of SA training have been plotted.
Active lever presses for both DREADD-expressing and non-expressing cocaine SA rats were
significantly greater than inactive lever presses ("p < 0.01) across the 14 days of SA training.
Active lever presses for both DREADD-expressing and non-expressing cocaine SA rats were
significantly greater than active and inactive lever presses in yoked-saline DREADD-expressing
and non-expressing rats (**p < 0.01). B. Cocaine infusions between DREADD-expressing (green)

and non-expressing (orange) rats did not significantly differ across the 14 days of SA training.
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Chemogenetic inhibition of PL 2pPVT altered anxiety-like behaviors in animals with cocaine

experience but not in yoked saline controls.

We hypothesized that anxiety-like behaviors would be greater in animals with cocaine
experience than in yoked-saline controls. Further, chemogenetic inhibition of PL->pPVT during
acute withdrawal from cocaine would attenuate cocaine withdrawal-induced anxiety-like
behaviors. We used EZM and OFT behavioral paradigms to test these hypotheses.

To assess differences in anxiety-like behaviors in the EZM, a multivariate two-way
(Between-subjects factors — Drug: Saline/Cocaine; Group: DREADD/Non-DREADD) ANOVA
was conducted. The number of entries into the open arms (no significant interaction effect of
DREADD expression between cocaine vs saline rats in number of open arm entries; F, 28y = 0.312,
p = 0.518; Figure 4A) and time spent in open arms (no significant interaction effect of DREADD
expression between cocaine vs saline rats in time spent in open arms; F, 28) = 1.339, p = 0.257;
Figure 4B) did not significantly differ between DREADD-expressing or non-expressing cocaine
or yoked-saline SA rats. Overall, latency to enter open arms did not significantly differ between
DREADD-expressing and non-expressing cocaine or yoked-saline SA rats (no significant
interaction effect of DREADD expression between cocaine vs saline rats in time spent in open
arms; Fq, 28y = 1.739, p = 0.198). However, latency to enter open arms was significantly lower in
DREADD-expressing cocaine SA rats compared to DREADD-expressing yoked-saline SA rats (p
= 0.046; Figure 4C). The number of explorations of the open arms was significantly different
between DREADD-expressing and non-expressing cocaine or yoked-saline SA rats (significant
interaction effect of DREADD expression between cocaine vs saline rats in time spent in open
arms; F, 28 = 5.827, p = 0.023; Figure 4D). Specifically, and paradoxically, chemogenetic

inhibition of PL->pPVT significantly decreased the number of explorations during acute
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withdrawal from cocaine in cocaine SA rats compared to yoked-saline controls (p = 0.002).
Additionally, anxiety-like behaviors assessed during the EZM test were not altered by
chemogenetic inhibition of PL->pPVT in DREADD-expressing or non-expressing yoked-saline
SA rats (Figure 4A-D). No significant differences were observed in latency to enter open arm, time
spent in open arm, number of entries into the open arm, number of open arm explorations between
non-DREADD expressing cocaine or yoked-saline SA rats, suggesting that anxiety-like behaviors
in rats with a cocaine history did not differ from saline control rats in the EZM.

To assess the influence of chemogenetic inhibition of PL->pPVT during acute cocaine
withdrawal using the OFT, a separate two-way (Between-subjects factors — Drug: Saline/Cocaine;
Group: DREADD/Non-DREADD) ANOVA was used. Analyses revealed that DREADD
expression had a significant effect on time spent in the center of the open field (significant main
effect of group: DREADD/Non-DREADD on time spent in center; Fq, 35 = 7.892, p = 0.008;
Figure 5). Specifically, chemogenetic inhibition of PL->pPVT significantly increased time spent
in the center of the open field in DREADD-expressing cocaine SA animals compared to non-
expressing cocaine SA animals (p = 0.022). Time spent in the center of the open field did not
significantly differ between DREADD-expressing or non-expressing yoked-saline controls (p =
0.114; Figure 5). We found no significant differences in time spent in the center of the open field
(p = 0.940) between non-DREADD expressing cocaine or yoked-saline SA rats, suggesting that
anxiety-like behaviors in rats with a cocaine history did not differ from saline control rats in the
OFT.

Therefore, our data demonstrate that PL->pPVT inhibition decreased the latency to enter
open arms but increased the number of explorations of the open arms in rats with cocaine

experience compared to rats that did not receive cocaine. Additionally, this inhibition also
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increased the time spent in the center of the open field in rats with cocaine experience. Together,
these data suggest that PL->pPVT may be involved in aspects of the anxiety phenotype associated
with exploratory behaviors and that inhibition of this pathway attenuates anxiety-induced decrease
in exploratory behaviors. A major caveat of this finding was that acute withdrawal from cocaine

did not cause more anxiety-like behavior than in saline-treated rats.

35



15+ 300+

-
=
L

200

o0 Cocaine

. s I OREADD
I Non-DREADD
.®

No. of open arm entries
°
-]
Time spent in open arms (s)
.
-+ oo
°

coe ° Saline
5 i } ° 100 .:i .I. DREADD
I - Non-DREADD
o0 . o0
escoe

L] .o .e @

0- 0-
C D
54 804
*
*%
1

o
=
L

° Cocaine
H I DREADD

:E Non-DREADD
.
.
.

Saline

No. of explorations
F=9
=
1

DREADD
Non-DREADD

Latency to enter open area (s)
(=]
.

-e
e ..:]-.—h.. ..

n-—#"I’

04

Figure 4. Effect of chemogenetic inhibtion of PL->pPVT during EZM.

Summary graphs of anxiety-like behaviors during EZM test. A. Number of open arm entries did
not differ between DREADD-expressing (green; N = 9) and non-expressing (orange; N = 12)
cocaine SA rats or DREADD-expressing (light green; N = 7) and non-expressing (light orange; N
= 11) yoked-saline rats. B. Time spent in open arms did not differ between DREADD-expressing
(green; N = 9) and non-expressing (orange; N = 10) cocaine SA rats or DREADD-expressing
(light green; N = 7) and non-expressing (light orange; N = 10) yoked-saline rats. C. Latency to
enter open arms was significantly decreased in DREADD-expressing cocaine SA rats (green; N
= 9) compared to DREADD-expressing yoked-saline controls (light green; N = 6; “p < 0.05).
Latency to enter open arms did not significantly differ between non-DREADD expressing

cocaine SA rats (orange; N = 11) and DREADD-expressing (light green; N = 6) and non-
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expressing (light orange; N = 11) yoked-saline SA rats. D. Number of explorations of the open
arms was significantly decreased in DREADD-expressing cocaine SA rats (green; N = 9)
compared to DREADD-expressing yoked-saline controls (light green; N = 7; "p < 0.05). Number
of explorations of the open arms did not significantly differ between non-DREADD expressing
cocaine SA rats (orange; N = 12) and DREADD-expressing (light green; N = 7) and non-
expressing (light orange; N = 11) yoked-saline SA rats. Red circles represent data points for

female rats and black circles represent data points for male rats.
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Figure 5. Chemogenetic inhibtion of PL>pPVT decreased anxiety-like behavior during OFT.

Inhibition of PL->pPVT in DREADD-expressing (green; N = 9) cocaine SA rats significantly

increased time spent in the center of the open field arena compared to non-DREADD expressing

(orange; N = 12) cocaine SA rats ("p < 0.01). Time spent in the center of the open field arena

did not significantly differ between DREADD-expressing (light green; N = 7) and non-

expressing (light orange; N = 11) yoked-saline SA rats and non-DREADD expressing cocaine

SA rats. Insert demonstrates an example of location heat map (left) and location activity map

(right) of DREADD-expressing (top) and non-expressing (bottom) rats. Red circles represent

data points for female rats and black circles represent data points for male rats.
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Chemogenetic inhibition of PL =2pPVT during acute withdrawal from cocaine attenuated cue-

induced relapse to cocaine seeking after one week of abstinence.

To confirm that inhibition of PL->pPVT immediately after the last cocaine SA session
attenuated relapse to cocaine seeking after 7 days of forced home-cage abstinence as previously
described (Giannotti et al., 2018), we compared average active lever presses during the last 3
cocaine SA sessions to active lever presses during a single cue-induced relapse test. During the
cue-induced relapse test, drug infusions were not a consequence associated with discriminatory
lever pressing. Therefore, we did not compare the differences in inactive lever presses between
groups. A three-way (Within-subjects factors — Active lever presses: Average active lever presses
during last 3 SA sessions/Active lever presses during cued relapse test; Between-subjects factors
— Drug: Saline/Cocaine; Group: DREADD/Non-DREADD) mixed ANOVA was used to assess
these differences.

Our analysis revealed that active lever presses during the last 3 SA sessions and cue-induced
relapse test were significantly different between cocaine vs yoked-saline rats (significant
interaction between active lever presses and drug groups; F, 32) = 8.667, p = 0.006). Specifically,
both DREADD-expressing (p = 0.002) and non-expressing (p < 0.001) cocaine SA rats had a
significantly greater average number of active lever presses during the last 3 SA sessions than
yoked-saline controls (Figure 6). Similarly, the average number of active lever presses was
significantly greater in DREADD-expressing (p = 0.016) and non-expressing (p < 0.001) cocaine
SA rats during the cue-induced relapse test than yoked-saline controls. While non-DREADD-
expressing cocaine SA rats had a significantly greater number of active lever presses during the
cue-induced relapse test compared to those during the last 3 cocaine SA sessions (p < 0.001),

DREADD-expressing rats did not (Figure 6). Additionally, non-DREADD-expressing cocaine SA
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rats had a significantly greater number of active lever presses during the cue test compared to
DREADD-expressing cocaine SA rats (p = 0.038; Figure 6).

Together, these data demonstrate that cocaine SA and cue-induced relapse to cocaine seeking
increased active lever pressing. Additionally, non-DREADD expressing cocaine SA rats reliably
relapse to cue-induced cocaine seeking after 7 days of forced home cage abstinence. Furthermore,
PL->pPVT inhibition immediately after the last cocaine SA session decreased cue-induced relapse
to cocaine seeking after 7 days of forced home-cage abstinence, confirming the previous findings

of (Giannotti et al., 2018).
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Figure 6. Inhibition of PL->pPVT prevented cue-induced relapse to cocaine seeking.

Summary graph of differences in active lever presses during last 3 SA sessions and cue-induced
relapse test between DREADD-expressing and non-expressing cocaine and yoked-saline SA rats.
Dark colored bars represent the average number of active lever presses of DREADD expressing
(green; N = 9) and non-expressing (orange; N = 9) cocaine SA rats, and light-colored bars
represent DREADD-expressing (light green; N = 7) and non-expressing (light orange N = 11)
yoked-saline SA rats. The average number of active lever presses in all cocaine SA rats was
significantly greater than those of yoked-saline SA rats (*""p < 0.05, 0.01). The average number
of active lever presses during the cue-induced relapse test was significantly greater than the
average number of active presses during the last 3 cocaine SA sessions in non-DREADD
expressing cocaine SA rats ("'p < 0.05). The average number of active lever presses during the
cue-induced relapse test was significantly lower in DREADD-expressing cocaine SA rats than in

non-DREADD expressing cocaine SA rats (*p < 0.05). Red circles represent data points for

female rats and black circles represent data points for male rats.
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Chapter 5: Discussions
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While there is evidence implicating both PL and PVT separately in behaviors associated
with cocaine addiction and anxiety (Kirouac, 2015; Koob and Volkow, 2016; Millan et al., 2017;
Jacobs and Moghaddam, 2021a; Kirouac, 2021), no study to our knowledge has assessed the
involvement of PL->pPVT projections in cocaine withdrawal-induced anxiety. Here, we have
demonstrated that the PL->pPVT projection is recruited during acute withdrawal from cocaine and
influences approach and exploratory behaviors in rats. Specifically, inhibition of this projection is
necessary for the attenuation of decreased approach and exploratory behaviors in rats. This effect
was not seen in yoked-saline controls suggesting specific recruitment of this projection following
cocaine experience. Additionally, we corroborated the involvement of this projection in promoting
cue-induced relapse to cocaine seeking post 7 days of forced home-cage abstinence as shown
previously (Giannotti et al., 2018).

Assays of anxiety-like behaviors in rodents typically leverage the balance between
exploratory behaviors of a novel environment (“approach”) and innate desire to avoid unsafe,
threatening environments (avoidance). Increase in reluctance to explore novel environments or
avoidance of unsafe, threatening environments has been associated with an anxiety-like phenotype.
OFT is one of the commonly used assays in testing anxiety-like behaviors in rodents (La-Vu et al.,
2020). In the OFT, natural exploratory instincts versus aversion of exploring novel open
environments is leveraged. Increased anxiety in rodents would deter them from exploring the
center of the open field. During acute withdrawal from cocaine, inhibition of PL->pPVT increased
the time spent by rats exploring the center, suggesting the involvement of this projection in cocaine
withdrawal-induced anxiogenic effects. Unlike the OFT, which uses approach-avoidance conflict
associated with the exploration of a novel environment, the EZM test leverages distinct conflicting

behaviors. Specifically, the EZM test leverages natural exploration of a novel environment and the
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innate aversion to heights and open spaces to assess anxiety-like behaviors. Because of this innate
aversion, rodents prefer to spend more time in enclosed arms (Shepherd et al., 1994; La-Vu et al.,
2020) and the proportion of exploratory behaviors of the open arm provides a measure of anxiety.
Additionally, the EZM test provides more modalities to measure approach-avoidance conflicts. In
the EZM test, PL>pPVT inhibition attenuated approach behaviors by reducing latency to enter
the open arm but did not influence exploratory behaviors in animals experiencing acute cocaine
withdrawal. However, exploratory behavior in the OFT was enhanced by inhibition of the
PL->pPVT projection, in animals experiencing acute cocaine withdrawal. This finding suggests
that: 1. PL->pPVT is recruited during more emotionally motivated risk assessment behaviors in
the EZM but influences exploratory behaviors in OFT, and 2. PL->pPVT influences these
behaviors in a cocaine-dependent manner, such that withdrawal from cocaine or previous cocaine
experience is essential in its recruitment. Exactly how the PL->pPVT projection is involved in risk
assessment (approach-avoidance) behaviors versus exploratory behaviors during cocaine
withdrawal needs further investigation. Analyses of head dips and stretched attend postures during
the EZM test should be included in future studies to validate the specific involvement of this
pathway in risk assessment behaviors during the EZM test. Indeed, frequency of stretch attend
postures, head dipping, and latency to enter the open arm are considered to be more sensitive
indices of changes in emotional aspects of anxiety-like behaviors (Shepherd et al., 1994).

Based on findings from our study as well as previous research on cue-induced cocaine
seeking, it seems likely that withdrawal from cocaine activates PL->pPVT since its inhibition
during acute withdrawal from cocaine attenuated cue-induced cocaine seeking (Giannotti et al.,
2018). Notably, inhibition of PL>pPVT immediately after the last cocaine experience was

significant in inducing prolonged reduction in cocaine seeking. It is well known that rats with a
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history of cocaine experience have motivational deficits. Inhibition of PL->pPVT immediately
after the last cocaine experience may reduce these motivational deficits during cocaine withdrawal
and therefore decrease cue-induced relapse to cocaine seeking. In contrast, during the EZM test
and OFT, inhibition of PL->pPVT during early withdrawal from cocaine attenuated innate
motivation to avoid “unsafe” open areas. Therefore, it is possible that PL->pPVT differentially
modulates motivational aspects associated with risk taking behaviors, including cocaine seeking
during early withdrawal and later abstinence.

Limitations and alternative future directions

Both clinical and preclinical investigations have proposed that negative mood states,
characterized by irritability, anxiety, and reduced ability to experience pleasure, during withdrawal
from cocaine contributes to increased probability for relapse to cocaine-seeking. A major caveat
of this study was the lack of heightened anxiety induced by acute cocaine withdrawal. We have a
few explanations for this result. Firstly, there is evidence suggesting inconsistencies in the intensity
and duration of cocaine-withdrawal induced anxiety (Barbee and Gourley, 2022). To our
knowledge, anxiety-like behaviors have never been measured 2 h after the last cocaine experience.
The shortest duration after cocaine exposure that has demonstrated cocaine withdrawal-induced
anxiety-like behaviors assessed with a light-dark box test was reported in mice a minimum of 6 h
after repeated, non-contingent binge-like cocaine administration (Gasparyan et al., 2021). Perhaps
for the development of cocaine withdrawal-induced anxiety, the 2 h time point or the 2 hr SA
sessions were too short. Differences in anxiety-like behaviors become stronger after a longer
duration of cocaine SA and withdrawal (Erb, 2010). Secondly, cocaine contingencies used to
induce cocaine withdrawal-induced anxiety and behavioral assays used to assess it are inconsistent.

For example, EPM/EZM provided most consistent assessments of cocaine withdrawal-induced

45



anxiety following non-contingent cocaine administration (Sarnyai et al., 1995; DeVries and Pert,
1998; Erb et al., 2006; de Oliveira Cito et al., 2012; El Hage et al., 2012). Studies that used a
cocaine SA paradigm were inconsistent in their ability to detect cocaine withdrawal-induced
anxiety using OFT or EPM/EZM (Mantsch et al., 2008; Buffalari et al., 2012; Bolton et al., 2018).
Lastly, other tasks, such as a defensive burying task, is an alternative that may demonstrate cocaine
withdrawal-induced anxiety with different modalities since it does not involve anxiogenic effects
associated with novel environments (Barbee and Gourley, 2022). Notably, the defensive burying
task was the only anxiety assay which was consistent in detection of cocaine withdrawal-induced
anxiety in rats across different cocaine contingencies, albeit at later time points during withdrawal
(Basso et al., 1999; Harris et al., 2001; Aujla et al., 2008; Buffalari et al., 2012; EI Hage et al.,
2012). Therefore, it is possible that anxiety-like behaviors measured by the defensive burying task
may have higher sensitivity to detect cocaine withdrawal-induced anxiety phenotype in rodents
and therefore be able to detect cocaine-withdrawal induced anxiety at earlier time-points. Future
studies should include a defensive burying test as one of the tests assessing anxiety-like behaviors
or conduct cocaine withdrawal-induced anxiety assessments at later time points during withdrawal.

Additionally, anxiety-like behaviors differ between male and female rats (Scholl et al., 2019)
and it may be possible that sex differences exist in the regulation of cocaine withdrawal-induced
anxiety mediated by the PL->pPVT projection. Table 1 has been included to show differences in
anxiety measurements between males and females. Post-hoc power analyses for the final sample
size of 39 animals conducted using G-power software demonstrated that our study was not
sufficiently powered to assess sex differences (power = 0.388) in anxiety measurements. To assess
sex differences, for an effect size of 0.08 with power of 0.8, we would need a total sample size of

81. A higher sample size should be able to rectify this limitation of our study. Surgical
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complications and inconsistencies in viral vector expression in both PL and pPVT contributed to
reduced sample sizes. Furthermore, the viruses used in our combinatorial approach to label and
express DREADDs in PL->pPVT projections used the same mCherry fluorophore. Hence,
validation of projection specific DREADD expression could not be conducted. Therefore, it is
possible that some inconsistencies in our findings may arise from the non-specific expression of
DREADD. Nevertheless, our study was able to provide preliminary evidence implicating the

involvement of PL->pPVT in cocaine withdrawal-induced anxiety.
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Table 1. Sex differences in anxiety measurements between groups

Anxiety-like
Drug Sex Virus Mean +SEM
behavior
AAV1-hM4Di-mCherry 0.32 0.60
Male
AAV2-mCherry 0.41 0.46
Cocaine
AAV1-hM4Di-mCherry 0.00 0.42
Female
Latency to enter AAV2-mCherry 0.13 0.46
open arm (S) AAV1-hM4Di-mCherry 1.23 0.52
Male
AAV2-mCherry 0.80 0.52
Saline
AAV1-hM4Di-mCherry 1.35 0.60
Female
AAV2-mCherry 0.11 0.42
AAV1-hM4Di-mCherry 22.67 5.55
Male
AAV2-mCherry 31.80 4.30
Cocaine
AAV1-hM4Di-mCherry 16.33 3.93
Female
No. of explorations AAV2-mCherry 22.20 4.30
of open arm AAV1-hM4Di-mCherry 43.00 4.81
Male
AAV2-mCherry 22.00 4.81
Saline
AAV1-hM4Di-mCherry 30.67 5.55
Female
AAV2-mCherry 34.67 3.93
AAV1-hM4Di-mCherry 2.67 1.53
No. of entries into Male
Cocaine AAV2-mCherry 3.40 1.18
open arm
Female AAV1-hM4Di-mCherry 5.67 1.08
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AAV2-mCherry 5.40 1.18
AAV1-hM4Di-mCherry 4.75 1.32
Male
AAV2-mCherry 1.50 1.32
Saline
AAV1-hM4Di-mCherry 5.67 1.53
Female
AAV2-mCherry 5.17 1.08
AAV1-hM4Di-mCherry 14511  31.07
Male
AAV2-mCherry 127.12  24.07
Cocaine
AAV1-hM4Di-mCherry 161.95  21.97
Female
Time spent in the AAV2-mCherry 140.70  24.07
open arm (s) AAV1-hM4Di-mCherry 150.92  26.91
Male
AAV2-mCherry 9463 26.91
Saline
AAV1-hM4Di-mCherry 135.33  31.07
Female
AAV2-mCherry 110.98  21.97
AAV1-hM4Di-mCherry 787.93 116.59
Male
AAV2-mCherry 597.28  82.44
Cocaine
AAV1-hM4Di-mCherry 664.38  82.44
Female
Time spent in AAV2-mCherry 329.09 82.44
center of OFT (s) AAV1-hM4Di-mCherry 754.20 100.97
Male
AAV2-mCherry 632.92 90.31
Saline
AAV1-hM4Di-mCherry 513.31 116.59
Female
AAV2-mCherry 335.13  82.44
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In conclusion, we demonstrated that the PL->pPVT projection influences aspects of the
anxiety phenotype associated with approach and exploratory behaviors only in animals with
previous cocaine experience. Therefore, this study provides preliminary evidence for the
involvement of the PL->PVT pathway in mediating cocaine withdrawal-induced anxiety.
Additionally, we were also able to corroborate previous findings that demonstrated immediate
inhibition of this pathway after cocaine experience in reducing relapse probability during

abstinence.
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