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ABSTRACT OF THE DISSERTATION

Drugs, Decisions, Desire, and DREADDs: Dissecting Ventral Pallidum GABAergic
Neuron Function in Motivated Behavior

by
Mitchell Farrell
Doctor of Philosophy of Biological Sciences
University of California, Irvine, 2022

Professor Stephen V. Mahler, Chair

A fundamental function of the brain is to navigate a dynamic world and generate
appropriate behaviors in pursuit of rewards (e.g., food, water) and avoidance of harm (e.g.,
predators). These fundamental functions go awry in psychiatric disorders like addiction, yet the
particular neural circuits involved in balancing reward seeking and harm avoidance remain
largely unresolved. Ventral pallidum (VP) has emerged as a convergence point of motivational
information, and, as such, regulates motivation for diverse natural rewards as well as drugs of
abuse. While most work in VP has assessed its function in appetitive motivation, emerging work
has revealed that VP is critical for aversive motivation/learning. In part, VP supports both
appetitive and aversive motivation via functionally distinct neurotransmitter-defined neuron
populations. Specifically, VP GABAergic (VP®*®A) neurons are thought to be critical for
appetitive processes, whereas VP glutamatergic neurons are important for aversive processes.
However, most goals and actions are rife with potential consequences, and thus adaptive
behavior must appropriately weigh these potential consequences when seeking rewards. Here, |
explore the function of VP*8A neurons under motivational conflict, as well as appetitive and

aversive motivation. To do so, | employ a suite of decision making and relapse behavioral



models in rats accompanied by cell-type specific chemogenetics and immunohistochemical
approaches to dissect the behavioral function of VP®*8A neurons. We found that 1)
chemogenetic inhibition of VP®ABA neurons attenuates cocaine and remifentanil seeking across
rat relapse models, 2) stimulating VP®*BA neurons augments remifentanil seeking in a
‘dangerous’ context in which rats had previously received footshock, and 3) inhibiting VPA84
neurons diminishes an animals’ willingness to exert risky behavior or exert effort to obtain
valuable food rewards. These findings generally support the notion that VP®8A neurons may
control the deployment of cognitive resources to overcome obstacles, pursue goals in the face
of adversity, and weigh whether a goal is worth pursuing. Further illuminating the neural circuits
of motivation will potentially yield novel neuroscience-based interventions for treating psychiatric

disorders like addiction in the future.



Introduction

Substance use disorder (drug addiction) is an insidious psychiatric disorder that results
in nearly 100,000 overdose deaths and costs $600 billion dollars per year (Hedegaard et al.).
According to the diagnostic and statistical manual (DSM-5), drug addiction a chronic, relapsing
disorder characterized by drug use despite adverse consequences and persistent relapse risk
(American Psychiatric, 2013). Though addicted individuals are often able to quit using drugs at
least temporarily, exposure to ‘triggers’ can initiate strong bouts of craving and potentially lead
to relapse. Such triggers are cues or contexts associated with past drug use, stressors, or small
doses of the drug itself. Each trigger has the capacity to generate a strong ‘drug seeking’ state,
leading addicted individuals to make poor decisions despite their best efforts to resist
temptation. Indeed, in a severely addicted person, their decision-making becomes impaired
such that an inordinate amount of time and resources becomes dedicated to the pursuit of
drugs, at the expense of healthier alternatives. Drug addiction, indeed, might be considered a
disorder of maladaptive decision making, in which one of several decision-making systems in
the brain breaks down, producing persistent pathological choice (Lee, 2013). Understanding
addiction through this lens—as failure modes in neural circuit computations that generate
decisions—will shed light on how brains make poor decisions in the context of addiction (Redish
et al., 2008).

Despite considerable efforts in developing treatments for addiction, few effective
therapeutics exist to curb temptation in those suffering. Front-line therapies include anti-craving
drugs like naltrexone for alcohol use disorder, replacement therapies including methadone and
buprenorphine for opioid addiction or the nicotine patch for nicotine dependence, and aversion-
based therapies like disulfiram which elicits malaise symptoms in the event of alcohol
consumption (Blanco-Gandia and Rodriguez-Arias, 2018). Though helpful for some, such

therapies are often coupled with negative side effects, low adherence, and lack lasting efficacy.



Such limitations in theory might be ameliorated by understanding how neural circuits operate,
and how they breakdown in psychiatric disorders. Framing psychiatric disorders like addiction
as brain disorders of aberrant circuit dynamics provides a lens through which to develop
treatments based on neural circuit computation (Redish, 2004; Keiflin and Janak, 2015; Huys et
al., 2016; Redish and Gordon, 2016). Indeed, current pharmacotherapeutics are designed to
influence specific neurotransmitter systems in the brain, in essence amplifying or diminishing
particular signaling pathways to curb psychiatric symptoms. However, such pharmacotherapies
are relatively blunt approaches that fail to consider that massive functional and anatomical
heterogeneity in nervous tissue. For these reasons, much clinical and preclinical work over the
last few decades has sought to better understand the neural circuit basis of addiction in hopes
of developing neuroscience-inspired treatments (Redish et al., 2008; Koob and Volkow, 2010;
Lischer, 2016).

Much work over the years has implicated a vast web of neural structures in addiction-like
behavior including multiple elements of the brain’s motivational circuitry including distributed
regions of ventral basal ganglia and midbrain dopamine (DA) systems. Many studies have
implicated ventral tegmental area (VTA) dopaminergic (DA) projections to nucleus accumbens
(NAC) in the reinforcing effects of drugs of abuse (Pierce and Kumaresan, 2006). Indeed, a
common thread that links all drugs of abuse is their capacity to boost DA levels in the NAc (Di
Chiara and Bassareo, 2007). Blocking DA transmission systemically or in NAc reduces the
reinforcing effects of drugs of abuse, strongly blunts motivation, and impacts decision making
(Robinson and Berridge, 1993; Salamone and Correa, 2012; Floresco, 2015). NAc, and its DA
afferents, are part of a wider ventral basal ganglia circuit that constitutes cortico-basal ganglia-
cortical loops, which are critical for motivation, emotion, and decision making (Alexander et al.,
1986; Parent and Hazrati, 1995). Much work in the addiction field has, for good reason, focused
on VTA DA projections to NAc, though the wider ventral basal ganglia circuitry has come into

focus in recent years. In particular, | focus on the emergence of the ventral pallidum (VP) as a
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motivational hub-like structure embedded in ventral basal ganglia circuits—considered by some
as a key node in a ‘final common pathway’ of natural and drug reward seeking behavior (Kalivas
and Volkow, 2005; Smith et al., 2009).

Ventral pallidum anatomy: From substantia innominata and beyond. Historically a
component of the substantia innominata (Reil, 1809), or ‘unnamed substance’, VP has emerged
as a distinct brain region from the surrounding basal forebrain circuitry based on a number of
anatomical, cytological, and histochemical features (Mogenson et al., 1980; Heimer et al., 1982;
Haber and Nauta, 1983; Haber and Watson, 1985; Alheid and Heimer, 1988). VP is located
ventral to the anterior commissure with a caudal, sublenticular extension ventral to the globus
pallidus (Heimer et al., 1997). It is bordered rostrally by the NAc, and is caudally encapsulated
by extended amygdala structures (Heimer et al., 1997; De Olmos and Heimer, 1999). Notably,
VP expresses abundant substance P throughout its rostrocaudal extent which serves to
demarcate VP borders from surrounding basal forebrain regions (Haber and Nauta, 1983). VP
receives dense topographically organized GABAergic inputs from NAc medium spiny neurons
(MSNSs) (Kupchik et al., 2015; Creed et al., 2016), with the NAc shell innervating the
neurotensin-rich ventromedial VP and the NAc core instead projecting to the calbindin-rich
dorsolateral aspect of the VP (Cullinan, 1992; Zahm et al., 1996). NAc primarily consists of D1
DA receptor-expressing (D1R) and D2R- expressing MSNs (Surmeier et al., 2007; Gerfen and
Surmeier, 2011), and these subpopulations are important for generating opposing behaviors,
with D1-MSNs promoting behavioral activation (e.g., approach) while D2-MSNs instead promote
behavioral inhibition (e.g., avoidance) (Kravitz et al., 2010; Lobo et al., 2010). Interestingly, both
approach-related D1-MSNs and avoidance-related D2 MSNs send projections to VP (even
single VP neurons) (Kupchik et al., 2015; Creed et al., 2016), suggesting that VP neurons
integrates opposing types of motivational information from NAc and may help translate this
information into adaptive behavioral output. This striatopallidal system is thought to be critical for

translating motivation into action (Mogenson et al., 1980). Indeed, VP sends projections to
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downstream regions involved in the generation of locomotion including the substantia nigra pars
compacta, substantia nigra pars reticulata, and subthalamic nucleus (Root et al., 2015), thus
positioning VP to modulate locomotor behavior in accordance with motivational demands.
Impact of VP circuits on midbrain dopamine systems. Of specific relevance to VP’s role in
addiction is its connectivity with midbrain DA systems. VP exerts control over both mesolimbic
and nigrostriatal DA systems via direct and indirect projections to these midbrain sites (Root et
al., 2015). VTA DA neurons are widely considered to be critical regulators of motivation—lesion
or inactivation of these neurons dramatically reduces motivation for natural and drug rewards
(Salamone and Correa, 2012). VP sends axonal projections directly to VTA (Haber et al., 1985;
Zahm, 1989), that consist primarily of GABAergic (VP®A84) neurons, with a minority of
glutamatergic projections (Geisler et al., 2008). Since VP projections to VTA are largely
GABAergic, it was originally posited that VP tonically inhibited VTA DA neurons. Consistent with
this notion, pharmacological VP inactivation increases the number of spontaneously firing VTA
DA neurons (Floresco et al., 2003). However, VP neurons also synapse on VTA GABAergic
interneurons, in addition to VTA DA neurons themselves, and VP stimulation elicits inhibition in
both types (Hjelmstad et al., 2013; Faget et al., 2016; Faget et al., 2018). This suggests that VP
regulation of VTA is heterogeneous, potentially inhibiting VTA DA neurons directly or
disinhibiting DA neurons by inhibiting local inhibitory interneurons.

VP can also indirectly impact DA neurons via the LHb or rostromedial tegmental nucleus
(RMTg), whose collective activity is capable of potently inhibiting VTA DA neurons, which, in
turn, constrains appetitively motivated behavior (Christoph et al., 1986; Jhou et al., 2009a;
Hikosaka, 2010; Hong et al., 2011). LHb is an epithalamic structure that directly projects to VTA,
where it synapses on GABAergic interneurons, providing feedforward inhibition on VTA DA
neurons (Ji and Shepard, 2007; Omelchenko et al., 2009). Moreover, LHb sends indirect
projections to VTA via the GABAergic hindbrain RMTg (Jhou et al., 2009a; Lammel et al., 2012)

(also called tail of VTA (Perrotti et al., 2005; Kaufling et al., 2009)), which can potently inhibit
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VTA DA neurons (Hong et al., 2011). VP can therefore influence VTA DA neurons by direct VTA
projections or indirectly via LHb- or RMTg-mediated circuits (Jhou et al., 2009b; Bourdy and
Barrot, 2012; Mahler et al., 2014; Stephenson-Jones et al., 2020), thus implying multiple inroads
through which VP can impact DA-associated motivated behavior.

VP function in reward and motivation. VP has garnered much interest in the field of
motivation and affective neuroscience over the last several years (Smith et al., 2009). Modern
conceptions of VP function suggest that it is a motivation to motor interface (Mogenson et al.,
1980; Heimer et al., 1982) and that is serves as a final common pathway of drug (Kalivas and
Volkow, 2005) and natural reward seeking (Smith et al., 2009). As such, VP is involved in food
and water intake, hedonics, sexual motivation, and drug seeking. Importantly, VP lesion or
inhibition produces motivational deficits without eliminating the fundamental ability to move
(Root et al., 2015), illustrating that it is more than a simple motor structure. With the aid of
modern neuroscience tools, recent work has revealed a key role for neurotransmitter-defined
subpopulations within VP in not just appetitive motivation, but also aversive motivation.

VP neurons increase their firing in response to Pavlovian reward-predictive cues and
rewards themselves (Tindell et al., 2004). Not only does VP neuron activity encode cues or
rewards, but their activity scales with the vigor or probability of pursuit of those rewards. Indeed,
VP encoding of motivational vigor has been shown across species, including rats (Richard et al.,
2016), monkeys (Tachibana and Hikosaka, 2012), and humans (Pessiglione et al., 2007).
Overall, VP firing encodes the motivational value of reward-paired cues, and its firing relates to
the likelihood that an action in pursuit of reward will occur. Consistent with recording data,
disruption of VP circuits impairs a range of cue-associated behaviors. Disruption of NAc inputs
to VP, and VP’s outputs to VTA or mediodorsal thalamus (MD) all disrupt the ability of Pavlovian
reward-associated cues to elicit food-seeking behavior (Leung and Balleine, 2013, 2015).
Chemogenetic VP inhibition impairs learning about the incentive value of Pavlovian reward cues

(Chang et al., 2015). Moreover, pharmacological, chemogenetic, or optogenetic disruption of VP
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decreases cue-triggered motivated behavior across a range of models and species (Tachibana
and Hikosaka, 2012; Richard et al., 2016; Chang et al., 2017). While much evidence has
accrued indicating that VP inherits reward-related information from NAc, recent evidence
suggests that VP encodes reward-related information at a shorter latency than NAc and that
NAc-projecting VP neurons are key regulators of consummatory behavior (Ottenheimer et al.,
2018; Vachez et al., 2021). These lines of evidence call into question the canonical information
flow in ventral basal ganglia circuits and suggest a bidirectional role for VP and NAc in
generating motivated behavior. Nevertheless, VP serves as a critical node in generating
appetitive motivation in response to reward-related cues.

Rodent relapse models and VP’s involvement. Persistent relapse risk even after lengthy
periods of abstinence is a hallmark of addiction, and preventing relapse episodes remains a
fundamental problem in treating addiction. In humans, craving and subsequent relapse are often
precipitated by ingestion of a small priming dose of drug, experiencing acute stress, or
encountering discrete or contextual cues previously paired with drug use (O'Brien et al., 1998;
Sinha, 2001; Shaham et al., 2003). Rodent models of relapse, called reinstatement models,
have been employed for decades to dissect the behavioral and neural underpinnings of relapse-
like behavior. In intravenous self-administration-based relapse models, rats are trained to
perform an operant response to gain access to an intravenous bolus of drug like cocaine.
Following self-administration days (e.g., 2 weeks), rats generally undergo extinction training in
which operant responses are met with no consequences, thereby leading to cessation of drug
seeking. During subsequent relapse/reinstatement tests, rats are reintroduced to various
triggers that reinitiate operant drug-seeking behavior—the number of operant responses emitted
in pursuit of drug is the operational definition of relapse-like behavior. Notably, relapse triggers
that elicit drug-seeking behavior in rodent models—cues, contexts, stressors, or priming

doses—also can elicit craving and relapse in humans.



Such models have been instrumental in understanding the neural circuits of drug
seeking after experimenter-imposed abstinence. Indeed, most work examining VP and related
limbic neural circuits of relapse have used these classic reinstatement models in which relapse-
like behavior is assessed after extinction training or a period of forced homecage abstinence
(incubation of craving) (Bossert et al., 2013). However, abstinence in people with addiction is
generally voluntarily initiated resulting from negative consequences like health or financial
problems that ultimately lead to cessation of drug use (Marchant et al., 2013a). Recently
developed preclinical rodent models have attempted to capture this feature of abstinence by
incorporating negative consequences that accompany drug use to cause ‘voluntary’ abstinence
(Marchant et al., 2013b; Farrell et al., 2018). These models generally employ an electrified floor
in front of the drug-associated operant manipulandum, footshock contingent on drug
seeking/taking, or bitter tastes in the case of oral self-administration (Vanderschuren et al.,
2017). Such models may help advance our understanding of the brain circuits underpinning
relapse-like behavior, especially since the brain circuits underpinning relapse-like behavior
depend upon how abstinence was achieved (Fuchs et al., 2006; Pelloux et al., 2018a). For
example, inhibiting basolateral amygdala (BLA) neurons increases drug seeking after
punishment-induced abstinence, while the same manipulation decreases seeking after
extinction training (Pelloux et al., 2018a). Such evidence leads to the notion that neural circuits
are differentially recruited based on the form of abstinence and the specific triggers that led to
relapse (Farrell et al., 2018). The development and use of these voluntary, punishment-induced
abstinence-based relapse models, and examination of VP’s role in these models, serve as a
principal throughline of this dissertation.

A number of cortical and limbic structures are critical for reinstatement behavior in
classic extinction-based relapse models, with VP considered by some as a final common
pathway for reinstatement (Kalivas and Volkow, 2005). As such, it is implicated across

reinstatement types (ie, cue/context, stress, and drug prime), and its outputs to VTA, lateral
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hypothalamus, and MD are essential for driving some types of reinstatement (Mahler et al.,
2014; Prasad and McNally, 2016; Farrell et al., 2018; Prasad et al., 2019). In particular, our lab
has revealed a dissociation between rostral and caudal VP subregions in driving different
reinstatement types. Specifically, rostral VP interactions with VTA are imperative for cue-
induced relapse to cocaine-seeking behavior, whereas caudal VP is involved in reinstatement
promoted by small priming doses of cocaine (Mahler et al., 2014). This dissertation expands
upon our understanding of VP circuits in relapse-like behavior by examining how VP neural
circuits are correlated with and causally implicated in cocaine and remifentanil seeking after
punishment-induced, voluntary abstinence.

Importantly, though different classes of drugs of abuse may lead to addiction in
susceptible individuals, each drug exerts distinct effects on neural reward systems. One
commonality, however, among drugs of abuse is their ability to increase DA levels in NAc (Di
Chiara and Bassareo, 2007). Drugs of abuse do so in different ways. For example, cocaine
exerts its reinforcing effects as a dopamine reuptake inhibitor (Ritz et al., 1987), thus boosting
the duration of action of these neuromodulators at the synapse. In contrast, |1 opioid receptor
agonists like remifentanil (discussed below) or heroin instead are thought to disinhibit VTA DA
neurons by hyperpolarizing inhibitory interneurons in VTA that generally serve to inhibit DA
neurons (Johnson and North, 1992). This reduction in interneuron activity in VTA will, in turn,
elevate levels of DA in downstream targets like the NAc (Leone et al., 1991). Both cocaine and
addictive opioids exert their effects beyond the brain’s DA system, so furthering our
understanding of how these drugs exert their effects in more widespread neural circuits might
lead to pivotal insights about the process of addiction. Overall, the distinct pharmacological
profiles of different drugs of abuse will likely be important for developing targeted treatments for
addiction in the future, though such ideas are largely beyond the scope of this dissertation.
Neurotransmitter-defined VP neuronal populations in appetitive and aversive motivation.

Though largely considered a reward-related structure, recent years have revealed a role for VP
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in processing aversive stimuli and aversive motivation (ie, motivation to avoid bad things) (Wulff
et al., 2018; Stephenson-Jones, 2019). Human fMRI studies have shown that presentation of
disgusting images (e.qg., rotten food) is associated with increased VP BOLD activity (Calder et
al., 2007). In rodents, a taste that was previously paired with a nausea-inducing drug decreases
VP activity, though, similar to the above fMRI study, some VP neurons were excited by the
aversive taste (Itoga et al., 2016). Disruption of GABAergic neurotransmission in VP via
microinjection of the GABAA receptor antagonist, bicuculline, impairs cued avoidance in
monkeys (Saga et al., 2016), and [ opioid receptor agonist application elicits both appetitive
eating and aversive ‘defensive’ treading behaviors in rats (Smith and Berridge, 2005).

Recent work has revealed subpopulations of genetically-defined VP neurons that govern
distinct forms of motivated behavior—glutamate neurons appear to mediate aversive motivation
while GABA neurons mediate reward motivation. Given that reward-related GABA neurons
represent the predominant neuronal subtype in VP, it is perhaps not surprising that the smaller
aversion-related glutamate subpopulation has been overlooked with standard pan-neuronal
manipulations or monitoring techniques. GABA and glutamate neurons are intermingled
throughout VP’s rostrocaudal extent, though glutamate neurons are largely localized in the
ventromedial and rostral aspect of VP (Faget et al., 2018). Anatomical tracing studies reveal
that both GABA and glutamate neurons receive qualitatively similar inputs, with most afferents
arising from NAc (Knowland et al., 2017; Tooley et al., 2018). Similarly, VP glutamate and
GABA neurons send projections to the same downstream brain regions, including dense
innervation of the VTA and LHb (Knowland et al., 2017; Faget et al., 2018). Cholinergic VP
neurons, in contrast, project almost exclusively to BLA and cortical areas (Carlsen et al., 1985;
Gritti et al., 1997; Faget et al., 2018), representing a stark divergence from GABA and glutamate
projection patterns.

A surge of studies in the last few years has resulted in greater understanding of the

function of VP®"8A and glutamate neurons. VP84 and glutamate cells are in seeming functional
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opposition. In mice, optogenetic stimulation of VP®*A neurons supports operant self-stimulation
and mice will remain in a chamber in which these neurons are optogenetically stimulated
(Knowland et al., 2017; Faget et al., 2018; Tooley et al., 2018). In contrast, mice will avoid a
chamber paired with VP glutamate stimulation and accordingly refuse self-stimulation (Faget et
al., 2018; Tooley et al., 2018). From these optogenetic stimulation studies, it appears that
VPCABA cells drive approach, while VP glutamate cells mediate avoidance (Faget et al., 2018;
Tooley et al., 2018; Stephenson-Jones et al., 2020).

These simple photostimulation behavioral tests reveal opposing contributions of VPGABA
and glutamate neurons to motivated behavior, but what about more ethologically-relevant
behaviors? Ablation of VP glutamate neurons, while leaving VP®A8A neurons intact, augments
motivation to self-administer palatable rewards (Tooley et al., 2018). Moreover, VP glutamate
neuron ablation impairs learning about an aversive outcome—mice lacking VP glutamate
neurons fail to reduce their sucrose intake after sucrose was paired with a malaise-inducing
lithium chloride injection (Tooley et al., 2018). Thus, it appears that VP glutamate neurons are
involved in avoidance of potential harm and limiting of reward-seeking behavior.

A recent study in mice further examined the functionally opposed roles of VP®A8* and
glutamate neurons (Stephenson-Jones et al., 2020). Optogenetically-tagged VP®*8A and
glutamate neurons were recorded under appetitive and aversive circumstances, and under
motivational conflict where both neuron subpopulations compete for behavioral control.
Consistent with a role for VP*8A neurons in appetitive motivation, these neurons were excited
by water delivery or its predictive cues. Glutamate neurons, on the other hand, were activated
by an aversive air puff to the face and cues that predicted the air puff. Consistent with VP
encoding motivational value, as described above, VP®"BA neuron activity scales with the
magnitude of the reward, exhibiting increased firing rates after a large reward or its predictive
conditioned stimulus (relative to a small reward). VP glutamate neurons instead scale with the

magnitude of the aversive air puff stimulus or its predictive cue, suggestive of encoding aversive
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motivational value. Importantly, optogenetic inhibition of VP8A neurons decreased appetitive
motivation (ie, operant licking to obtain a water reward) while this same manipulation had no
effect on running to avoid an air puff, illustrating a specific role for VP82 neurons in reward
motivation. The opposite was found with glutamate neuron inhibition—there was no effect on
licking to obtain water, but a decrease in running to avoid air puff. Collectively, these data
suggest that VPSABA and glutamate neurons drive opposing motivated behaviors, with glutamate
neurons being required for avoidance of harm and GABA neurons instead required for seeking
rewards. Given the similar projection profiles of VP¢*8A and glutamate neurons, an attractive
hypothesis is that VP®ABA and glutamate neurons exist in functional balance—GABA neurons
pushing towards obtaining rewards and glutamate neurons pushing towards avoiding harm via
the same downstream targets.

Despite VP®ABA neurons acting to stimulate appetitive motivation, how such circuits
contribute to behavior under motivational conflict remains unclear. To address this question, |
employ a host of complex behavioral models of decision making, harm avoidance in the
absence of reward, and reward seeking in the absence of potential harm. Moreover, | employ
punishment-based relapse models that pit cocaine- or opioid-seeking motivation against
aversive motivation to avoid contingent footshock punishment. Through the application of cell-
specific chemogenetic approaches and a suite of behavior models, | shed light on the
behavioral function of VP¢*BA neurons in hopes that better understanding these circuits may
yield deeper understanding of psychiatric disorders that involve maladaptive motivation like

addiction.
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CHAPTER 1: Ventral pallidum is essential for cocaine relapse after voluntary abstinence
in rats

Introduction

Addiction is characterized by persistent drug use despite negative consequences, and a
lasting vulnerability to relapse after protracted periods of abstinence (Hunt et al., 1971; Wikler,
1973; O'Brien et al., 1992). Typically, individuals with addiction eventually recognize the
negative consequences of their behavior, and choose to cease using drugs—a decision they
usually renege upon when tempted by drug cues, small doses of drug, or stressors (Shaham et
al., 2003). In rodent relapse models, reinstatement of seeking is triggered by analogous stimuli,
usually following a period of imposed abstinence from drug (incubation), or explicit extinction
training. Recently, voluntary abstinence-based rodent relapse protocols have emerged,
modeling people with addiction who choose to stop using drugs due to mounting negative life
consequences, rather than ceasing use due to extinction training, or external forces (Panlilio et
al., 2003; Economidou et al., 2009; Marchant et al., 2013b; Marchant et al., 2013a; Venniro et
al., 2016). This is important because in rodents, the neural substrates underlying reinstatement
differ based upon how abstinence was achieved, be it experimenter-imposed, through extinction
training, or through voluntary cessation due to punishment or availability of more attractive
reinforcers (Fuchs et al., 2006; Venniro et al., 2017; Marchant et al., 2018; Pelloux et al., 2018a;
Venniro et al., 2018; Golden et al., 2019). If the brain substrates of human relapse similarly
depend upon why a person stopped using drugs, then considering these factors in preclinical
models will be essential for developing effective interventions to treat addiction.

A hallmark of addiction is an inability to limit drug intake in the face of negative life
consequences. This can be modeled in rodents by training them to self-administer drugs, then
introducing consequences to continued use, such as co-delivered footshock (Panlilio et al.,
2003; Deroche-Gamonet et al., 2004; Belin et al., 2009; Marchant et al., 2013b; Vanderschuren

et al., 2017; Pelloux et al., 2018b; Smith and Laiks, 2018). As in humans, most rodents readily
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suppress their drug intake when negative outcomes begin to result from continued use.
However, a subset of rodents show punishment-resistant drug intake (Deroche-Gamonet et al.,
2004; Vanderschuren and Everitt, 2004; Everitt et al., 2008; Chen et al., 2013), similar to the
proportion of humans who use drugs and ultimately become addicted (Anthony et al., 1994).
Punishment-resistant rats also exhibit elevated reinstatement of cocaine and methamphetamine
seeking (Deroche-Gamonet et al., 2004; Torres et al., 2017), suggesting that compulsive use
and relapse liability involve common underlying neural mechanisms. Indeed, the circuitry
underlying compulsive cocaine intake overlaps with the limbic substrates of reinstatement
behavior, at least when tested following extinction training (Ersche et al., 2011; Bock et al.,
2013; Chen et al., 2013; Farrell et al., 2018; Yager et al., 2019).

One brain region that has emerged as being crucial for motivated behavior is the VP, the
main efferent target of NAc (Swanson and Cowan, 1975; Williams et al., 1977; Saga et al.,
2016; Faget et al., 2018; Tooley et al., 2018). VP is thought to help translate motivation into
action (Mogenson et al., 1980; Heimer et al., 1982; Kalivas and Volkow, 2005; Smith et al.,
2009), and accordingly, VP neural activity encodes reward motivation in rodents, monkeys, and
humans (Pessiglione et al., 2007; Tachibana and Hikosaka, 2012; Richard et al., 2016),
including for cocaine (Root et al., 2013). VP is also required for seeking of several abused drugs
(Hubner and Koob, 1990; Rogers et al., 2008a; Perry and McNally, 2013; Mahler et al., 2014;
Prasad and McNally, 2016, 2019), and for cocaine reinstatement triggered by cues, stress, or
cocaine following extinction training (McFarland and Kalivas, 2001; McFarland et al., 2004,
Mabhler et al., 2014). Notably, VP is a heterogeneous structure, with functionally- and
anatomically-distinct rostral/caudal and dorsolateral/ventromedial subregions that mediate
distinct aspects of reward seeking (Groenewegen et al., 1993; Churchill and Kalivas, 1994;
Smith and Berridge, 2005; Beaver et al., 2006; Calder et al., 2007; Smith and Berridge, 2007;
Root et al., 2013; Stefanik et al., 2013; Mahler et al., 2014; Root et al., 2015). Specifically,

rostral VP mediates cue-induced, whereas caudal VP mediates primed reinstatement of cocaine
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seeking following extinction training (Mahler et al., 2014). The NAc shell input-receiving
ventromedial, and NAc core-receiving dorsolateral VP subregions are also differentially involved
in cocaine-taking behaviors (Zahm and Heimer, 1990; Churchill and Kalivas, 1994; Root et al.,
2013). Given these results, and recent findings that VP contains phenotypically distinct
populations of reward- and aversion-related neurons (Knowland et al., 2017; Faget et al., 2018;
Tooley et al., 2018; Wulff et al., 2018; Stephenson-Jones, 2019; Stephenson-Jones et al.,
2020), VP’s role in drug seeking under translationally-relevant mixed motivation circumstances
was of interest to us.

Here we explore effects of transiently and reversibly inhibiting VP neurons of
punishment-resistant or punishment-sensitive rats with designer receptors (DREADDS)
(Armbruster et al., 2007), determining effects on punished cocaine seeking, context-, discrete
cue-, and primed-reinstatement after voluntary abstinence, and cocaine-induced locomotion.
We also assessed relapse-related Fos in VP subregions. We found that chemogenetic VP
inhibition reduced cue-, cocaine primed-, and context-induced relapse to cocaine seeking, and
VP subregions are robustly Fos-activated during exposure to cocaine- or cocaine + punishment
contexts. These studies shed light on the functions of this essential, but understudied nucleus
within cocaine addiction-related neural circuits.

Methods
Subjects. Male (n = 50; mean + SEM body weight = 345 £ 6 g at start of self-administration)
and female (n = 36; mean + SEM = 226 * 4 g) Long-Evans rats were bred at the University of
California, Irvine or obtained from Envigo, and were pair housed on a 12 hr reverse light/dark
cycle (testing in dark phase), with ad libitum food and water throughout experiments.
Procedures were approved by the UCI Institutional Animal Care and Use Committee, and are in
accordance with the NIH Guide for the Care and Use of Laboratory Animals (National Research,

2010).
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Surgery. Rats were anesthetized with ketamine (56.5 mg/kg) and xylazine (8.7 mg/kg),
administered the non-opioid analgesic meloxicam (1.0 mg/kg), and implanted with indwelling
jugular catheters exiting the dorsal back. In the same surgery, they also received bilateral viral
vector injections (250-300 nL) into VP (mm from Bregma; AP: 0.3, ML: +/-1.8, DV: -8.2 mm) with

pressure injections using a Picospritzer and glass micropipette. Fig. 1 describes procedures.

Surgery Training Behavioral Testing Neuronal Activity Analysis
Safe Context Punishment Context CNO (10 mg/kg) and Vehicle (counterbalanced) Reinstatement, Sacrifice, IHC
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Figure 1. Schematic of experimental timeline. Following DREADD or control AAV
injection, rats underwent cocaine self-administration, punishment training, followed by
reinstatement and cocaine-induce locomotor testing. A final relapse test preceded sacrifice
for neuronal activity (Fos) analysis. Light/green shading = safe context, dark/red shading =
punishment context.

Viral constructs. To transduce VP neurons with hM4Di inhibitory DREADDs, we used a human
synapsin (hSyn) promoter-driven AAV with mCitrine (n = 44; U North Carolina vector core:
AAV2-hSyn-HA-hM4D(Gi)-IRES-mCitrine; titer = 2.6x10*? virus particles/mL) or mCherry (n =
16; Addgene: AAV2-hSyn-hM4D(Gi)-mCherry; titer = 7x10*? vg/mL) reporter. To control for non-
specific impact of viral transduction and clozapine-N-oxide (CNO) in the absence of DREADDs,
an eGFP-only reporter without DREADDSs (n = 7; Addgene: AAV2-hSyn-eGFP; titer = 3x102
vg/mL), was employed in a group of control rats (MacLaren et al., 2016; Gomez et al., 2017;
Mabhler and Aston-Jones, 2018).

Anatomical analysis of DREADD expression. hM4Di DREADD/reporter expression was
visualized with immunofluorescent amplification, and Substance P co-stain demarcating VP
borders. Histological quantification was performed by an observer blind to group and behavioral
results. Rats with at least 40% of VP volume expressing DREADDs/reporter, and at least 40%
of virus expression localized within VP borders were considered hits (n = 46; male = 26; female
= 20). Some leakage into the adjacent lateral preoptic area and horizontal limb of the diagonal

band was detected in most rats, but if rats had more than 60% of DREADD expression localized
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outside VP, they were considered “misses” (n = 13). Since rats with extra-VP DREADD

expression did not behaviorally differ from fluorophore-only rats (no main effect of group or CNO

treatment on reinstatement of any kind, Fs < 1.29, ps > 0.27; Fig. 2), they were combined into a

single control group (n = 20; male = 10; female = 10) for subsequent analyses of CNO effects in

the absence of VP DREADDS.

RNAscope analysis of DREADD expression in VP neurons. PFA-fixed brains from cocaine-

naive male rats were serially cut (16 um) on a cryostat and mounted directly onto glass slides.

Sections were stored at —80° C until processing for RNAscope Multiplex Fluorescent assay

(Advanced Cell Diagnostics). Briefly, sections were warmed on a hot plate for 30 minutes at 60°

C then boiled at 100°for 6 min in target retrieval solution. Sections were then dehydrated in

Figure 2. Viral expression in hM4Di misses
and eGFP controls. hM4Di misses (thin solid
border) and eGFP controls (thick dotted border)
depicted on rostrocaudal VP sections relative to
bregma.

100% ethanol and treated with protease
(pretreatment reagents, cat. No.
322380). RNA hybridization probes
included antisense probes against rat
Gadl (316401-C1) and SIcl7a6
(317011-C3), respectively labeled with
alexa-488 and atto-647 fluorophores.
Slides were then incubated with rabbit
anti-DsRed primary antibodies (1:2000,
Catalog #: 632496, Clontech) and
donkey anti-rabbit AlexaFluor 594
secondary antibodies (1:400, #711-585-

152, Jackson ImmunoResearch),

counterstained with DAPI, and coverslipped using Fluoromount-G mounting medium. Images for

cell counting were taken at 63x (1.4 NA) magnification using a Zeiss AxioObserver Z1 widefield

Epifluorescence microscope with a Zeiss ApoTome 2.0 for structured illumination and Zen Blue
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software. An average of 177 + 9 cells positive for AAV-hSyn-hM4D(Gi)-mCherry were counted
per brain (n = 3 rats).

Drugs. Cocaine HCI (NIDA) was dissolved in 0.9% saline, and was available for self-
administration at 0.2 mg/50 uL infusion for male rats (~0.58 mg/kg/infusion), and 0.15 mg/50uL
infusion for female rats (~0.66 mg/kg/infusion) (Zhou et al., 2014; Kohtz and Aston-Jones,
2017). Cocaine (10 mg/kg) was used for primed reinstatement and locomotion testing. CNO
was dissolved in a vehicle of 5% DMSO in 0.9% saline, and injected i.p. at 10 mg/kg, 30 min
prior to behavioral testing.

Behavioral testing apparatus. Self-administration training and testing took place in Med
Associates operant chambers within sound-attenuating boxes, equipped with two retractable
levers with white lights above them, and a tone generator. Cocaine-induced locomotion testing
was conducted in 43x43x30.5 cm Med Associates locomotor testing chambers.

Behavioral training summary. We employed a model of punishment-induced abstinence from
self-administered cocaine, followed by repeated reinstatement testing. Rats initially self-
administered cocaine in a ‘safe context,’ then in a distinct ‘punishment context,” where they
learn to abstain from cocaine due to co-administration of footshock with 50% of cocaine
infusions. After voluntary abstinence was achieved in all rats, a series of reinstatement tests in
the safe and punishment contexts were conducted, each tested after vehicle and CNO on
separate days, 48 hr apart.

Self-administration training in safe context. We employed a punishment-induced
abstinence/relapse protocol modeled after previous reports (Panlilio et al., 2003; Economidou et
al., 2009; Marchant et al., 2013b; Krasnova et al., 2014; Marchant et al., 2014; Marchant et al.,
2016; Pelloux et al., 2018b; Pelloux et al., 2018a). Initial 2 hr self-administration sessions
occurred in a ‘safe context,” signaled by presence of a white or red house light, peppermint or
orange scent, and plain or polka dot pattern walls (randomly assigned). Rats received five daily

sessions of fixed-ratio 1 (FR1) training where an active lever press delivered a 3.6 s intravenous
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cocaine infusion, and concurrent stimulus light + 2.9 kHz tone. A 20 s timeout period (signaled
by dimming of the house light) followed each infusion/cue presentation, during which additional
lever presses did not yield cocaine delivery. Following FRL1 training to criterion (> 10
infusions/day), rats then completed 3 days of variable-interval 5 schedule (V15), on which an
active lever press initiated a timer with an average duration of 5 s, and another press after that
interval delivered a cocaine infusion + light/tone cue. The VI schedule was increased to VI15 for
the next 3 days, then VI30 for an additional 3-6 days until performance stabilized. VI schedules
promote resistance to extinction (Ferster and Skinner, 1957), providing a high baseline of
responding in relapse tests, so we followed methods of prior reports using this procedure
(Marchant et al., 2013b; Marchant et al., 2014; Marchant et al., 2016; Pelloux et al., 2018b;
Pelloux et al., 2018a). Pressing on an inactive lever was recorded but had no consequences.
Punishment context testing and training. Following safe context self-administration training,
rats (n = 35) began punishment training in a distinct chamber, with different cues from those of
the safe context. A VI30 schedule was still used, but 50% of cocaine infusions/cues were now
accompanied by a 0.3 mA foot shock (0.5 s). Although sex can impact sensitivity to footshock in
other operant suppression models (Orsini et al., 2016), shock intensity was not titrated here,
and sex-differences in suppression of cocaine intake were not observed (active lever presses
change from baseline self-administration: t11 = 0.095, p = 0.92). To test effects of inhibiting VP
upon punished cocaine intake, a subset of rats were injected with either CNO (n = 22) or vehicle
(n =13) prior to each of the first two daily shock punishment training sessions. In a crossover
design, these rats were administered the opposite treatment (vehicle/CNO) prior to a third
punished intake session 48 hr later, then additional punished cocaine intake training session
with no vehicle or CNO injections was conducted. Another group of rats (n = 31) received no
injections during punished training. After 3-4 days of shock training at 0.3 mA, shock intensity
was increased by 0.15 mA every 2 subsequent training days, up to 0.75 mA, or until voluntary

abstinence criterion was met by each rat (< 5 active lever presses for 2 consecutive days).
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Punishment sensitivity classification. Sensitivity to punishment was determined in two ways.
A suppression ratio (infusions on day 1 punishment/infusions on last day unpunished; (Deroche-
Gamonet et al., 2004; Pelloux et al., 2007)) was calculated as a measure of initial punishment
sensitivity, with high ratios reflecting relative insensitivity of cocaine intake to shock. Rats were
classified as relatively punishment-resistant or punishment-sensitive based on the maximum
level of shock they tolerated before meeting abstinence criterion. Punishment resistant rats
were defined for analyses as those exceeding 5 active lever presses for 2 consecutive sessions
at 0.45 mA footshock intensity, therefore requiring higher shock intensities (0.60-0.75 mA) to
achieve voluntary abstinence. As previously reported (Marchant et al., 2013b; Marchant et al.,
2014; Marchant et al., 2016), punishment resistant rats underwent more shock training sessions
(mean = SEM, 7.62 + 0.24) than punishment sensitive rats (mean = SEM, 4.25 + 0.15; t5; =
11.16, p < 0.0001). All rats eventually suppressed their intake to criterion levels by day 9 of
punished training.

Measuring mixed motivations during punished cocaine intake: “Abortive lever pressing”.
During punished cocaine intake training sessions, rats displayed a previously characterized,
species-typical risk assessment behavior ‘abortive lever pressing’ (Hunt and Brady, 1955;
Blanchard et al., 1990; Blanchard et al., 2011), in which they stretch their trunk and extend their
forepaw towards the active or inactive lever, but rapidly retract it without completing the press to
deliver cocaine + chance of shock. Aborted presses of the active and inactive levers were
guantified by blinded video analysis of the final day of safe context self-administration, and the
first day of punishment context self-administration (after VP inhibition or control).

Relapse tests. A series of 2hr reinstatement tests commenced 48 hr after rats met abstinence
criterion, with 48 hr elapsing between each test, during which time rats remained in their home
cages. Reinstatement tests occurred in: safe context with response-contingent cues (n = 66;
vehicle/CNO administered on separate consecutive test days, in counterbalanced order), then

the safe context without cues (vehicle/CNO, n = 31), safe context with a cocaine priming
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injection (10 mg/kg; vehicle/CNO, n = 38), punishment context with cues (vehicle/CNO, n = 35),
and punishment context without cues (vehicle only, n = 24). Reinstatement testing order was
chosen to limit carryover effects from previous reinstatement tests, e.g., by conducting cocaine-
primed tests after cue tests to limit impact of non-contingent cocaine on conditioned responding
(Kruzich and See, 2001; Mahler et al., 2019). Though expected extinction-related order effects
on cocaine-free cue reinstatement tests were seen (first versus second reinstatement test: tes =
4.23, p < 0.0001), CNO and vehicle tests were counterbalanced within each reinstatement type,
limiting the impact of test order on overall behavior (Fuchs et al., 2005; Bossert et al., 2012;
Mabhler et al., 2013a; Mahler et al., 2014; Mahler et al., 2019). For reinstatement tests with
response-contingent cues, active lever presses yielded cocaine-associated discrete cues (but
no cocaine or shock), delivered on a VI30 schedule, each followed by a 15 s timeout period. For
tests without discrete cues, lever presses were without consequence, but recorded.

Cocaine induced-locomotion. Following reinstatement tests, a subset of rats (n = 51)
habituated to a locomotor testing chamber for 2 consecutive days, followed by two
counterbalanced 2 hr locomotor tests, 48 hr apart. Next, rats were placed in the chamber for 30
min after vehicle/CNO, injected with cocaine, then returned to the chamber for 90 min.
Horizontal distance travelled, and number of vertical rears were recorded via infrared beam
breaks.

Relapse-related Fos. To examine VP neuronal activity during reinstatement, some rats
underwent a final drug-free 2 hr reinstatement test, 48 hr after their last vehicle/CNO
reinstatement test. They were tested in: the safe context with cues (n = 15), safe context without
cues (n = 16), punishment context without cues (n = 13), or no reinstatement (removed directly
from their home cage after equivalent self-administration/reinstatement training, n = 7). To
capture neural activity occurring during the entire 2 hr test, rats were returned to their home

cages for 90 min, then perfused with saline (0.9%) and paraformaldehyde (4%; 210 min after
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the start of behavioral testing) (McReynolds et al., 2018). Brains were then sectioned (40 um)
following cryoprotection in 20% sucrose azide.

Fos quantification. To allow quantification of neural activity within anatomically-defined VP
subregions, we stained for Fos, and substance P to define VP borders. Ventromedial,
ventrolateral, and dorsolateral subregions of substance P-defined VP were delineated with
reference to adjacent sections stained for substance P and neurotensin, defining ventromedial
VP (Zahm and Heimer, 1988; Root et al., 2015). Dorsolateral and ventrolateral VP were defined
by the relative absence of neurotensin immunoreactivity (Zahm and Heimer, 1988; Root et al.,
2015). Images of VP were taken at 5x magnification, and one section/rat was quantified
bilaterally in rostral VP (+0.12 to +0.60 mm relative to Bregma), and another in caudal VP (-0.48
to -0.24 mm; (Paxinos and Watson, 2006)), squarely within the rostral and caudal zones defined
in our previous work (Mahler et al., 2014). Fos+ neurons were identified using the
Stereoinvestigator (Microbrightfield) particle counter tool, with thresholding parameters
incorporating particle size (> 2 um? and < 200 pm?), minimum distance between nuclei (150
um), and color relative to background. Fos density (Fos/mm?) was computed for each VP
subregion on each slice (average of both hemispheres) of each rat. All structure delineation and
guantification was performed blind to experimental conditions, and imaging/analysis settings
were consistent across rats.

Data analysis. Graphpad Prism software was used for statistical analyses. Effects of
punishment on self-administration were examined with repeated measures ANOVAs, including
day (last unpunished plus 3 initial punished days) and behavioral output (active lever, inactive
lever, infusions) factors. Punishment sensitive versus resistant groups were compared on
reinstatement using two-way ANOVA of punishment sensitivity group X reinstatement modality
factors. Pearson correlation was used for assessing relationships between aborted lever
presses and completed lever presses. Effects of punishment sensitivity group on unpunished

cocaine intake and cocaine-induced locomotion were examined with unpaired t-tests. Effects of
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CNO in control and VP-hM4Di rats on abortive lever pressing were computed with one-way
ANOVA. Effects of CNO versus vehicle on each reinstatement modality were examined using
separate repeated measures ANOVAs for VP-hM4Di and control rats, with drug (vehicle/CNO)
and lever (active/inactive) factors. Effects of VP inhibition on reinstatement in punishment
resistant and punishment sensitive rats were computed as change from vehicle day behavior
(CNO-vehicle), and analyzed with unpaired t-test. Separate one-way ANOVAs compared
behavioral groups on Fos density in each VP subregion. Impact of rostrocaudal VP location on
Fos was examined with a two-way ANOVA on rostral/caudal site, and reinstatement modality
factors. Separate two-way ANOVAs were used to compare CNO effects on cocaine-induced
horizontal distance and rearing in control and VP-hM4Di rats. Tukey and Bonferroni corrected t-
tests were used for posthoc comparisons as appropriate. Two-tailed tests with a significance
threshold of p < 0.05 were used for all analyses.

Results
Unpunished self-administration. Rats readily discriminated between the inactive and active
lever (lever: F, 1300 = 55.3, p < 0.0001), and daily cocaine intake was stable by the final 3 days
of training (F, 130)= 0.87, p = 0.42). Male and female rats did not differ in active lever presses,
or (sex-adjusted) cocaine doses self-administered during the last 3 days of training (no main
effect of sex (lever: F, 64 = 1.8, p = 0.19, infusions: F, 64 = 0.29, p = 0.59) or day X sex
interaction (lever: F 2, 126y = 1.0, p = 0.37, infusion: F, 128y = 0.48, p = 0.62).
Individual differences in cocaine seeking under punishment. As expected, cocaine-
coincident shock (50% of infusions) in the punishment context suppressed cocaine self-
administration overall (day: F,ss5y= 30.1, p < 0.0001, Fig. 3A). Most rats (79.2%; n = 42)
reached suppression criterion at the two lowest shock intensities (0.30-0.45 mA: ‘punishment
sensitive’ rats), but a subset of rats (20.8%, n = 11) persisted in responding up to higher shock
intensities (0.60-0.75 mA: ‘punishment resistant’ rats; Fig. 3B-C). In addition, punishment

resistant rats had higher suppression ratios (infusions on the first day in the punishment
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context/infusions on the last day in the safe context (Deroche-Gamonet et al., 2004; Pelloux et
al., 2007); mean = SEM = 0.48 + 0.09) than punishment sensitive rats (mean + SEM = 0.25 +
0.02; tea = 4.4, p < 0.0001). Notably, of the 11 punishment resistant rats in this study, 7 were
female (30.4% of tested females), while 4 were male (13.3% of tested males).

Punishment resistant rats reinstated more. Punishment resistant rats, once they received
shock intensities high enough to suppress even their seeking, showed greater cue-induced
reinstatement than punishment sensitive rats. However, this was only true when response
contingent cues were delivered, and not for cocaine primed reinstatement (punishment
sensitivity X reinstatement type interaction: Fq, s7) = 2.92, p = 0.091; Bonferroni corrected t-test,
punishment resistant vs. sensitive in safe context with cues: tg; = 3.43, p = 0.0019; Fig. 3D;
note: Fig. 3D shows vehicle-day reinstatement data). Punishment resistance was unrelated to
total prior cocaine self-administered (punishment resistant vs. sensitive total unpunished
infusions: ts; = 0.51, p = 0.61; Fig. 3E), or to cocaine’s locomotor stimulating or relapse-
promoting effects (horizontal distance traveled: tss = 1.34, p = 0.19; Fig. 3F; rearing: tzs = 1.69, p
= 0.10; cocaine prime reinstatement active lever presses: tss = 0.83, p = 0.41), indicating that
punishment resistance and cue-induced relapse likely involve common underlying individual
differences in addiction-like compulsivity, rather than sensitivity to cocaine’s effects per se.
DREADD expression in VP neuronal populations. Robust hM4Di-DREADD expression was
observed throughout the rostrocaudal extent of VP (Fig. 4A-B). Fluorescent in situ hybridization
(RNAscope) revealed a predominant colocalization of hM4Di expression with Gadl (80.8 + 4.4
% of hM4Di* cells), and a smaller percentage colocalizing with Vglut2 (18.1 + 2.4 % of hM4Di*
cells; Fig. 4C-E). A small fraction of the cells expressed both transcripts (12.3 + 3.2 % of
hM4Di* cells). We note that co-localization of Gadl and Vglut2 transcripts is not sufficient to

establish the co-release of glutamate and
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Figure 3. Punishment-resistant rats are more prone than punishment sensitive rats to
cue-induced, but not cocaine-primed relapse. A) Probabilistic footshock reduces active
lever pressing across all rats, while increasing the number of inactive presses. SA = self-
administration. B) Individual variation in punishment sensitivity. Rats that reached at least
0.60 mA footshock were considered punishment resistant (dark/red shading). Punishment
sensitive rats (light/green shading) stopped taking cocaine at < 0.60 mA footshock
intensities. C) Most rats cease cocaine intake at low shock levels (punishment sensitive:
light/green shading): 42/53 rats, 79.2%), but a subset reached the highest shock levels
(punishment resistant: dark/red shading): 11/53 rats, 20.8%). D) Punishment resistant rats
cue-reinstated more in the safe context, relative to punishment sensitive rats on vehicle day
reinstatement tests (the same vehicle-day data are also depicted in Fig. 4). This effect was
specific to cue-induced, but not cocaine primed relapse. E-F) Punishment resistant rats were
no different than sensitive rats on unpunished cocaine intake (E) or cocaine-induced
locomotion (F). ***p < 0.001.

GABA by these neurons, especially since the Vglut2 signal was weak compared to the Gadl

signal. hM4Di+ neurons lacking either Gad1l or Vglut2 (13.3 + 4.8 %, Fig. 4E) may represent

cholinergic neurons (Root et al., 2015; Faget et al., 2018). These DREADD expression results

are consistent with unbiased transduction of all VP neurons, as GABA neurons represent the

predominant neuronal phenotype in VP (Faget et al., 2018).
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Figure 4. Inhibitory DREADD localization in VP. A) Immunofluorescent co-stain for
hM4Di-mCherry (red) within Substance P-expressing VP borders (green). B) Bilateral hM4Di
expression sites in individual animals on VP’s rostrocaudal axis relative to bregma. C) Wide-
field and D) high magnification images of fluorescent in situ hybridization for Gadl (green)
and Vglut2 (white), combined with immunofluorescence for hM4Di-mCherry (red).
hM4Di*/Gadl1" cells are labeled with green stars, and hM4Di* /Vglut2* cells are labeled with
white stars. E) 80.8 +/- 4.4 % of hM4Di* cells are co-positive for Gadl (green bar). 12.3 +/-
3.2 % of hM4Di* cells are co-labeled for both Gadl and Vglut2 (green gradient bar). 18.1 +/-
2.4 % of hM4Di* cells are co-labeled for Vglut2 (white bar). 13.3 +/- 4.8 % of hM4Di+ cells
are negative for both Gadl and Vglut2 (red bar) (n=3 rats, total of 531 hM4Di* cells counted).
ac = anterior commissure. Scale bars = 500um (B), 200um (C), and 20pm (D).
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CNO effects on punishment-induced suppression of cocaine intake in VP-hM4Di rats. On
day 1 of punished self-administration, CNO in VP-hM4Di rats modestly, but non-significantly,
decreased the number of active and inactive lever presses relative to control rats (treatment: F,
33) = 3.41, p = 0.073; Fig. 5A), with no interaction of treatment x lever (Fq, 33 = 0.27, p = 0.61).
CNO had no further effects on lever pressing on day 2, though all rats decreased their
responding relative to day 1 (day: F, 33 = 20.56, p < 0.0001), indicating a likely floor effect due
to prior punishment training. When vehicle and CNO treatments were reversed on punishment
day 3, no further changes were observed (ps > 0.05).

Footshock + cocaine also increased abortive pressing of the active and inactive levers,
relative to the low levels of abortive pressing seen during unpunished self-administration in the
safe context (F, 400 = 7.93, p = 0.0013; self-administration vs. vehicle day punishment: p =
0.0022; Fig. 5B). Aborted lever presses were most prevalent in rats with the most punished
active lever presses (correlation of aborted lever presses and completed presses after both
CNO; r=0.61, p =0.027; and vehicle; r = 0.61, p = 0.016), suggesting that abortive lever
pressing may be a sensitive measure of deliberation about pursuing the now-dangerous
cocaine. Interestingly, CNO strongly suppressed aborted lever presses, returning them to
unpunished levels in VP-hM4Di rats (p = 0.0013; Tukey test, CNO vs. self-administration: p =
0.93), but not in controls (controls vs. self-administration: p = 0.0082; Fig. 5B).

VP DREADD inhibition suppresses cocaine relapse after voluntary abstinence. CNO in
VP-hM4Di rats robustly suppressed context only-, cue-, and cocaine-induced relapse in the safe
context, but failed to do so in control rats without VP DREADDSs. In VP-hM4Di rats, CNO
(compared to vehicle) reduced cue-induced active, but not inactive lever pressing in the safe
context (drug x lever interaction: Fq, 45y = 18.53, p < 0.0001; Fig. 5C). VP-hM4Di rats with the
most specific DREADD localization (> 60% in VP; n = 13) exhibited stronger decreases in cue-
induced reinstatement relative to rats with less specific DREADD localization (40-60% in VP; n

= 33; tsa = 2.01, p = 0.05), suggesting that behavioral effects are primarily due to VP inhibition,
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Figure 5. VP inhibition reduces relapse-like behavior, especially in punishment
resistant rats. A) Top panel: Example picture of a completed lever press. Bottom panel:
CNO in VP-hM4Di rats modestly reduces active and inactive lever pressing for cocaine
under threat of punishment on day 1 of punishment training. Control = vehicle-injected rats
and CNO-injected VP misses. B) Top panel: Example of an aborted press, in which the rat
stretches its trunk towards the lever and extends its paw, without depressing the lever.
Bottom panel: Active and inactive abortive lever pressing, quantified during safe (light/green
shading) and punished (dark/red shading) intake sessions. CNO in VP-hM4Di rats reduced
abortive lever pressing relative to control rats, returning abortive pressing to unpunished self-
administration levels. Control = vehicle-injected rats, and CNO-injected VP misses. C-F)
Within subjects comparisons of reinstatement for VP-hM4Di rats (top panels) in safe
(light/green shading) and punishment (dark/red shading) contexts. CNO in VP-hM4Di rats
reduced reinstatement in the safe context with cues (C), without cues (D), and with cocaine
and no cues (E), but not in the punishment context with cues (F). CNO in control rats did not
affect reinstatement under any condition (bottom panels). Control = eGFP-only rats, and rats
with hM4Di expression primarily outside VP. G) CNO in VP-hM4Di punishment resistant rats
(dark/red bars) elicited a greater decrease in cued reinstatement, relative to VP inhibition in
punishment sensitive rats (light/green bars). Data presented as change from vehicle test
baseline. *p < 0.05, **p < 0.01, ***p < 0.001.

rather than inhibition of nearby structures. Moreover, CNO failed to alter cue-induced
reinstatement in rats with selective DREADD expression in the VP-adjacent horizontal limb of
the diagonal band (HLDB; n = 5), a region that was usually partially penetrated in VP-hM4Di
rats (no effect of treatment: Fq 4 = 0.47, p = 0.53; or treatment X lever interaction: Fq, 4 = 0.47,
p = 0.53).

CNO administration in VP-hMA4Di rats suppressed safe context pressing without
response-contingent cues (drug x lever interaction: F, 200 = 4.31, p = 0.05; Fig. 5D). Cocaine
primed reinstatement (no cues) in the safe context was also suppressed by CNO in VP-hMA4Di
rats (drug x lever interaction: Fq, 23 = 7.94, p = 0.01; Fig. 5E). Effects of VP inhibition on cocaine
primed reinstatement in the punishment context were not examined here, but warrant future
study. Although we previously showed that rostral and caudal VP differentially mediate cue- and
primed reinstatement using a spread-limiting lentiviral vector (Mahler et al., 2014), AAV2 viral
infection here spanned most of the rostrocaudal axis of VP. In contrast to the safe context, CNO
in VP-hM4Di rats failed to reduce cue reinstatement in the punishment context (drug x lever
interaction: Fq, 21y = 0.19, p = 0.66; Fig. 5F). This null finding was unlikely to have resulted from

a floor effect, since pressing was similar in the punishment context with cues and the safe
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Figure 6. VP inhibition decreases cocaine-induced rearing, but not distance traveled.
A) Within-subject tests showed that CNO in VP-hM4Di rats and controls fails to alter
cocaine-induced horizontal locomotion. B) CNO decreases rearing in VP-hM4Di rats, but not
controls. Control = extra-VP hM4Di and eGFP-only rats. ***p < 0.001.

context without cues, yet VP inhibition suppressed only the latter. In control rats without VP
DREADDSs, CNO had no effects on lever pressing in any reinstatement test (ps > 0.05; Fig. 5C-
F), suggesting that CNO effects here, as previously shown (Mahler et al., 2014; Chang et al.,
2015; Prasad and McNally, 2016; Mahler et al., 2019), were specific to VP inhibition.

VP inhibition suppressed relapse most in punishment-resistant rats. VP inhibition reduced
safe context cue-induced reinstatement more in punishment-resistant rats than punishment-
sensitive rats (tss = 2.23,

p = 0.031; Fig. 5G). This effect was specific to the safe context with cues, as there was no such
effect on other reinstatement types (t values < 1.26, ps > 0.22). Importantly, DREADD
expression was identical in punishment sensitive and resistant groups (% of VP infected: t3; =
1.16; p = 0.25; % of expression within VP borders: t3; = 0.85, p = 0.40). This finding suggests
that VP plays an especially important role in relapse after punishment-imposed abstinence for

the individual rats showing the most addiction-like behavior.
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VP inhibition did not affect cocaine-induced locomotion. CNO failed to affect the locomotor-
activating effects of cocaine in either VP-hM4Di or control groups (treatment: F(, 49y = 0.63, p =
0.43; treatment x group interaction: F, 49 = 0.58, p = 0.45; Fig. 6A), though it did reduce rearing
behavior after cocaine in VP-hM4Di rats, but not controls (treatment x group interaction: F, a9) =
10.24, p = 0.0024; Fig. 6B). Moreover, CNO did not differentially reduce horizontal locomotion
or rearing in punishment-sensitive versus -resistant VP-hM4Di rats (group x treatment
interaction; locomotion: F, 93 = 0.70, p = 0.55; rearing: F@ 93y = 0.61, p = 0.61). These results
indicate that VP mediates cocaine-induced motivation, but not all cocaine-induced behaviors.
VP subregion Fos recruited during relapse. Relative to cocaine/shock-experienced rats
sacrificed from their homecages, VP subregions showed strong Fos activation during all tested
reinstatement conditions (F, 47y = 3.93, p = 0.014; Tukey: punishment + no cues, p = 0.013;
safe + cues, p = 0.019; safe + no cues, p = 0.043). Ventromedial VP was selectively activated
(relative to home cage) by the punishment context without cues, but not by either of the safe
context reinstatement tests (F, 47y = 2.67, p = 0.05; Tukey: punishment + no cues: p = 0.048;
safe + cues: p = 0.28; safe + no cues: p = 0.09; Fig. 7A-C). In contrast, ventrolateral and
dorsolateral VP were activated in all reinstatement conditions, relative to homecage controls
(ventrolateral: F, 47y = 5.98, p = 0.0015; Tukey: safe + cues: p = 0.0051; safe + no cues: p =
0.0011; punishment + no cues: p = 0.0049; Fig. 7D; dorsolateral: F, 47y = 4.63, p = 0.006;
Tukey: safe + cues: p = 0.0043; safe + no cues: p = 0.017; punishment + no cues: p = 0.021;
Fig. 7E). We then examined Fos expression based on rostral and caudal sections position
within VP, given known rostrocaudal functional and anatomical differences (Smith and Berridge,
2005, 2007; Mahler et al., 2014; Root et al., 2015). Overall, rostral VP had greater Fos density
than caudal VP (F, 47 = 4.8, p = 0.0051), though this did not significantly differ between
reinstatement types (no reinstatement type x rostrocaudal position interaction; F, 47y = 1.42, p =

0.25; Fig. 7F).
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Figure 8. Breakdown of self-administration, punishment resistance, and reinstatement
by sex. A) Active lever (top lines), cocaine infusions (middle lines), and inactive lever
(bottom lines) shown for 14d self-administration training in male (light blue) and female (dark
blue) rats. B) Punishment sensitivity classification for male (light blue) and female (dark blue)
rats. 63.6% of total punishment resistant rats were female (left panel), whereas 38.1% of
punishment sensitive rats were female (right panel). C-F) Reinstatement testing for male and
female VP-hMA4Di rats. White bars = vehicle test, black bars = CNO test, gray bars = inactive
lever presses, gray circles = individual rat active lever presses. Reinstatement testing data
presented for: C) safe context with response contingent cues, D) safe context with no
response contingent cues, E) safe context with cocaine prime, and F) punishment context
with response contingent cues.

of the punishment resistant rats (7/11 rats), while females represent 38.1% of the punishment
sensitive rats (16/42 rats; Fig. 8B). As previously reported (Van Haaren and Meyer, 1991),
females exhibited more cocaine-induced locomotion than males (sex; Fqu, 31y = 4.91, p = 0.034,),
though CNO in VP-hMA4Di rats did not sex-dependently impact locomotion (sex x treatment
interaction; Fq, 31y = 0.33, p = 0.57) or any type of reinstatement (Fs < 2.5, ps > 0.13; Fig. 8C-F).
Despite greater cocaine-induced locomotion in females, no sex differences in cocaine-primed
reinstatement were seen (F, 22) = 2.06, p = 0.17), suggesting that cocaine’s arousing and

incentive motivational effects are differentially impacted by sex.
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Discussion

These findings point to a crucial role for VP in cocaine relapse following voluntary abstinence, a
translationally-relevant model of humans who relapse after quitting drugs due to mounting
negative life outcomes. Indeed, we found that VP plays an especially important role in the most
compulsive cocaine-seeking individuals, i.e., the ~20% of rats that here tolerated significant
footshock punishment to continue taking cocaine. We also found robust relapse-related activity
in anatomically defined VP subregions. Our results suggest that unlike connected limbic nuclei,
VP plays a critical role in reinstatement regardless of how abstinence was achieved or how
relapse was initiated, thereby placing it amongst the most essential nodes within the neural
circuits of cocaine addiction.

VP is essential for addiction-like compulsive seeking and relapse. Persistent drug use
despite negative consequences, and long-lasting relapse propensity are cardinal features of
addiction in humans (American Psychiatric, 2013). Though compulsive drug intake despite
punishment is common following extended drug access in rodents (Vanderschuren and Everitt,
2004; Pelloux et al., 2007; Chen et al., 2013), some rats seem to transition to compulsive use
even after short access to cocaine. Here, we observed such a subset of compulsive rats, and
found that these same animals were also most sensitive to cue + context reinstatement after
voluntary abstinence, similar to prior findings (Deroche-Gamonet et al., 2004; Torres et al.,
2017; Yager et al., 2019). Importantly, VP inhibition in these compulsive rats had a greater
relapse-suppressing effect than in punishment sensitive rats, suggesting that VP plays a
particularly important role in those rats which most pathologically seek drug. VP inhibition only
modestly reduced punished cocaine self-administration, but selectively reduced abortive
pressing of the cocaine/shock and inactive levers, which we interpret as reflecting motivation to
pursue cocaine tempered by motivation to avoid being shocked. These results highlight the

sensitivity of this novel assay of conflicting motivations during cocaine seeking, as well as the
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importance of careful ethological analysis of complex drug-seeking behaviors during such
neural circuit manipulation experiments.

Relapse is not a unitary phenomenon, since brain circuits underlying drug reinstatement
depend on the drug of choice, mode of abstinence, and relapse trigger (Shalev et al., 2002;
Bossert et al., 2005; Fuchs et al., 2006; Badiani et al., 2011; Mantsch et al., 2016; Farrell et al.,
2018; Marchant et al., 2018; Pelloux et al., 2018a). This said, we show that even under
maximally human-relevant conditions VP is broadly implicated in reinstatement regardless of
trigger, or mode of abstinence. In contrast, other VP-connected limbic regions seem to be
engaged differentially during reinstatement after different modes of abstinence. For example,
inhibition of BLA decreases reinstatement after extinction training, whereas the same
manipulation during reinstatement following punishment-induced abstinence increases drug
seeking (Pelloux et al., 2018a). These results are consistent with the idea that VP serves as a
‘final common pathway’ of drug seeking (Kalivas and Volkow, 2005; Smith et al., 2009).
Therefore, VP holds promise as a potential therapeutic target for suppressing relapse in
humans, especially since a prior human fMRI report found that activity in the vicinity of VP
predicts relapse propensity in humans (Li et al., 2015).

Interestingly, in the unpunished safe context, VP inhibition attenuated reinstatement with
or without cues, and also cocaine primed reinstatement, yet VP inhibition did not reduce cue
reinstatement in the punishment context. As expected, conditioned suppression of cue-induced
seeking was observed in the punishment context relative to the safe context, but response-
contingent cues nonetheless supported some pressing, and this was not affected by VP
inhibition. We therefore speculate that VP promotes conditioned drug seeking in a context-gated
manner (Bouton, 2019), consistent with prior reports that VP is necessary for context-induced
reinstatement of alcohol seeking (Perry and McNally, 2013; Prasad and McNally, 2016, 2019;

Prasad et al., 2019).
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Heterogeneities in VP circuits underlying relapse. VP is a heterogeneous structure, with
rostrocaudally- and mediolaterally-located subregions, and genetically-distinct, functionally-
opposing neuronal subpopulations (Root et al., 2015; Knowland et al., 2017; Faget et al., 2018;
Tooley et al., 2018; Prasad et al., 2019; Stephenson-Jones et al., 2020). We observed broad
recruitment of Fos in VP subregions after exposure to both the safe and punishment context,
and in the safe context when response-contingent cues were presented. This homecage-
relative Fos recruitment was more pronounced in rostral than caudal VP, yet there was broad
activation of ventromedial, dorsolateral, and ventrolateral subregions under all reinstatement
conditions. We note that VP DREADD expression here spanned rostrocaudal VP subregions,
potentially obscuring the distinct roles these subregions may play in cocaine seeking (Mahler et
al., 2014). Though we found no effect of selective inhibition of a VP-adjacent region (HLDB),
and reinstatement suppression effects were strongest in the rats with the most selective VP
DREADD expression, the dissociable roles of VP subregions, and of other nearby basal
forebrain structures (e.g., lateral preoptic area) should be further investigated.

Our results suggest a global recruitment of VP subregions during safe context- and safe
context + cue-induced relapse, and also during mere exposure to the punished context, though
global VP inhibition failed to suppress cue-induced cocaine seeking in this dangerous context.
One possible explanation for this puzzling pattern of effects is that functionally opposed VP cells
are engaged in the safe- and punished-contexts, such as the intermingled VP®A8* and
glutamate neurons which drive appetitive and aversive behavior, respectively (Faget et al.,
2018; Tooley et al., 2018; Wulff et al., 2018). Our pan-neuronal chemogenetic approach
primarily targeted reward-related VP®*8A neurons (~80%), which likely mediate reinstatement in
the safe context, when aversion-related glutamate neuron activity may be less relevant. We
speculate that in the punishment context, glutamate and GABA neurons are both recruited
(explaining Fos results), but inhibiting both populations concurrently with DREADDs suppressed

motivation as well as aversion, resulting in a null effect. More work is clearly needed to parse
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the specific behavioral roles for VP subregions and neuronal subpopulations in addiction-related
behaviors.

The circuit mechanisms by which VP inhibition reduces reinstatement remain puzzling,
given that VP’s strongest afferent is from NAc GABA neurons, in which neural activity would be
expected to inhibit VP cells—yet this activity appears to promote motivation similarly to activity
in VP itself (Carelli et al., 2000; McFarland et al., 2003; Day et al., 2006; Salamone et al., 2007,
Ambrogagi et al., 2008; Fuchs et al., 2008; Floresco, 2015). Clearly, there is more complexity to
the network-level interactions of VP and NAc than is currently appreciated. Future work should
explore the motivation-related roles of NAc/VP subregional communication, functional
distinctions between VP and/or NAc cell subpopulations, and also the major reciprocal
projection from VP back to NAc (Smith and Berridge, 2007; Stefanik et al., 2013; Richard et al.,
2016; Chang et al., 2018; Ottenheimer et al., 2018; Smedley et al., 2019).

Conclusion. The present report firmly establishes VP as an essential node in the neural circuits
of translationally-relevant cocaine reinstatement behavior, especially in the most compulsive,
addicted-like rats. By better understanding how addiction-relevant behaviors map onto defined
neural circuits in the addicted brain, we may reveal neural signatures that could facilitate
diagnosis and treatment of addiction in a personalized manner. These results join others which
suggest that VP plays a pivotal role in relapse, spanning specific relapse triggers and modes of

abstinence, making it a promising target for future interventions to treat addiction.
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CHAPTER 2: Ventral pallidum GABA neurons bidirectionally control opioid relapse
across rat models

Introduction

Pan-neuronal chemogenetic VP inhibition strongly attenuated reinstatement of cocaine
seeking after punishment-imposed abstinence (Farrell et al., 2019). Here, we expand upon
these findings by selectively chemogenetically inhibiting or stimulating VP¢A84 neurons during
reinstatement to remifentanil seeking—a potent p opioid receptor agonist.

Opioid addiction is a disorder characterized by persistent drug use despite adverse
consequences, and chronic risk of relapse after quitting. Though addicted individuals frequently
quit drug use due to mounting negative consequences, they often still relapse despite their
desire to remain abstinent (O'Brien et al., 1992; Sinha and Li, 2007; American Psychiatric,
2013). In particular, exposure to drug-associated cues or contexts often elicit cravings and
promote relapse (Serre et al., 2015).

Much preclinical work has examined the neural circuits of cue-, stress-, or drug-induced
relapse-like behavior in rodents, especially using models involving experimenter-imposed
abstinence or extinction training prior to reinstatement of drug seeking (Shaham et al., 2003).
Yet these conventional models do not capture the voluntary initiation of abstinence that is typical
of people with addiction seeking to control their use in the face of mounting negative life
conseguences—rats in these experiments have little disincentive to pursue drugs when they
may be available (Ahmed et al., 2013; Venniro et al., 2020). It has been argued that the
presence of such disincentives to drug use might be important for preclinically modeling
addiction (Belin et al., 2016; Vanderschuren et al., 2017; Luscher et al., 2020), especially since
the neural substrates underlying reinstatement differ when rats previously chose to stop taking
drugs, rather than undergoing extinction training (Panlilio et al., 2005; Pelloux et al., 2018a).
Furthermore, no single rodent model captures all aspects of the human use-cessation-relapse

cycle, so to maximize likelihood of translational relevance, we propose that putative addiction
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interventions should be tested in multiple rodent behavioral models including those optimizing
human relevance (Epstein et al., 2006). We hope that by understanding the converging neural
circuits underlying relapse across animal models that capture distinct features of the human
disorder, we can identify more promising candidates for targeting brain-based psychiatric
interventions in humans struggling to control their drug use.

Many prior rodent reinstatement studies have examined the brain substrates of relapse
following experimenter-imposed homecage abstinence (such as incubation of craving), or
extinction training (De Wit and Stewart, 1981; Shaham et al., 2000; Grimm et al., 2001; Fuchs
and See, 2002; Pickens et al., 2011; Reiner et al., 2019; Kruyer et al., 2020; Fredriksson et al.,
2021). Fewer studies have used models in which rodents instead voluntarily cease their drug
use, for example due to delivery of punishing shocks co-administered with drug. For opioid
drugs, this is partly due to the methodological consideration that the analgesic properties of
opioid drugs can diminish the ability of shock to suppress drug seeking. Here, we circumvented
this problem by using the short-acting, but highly reinforcing u opioid receptor agonist
remifentanil, similar to a model presented by Panlilio and colleagues (Panlilio et al., 2003,
2005). Since remifentanil is rapidly metabolized (Burkle et al., 1996), we were able to develop a
shock-based voluntary abstinence/reinstatement procedure, allowing for direct comparison of
opioid reinstatement following either voluntary punishment-induced abstinence, or extinction
training.

Specifically, we examined the role of VP, a brain region tightly embedded within
mesocorticolimbic motivational circuits, where opioid signaling plays important roles in reward-
related processes (Napier and Mitrovic, 1999; Smith et al., 2009). Locally applied y opioid
receptor agonists in VP induce robust food intake and locomotion, and enhance pleasure-like
reactions to sweet tastes (Austin and Kalivas, 1990; Smith et al., 2009). Systemically
administered heroin or morphine decrease extracellular GABA levels in VP (Caillé and Parsons,

2004, 2006), and lesioning or inactivating VP neurons diminishes high-effort responding for
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heroin (Hubner and Koob, 1990), and the ability of heroin priming injections to reinstate heroin
seeking following extinction training (Rogers et al., 2008b). VP is also required for high-effort
intake of remifentanil, since local application of an orexin receptor antagonist attenuates
remifentanil motivation in both behavioral economic and cue-induced reinstatement tasks
(Mohammadkhani et al., 2019). Therefore, VP is a key node in the circuits underlying the
rewarding and relapse-inducing effects of addictive opioid drugs.

This said, VP is a heterogeneous structure, and little is known about how this functional
heterogeneity impacts relapse-like behavior for opioids. VP contains subpopulations of neurons
with different neurotransmitter profiles and behavioral functions (Geisler et al., 2007; Root et al.,
2015; Faget et al., 2018; Tooley et al., 2018; Heinsbroek et al., 2020; Stephenson-Jones et al.,
2020), and rostrocaudal as well as mediolateral functional heterogeneity are also apparent
(Heimer et al., 1991; Johnson et al., 1993; Churchill and Kalivas, 1994; Panagis et al., 1995;
Zahm et al., 1996; Calder et al., 2007; Smith and Berridge, 2007; Kupchik and Kalivas, 2013;
Root et al., 2013; Mahler et al., 2014). For example, the rostral portion of VP is critical for cue-
induced cocaine seeking, whereas its caudal aspect is instead required for cocaine-primed
reinstatement (Mahler et al., 2014). Caudal VP also contains a ‘hedonic hotspot’ wherein local
application of a selective p opioid receptor agonist (or orexina peptide (Ho and Berridge, 2013))
selectively enhances taste pleasure (Smith and Berridge, 2005, 2007).

VPCABA neurons, which span both rostral and caudal VP zones, appear to play a
specialized role in reward-related processes, in contrast to intermingled VP glutamate neurons,
which instead mediate aversive salience processes (Geisler et al., 2007; Faget et al., 2018;
Tooley et al., 2018; Stephenson-Jones et al., 2020; Wang et al., 2020). For example, mice find
optogenetic stimulation of VP®A8A neurons reinforcing, and these neurons show endogenous
firing patterns consistent with the encoding of incentive value of rewards and reward-predictive
cues (Zhu et al., 2017; Faget et al., 2018; Stephenson-Jones et al., 2020). Stimulation of a

subset of VPA8A neurons expressing enkephalin also increases reinstatement of cocaine
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seeking in mice following extinction training (though broadly stimulating VP%"8A neurons did not
affect reinstatement) (Heinsbroek et al., 2020), and inhibiting VP®*BA neurons suppresses
context-induced alcohol seeking after extinction training in rats (Prasad et al., 2020). Though
these findings point to an important role for VPS*A neurons in highly motivated and relapse-
relevant behaviors, no studies have yet examined their roles in opioid seeking, nor compared
their functions in relapse models capturing dissociable addiction-relevant behavioral processes.
Here we address this gap by determining how VP®ABA neurons regulate remifentanil
intake and seeking using two distinct models of relapse-like behavior, including a newly adapted
voluntary abstinence-based reinstatement task. Using DREADDs (Armbruster et al., 2007), we
found that inhibiting VP®*BA neurons decreased opioid relapse after voluntary abstinence,
whereas stimulating VP®*BA neurons strongly increased opioid seeking regardless of the way in
which abstinence was achieved prior to reinstatement. Moreover, chemogenetic effects largely
relied on the presence of response-contingent cues, suggesting that VP*8A neurons may play a
special role in discrete cue-induced opioid seeking. Consistent with these findings, VP Fos
expression correlated with opioid reinstatement behavior in individual animals, but only in its
rostral, but not caudal, subregion. Further, we found that neither inhibiting nor stimulating
VPCABA neurons influenced unpunished remifentanil self-administration, highlighting a selective
role for these neurons in relapse-like drug seeking, rather than in the primary reinforcing effects
of remifentanil. Together, these results point to a fundamental and specific role for VPCGABA
neurons in opioid drug relapse-like behavior in rats, regardless of the behavioral model
employed. These results beg the question of whether VP is similarly involved in human drug
relapse, and if so, whether such circuits might be a promising future target for clinical treatment
of opioid or other addictions (Farrell et al., 2018; Farrell et al., 2019; McGovern and Root, 2019).
Methods
Subjects. GAD1:Cre transgenic rats (n = 32 males, n = 9 females) and wildtype littermates (n =

22 male, n = 12 female) were used in these studies. They were pair-housed in temperature,
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humidity, and pathogen-controlled cages under a 12:12 hr reverse light/dark cycle, and were
provided ad libitum food and water in the homecage throughout all experiments. Experiments
were approved by University of California Irvine’s Institutional Animal Care and Use Committee,
and were conducted in accordance with the NIH Guide for the Care and Use of Laboratory
Animals (National Research, 2010).
Surgery. Procedures for GAD1:Cre-dependent DREADD viral injections in VP were conducted
as previously described (Farrell et al., 2021). Briefly, anesthetized GAD1:Cre rats and wildtype
littermates were injected with one of three AAV2 viral constructs obtained from Addgene: hSyn-
DIO-hM4D(Gi)-mCherry (n = 11 males, 9 females), hSyn-DIO-hM3D(Gq)-mCherry (n = 36
males, 12 females), or hSyn-DIO-mCherry (n = 7 male, 0 female) (~0.3 yL/hemisphere, titers:
~1.2 x 102 GC/mL). During the same surgery, rats were implanted with indwelling, back-
mounted right jugular vein catheters for chronic drug self-administration as previously described
(Mahler and Aston-Jones, 2012; Mahler et al., 2014; Farrell et al., 2019; Mahler et al., 2019).
Drugs. Frozen powder aliquots of clozapine-N-oxide (CNO; NIDA) were diluted in 5% dimethyl
sulfoxide (DMSO; Sigma-Aldrich), vortexed for 10 s, then diluted with sterile 0.9% saline to a
concentration of 5 mg/mL. CNO was mixed fresh on each test day, and injected at 5 mg/kg (i.p.)
30 min prior to the start of behavioral testing in all experiments. Vehicle solutions were 5%
DMSO in saline, injected at 1 mL/kg. Rats were surgically anesthetized with ketamine (56.5
mg/kg) and xylazine (8.7 mg/kg), and given the non-opioid analgesic meloxicam (1 mg/kg).
Remifentanil hydrochloride was dissolved in sterile 0.9% saline to a concentration of 38 pug/mL
for self-administration.
GroupPU"sh training.
Self-administration phase.

Following recovery from surgery, hM4Di (n = 8 males, 5 females), hM3Dq (n = 13 male,
n = 0 female) and control rats (n = 9 males, 8 females) were initially trained in a distinct Context

A (peppermint odor, white light, and bare walls) during 2 hr daily sessions. They learned to
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press an active lever for intravenous infusions of remifentanil (1.9 ug/50 uL/ infusion), a short-
acting u opioid receptor agonist (Egan, 1995; Burkle et al., 1996), accompanied by a light + tone
cue (3.6 s stimulus light + 2.9 kHz tone). Infusions/cues were followed by a 20 s timeout period,
signaled by dimming of the houselight, during which lever presses were unreinforced, but
recorded. Presses of an inactive lever positioned on the opposite side of the chamber were
without consequence. Training in Context A proceeded on the following schedules of
reinforcement: 5-6 days of fixed-ratio 1 (FR1), 2 days of variable interval 5 (VI5), 2 days of VI15,
and finally 5 days of VI30.

Punishment training.

Next, Group"s" rats were moved to a distinct Context B (orange odor, red light, and
polka dot walls), where active lever presses (on a VI30 schedule) yielded the same dose of
remifentanil and the same light + tone cue as delivered in Context A. However, in Context B,
infusions were accompanied by a 50% probability of footshock, delivered concurrently with the
start of the infusion/cue. All rats were initially given one drug-free punishment training day in
Context B (0.30 mA footshock intensity), in order to determine the degree of punishment-
induced suppression of self-administration in each individual. An initial cohort (n = 7 hM4Di, n =
5 hM3Dq, n = 4 controls) was then used to examine effects of inhibiting or stimulating VPA8A
neurons during punished remifentanil self-administration. This group was administered CNO (5
mg/kg) or vehicle on each subsequent daily punishment training day according to the following
protocol: 2 days with 0.30 mA shocks, followed by 2 days each at footshock intensities
increasing by 0.15 mA on each step, up to a maximum of 1.65 mA, to suppress pressing.
Punishment training ceased in all rats upon reaching voluntary abstinence criterion (< 25 AL
presses on 2 consecutive days, days to criterion mean = SEM: 16.8 + 0.53). 48+ hours after
abstinence criterion was reached in these rats, they were given a final Context B punished self-
administration test without CNO/vehicle, to measure maintenance of abstinence in the absence

of VP manipulation.
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Since no signs of CNO effects were observed on punished drug seeking in this cohort
(data not shown), subsequent cohorts of rats (n = 20 males, 7 females) received a modified
protocol aimed at more rapidly inducing voluntary abstinence, without daily CNO/vehicle
treatment. These rats were trained on the Context B punished self-administration procedure
according to the following protocol: 1 day of 0.30 mA shocks, followed by 1 day each at 0.45,
0.60, 0.75, 0.90, and 1.05, 1.20, and 1.35 mA. Rats trained with both protocols reached the
same voluntary abstinence criterion (< 25 AL presses on 2 consecutive days) and showed
similar levels of pressing by the end of training (average active lever presses on last 2 days in
the 2 cohorts: ts1 = 0.15, p = 0.88). Both cohorts also showed similar levels of subsequent
reinstatement behavior (two-way ANOVA on reinstatement type x cohort; no main effect of
cohort: F(1, 121y = 0.28, p = 0.60; or reinstatement type x cohort interaction: Fp, 121y = 1.68, p =
0.19). Therefore, groups were collapsed for subsequent analyses of DREADD effects on
reinstatement in Group®uns",

Reinstatement testing.

After achieving abstinence criterion in Context B, all Group™"s" hM4Di, hM3Dq, and
control rats were then administered a series of reinstatement tests to determine how inhibiting
or stimulating VP®*BA neurons affected reinstatement in Contexts A and B, with or without
response-contingent cues (and without further remifentanil or shocks). Counterbalanced vehicle
and CNO injections were administered using a within subjects design prior to each
reinstatement test with 48 hrs between each test: 1) Context B with response-contingent cues (n
= 42) and 2) with no cues (n = 42) and 3) Context A with (n = 43) and 4) with no cues (n = 27).
Note that a subset of rats (n = 16) did not undergo the Context A with no cues tests, due to a
Spring of 2020 COVID-19 shutdown. Active/inactive lever presses were recorded.
Remifentanil self-administration retraining and testing.

Following reinstatement testing, a subset of Group®"s"rats (n = 5 male, n = 1 female

hM4Di, n = 8 male, n = 0 female hM3Dq, n = 6 male, n = 6 female controls) were retrained to
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self-administer remifentanil and light + tone cue in a distinct chamber (ie, neither Context A nor
B) on a VI30 schedule, identical to initial training. Counterbalanced vehicle and CNO tests were
administered upon achieving stability criterion (< 25% change in active lever presses on 2
consecutive days), with at least one day of restabilization between tests.
Group®* training. A separate cohort of hM3Dq rats (n = 8 males, 4 females) and controls (n =
11 males, 4 females) were trained to self-administer remifentanil/cues exactly as was
GroupPunsh: 14 daily 2 hr sessions up to VI30, occurring in Context A. Next, Group® was also
moved to Context B, but for this group active lever presses delivered no drug infusions, cues, or
shocks (extinction conditions), unlike in Group™"s" where Context B active lever presses yielded
all three. Extinction training continued in Context B for Group® rats until the extinction criterion
was met (< 25 active lever presses on 2 consecutive sessions). After lever pressing was
extinguished, Group®! rats then underwent CNO/vehicle tests on each of the 4 reinstatement
types, as described for Group®'"s" rats above: 1) Context B with cues (n = 27) and 2) with no
cues (n = 27) and 3) Context A with cues (n = 27) and 4) with no cues (n = 27).
hM3Dq-DREADD Fos validation. Our prior work validated the function of hM4Di-DREADDSs in
VP®4BA neurons of GAD1:Cre rats (Farrell et al., 2021). Here, we confirmed the function of
hM3Dg-DREADDs in this model, using Fos as a marker of neural activity. To do so, two
experimentally-naive groups were first tested. The first group expressed mCherry in VPGABA
neurons (mCherry-only, n = 3), and the second group instead expressed hM3Dg-mCherry in
VPCABA neurons (n = 3). Both groups were injected with CNO before returning to the homecage
for 2.5 hrs, then were perfused for analysis of Fos in mCherry-expressing VP®*A neurons.
Further, we also asked whether hM3Dg-induced Fos was affected by the behavioral
situation the rat was in. In a final 2 hr session following reinstatement testing described above,
we stimulated VPC®*8A neurons of hM3Dg-mCherry Group® rats prior to perfusion. These rats
were injected with CNO, then 30 min later we noncontingently presented 66 evenly spaced

remifentanil-paired cues (n = 3), or no cues (n = 4) over 2 hrs in a novel operant chamber (ie,
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neither Context A nor B), without levers extended. This number of cues was selected as it was
the average number of cues delivered by rats during self-administration training. Rats were
perfused immediately after this final cue/no-cue session

for analysis of Fos in mCherry-expressing VPS*®A neurons.

Experimental Procedures. GroupP“"s" and Group® rats were trained on self-administration in
Context A, followed by punishment/extinction in Context B, then were tested in a series of
reinstatement tests in both contexts, each following counterbalanced vehicle and CNO
injections. Some GroupP'"s" rats (n = 26) were re-trained on remifentanil self-administration
following reinstatement to test effects of CNO on self-administration. These rats also underwent
a final reinstatement test without CNO, held in Context A or B with cues, to examine behavior-
related Fos expression in rostral or caudal VP (neuron type not determined). Some hM3Dg- and
mCherry-expressing Group® rats (n = 7) and non-behaviorally tested rats (n = 6), following
reinstatement tests, were used to validate DREADD stimulation of Fos.

Immunofluorescent and immunohistochemical staining.

Immunofluorescent visualization of DREADD expression.

To visualize DREADD localization in each behaviorally tested subject, VP sections were
stained for substance P, which delineated VP borders from surrounding basal forebrain (Zahm
and Heimer, 1988; Root et al., 2015), and mCherry, which labeled DREADD-expressing GABA
neurons. Rats were perfused with 0.9% saline and 4% paraformaldehyde, brains were postfixed
for 16 hrs, then cryoprotected in 20% sucrose-azide. Brains were sectioned at 40 ym using a
cryostat, and 6-8 sections spanning VP’s rostrocaudal axis (from bregma +0.7 to bregma -0.6)
were collected and stained, as described previously (Farrell et al., 2021). Briefly, sections were
first blocked in 3% normal donkey serum (NDS), then incubated overnight in rabbit anti-
substance P (ImmunoStar; 1:5000) and mouse anti-mCherry antibodies (Clontech; 1:2000) in
PBST-azide with 3% NDS. Finally, sections were incubated for 4 hrs in Alexafluor donkey anti-

Rabbit 488 and donkey anti-Mouse 594 (Thermofisher). Sections were mounted, coverslipped
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with Fluoromount (Thermofisher), and imaged at 5x magnification with a Leica DM4000 with
Stereolnvestigator software (Microbrightfield). Viral expression sites were mapped in each rat
referencing a rat brain atlas (Paxinos and Watson, 2006) and observed VP borders.
Endogenous reinstatement-related VP Fos visualization.

A subset of GroupP'"sh rats were perfused following a final 2 hr reinstatement test
(Context A with cues: n = 9, Context B with cues: n = 8), in the absence of CNO/vehicle
injection. To quantify reinstatement-related neural activity in VP cells of any type, we stained a
set of slices throughout VP for Fos protein, and co-stained the same samples for substance P to
define VP borders on each section. Tissue was blocked in 3% NDS, incubated overnight in
rabbit anti-Fos primary antibody (Millipore, 1:10000), then for 2 hrs in biotinylated donkey anti-
rabbit secondary antibody (Jackson Immuno, 1:500), followed by 90 min amplification in avidin-
biotin complex (ABC; Vector Lab, 1:500). Sections were then reacted in 3,3'-Diaminobenzidine
(DAB) with nickel ammonium sulfate, to reveal a black nuclear stain for Fos protein. After
washing, sections were incubated overnight in mouse anti-substance P (Abcam, 1:10000), then
donkey anti-mouse biotinylated secondary antibodies (Jackson Immuno, 1:500), then amplified
with ABC. Another DAB reaction without nickel ammonium sulfate was conducted, yielding a
light brown product visualizing substance P-immunoreactive processes and neuropil (i.e. VP
borders).

Validating hM3Dg-induced Fos in VP®*®* neurons.

From separate experimentally-naive (n = 6) and Group®! (n = 7) Cre+ rats expressing
mCherry in VP®48A cells, sections were stained using double DAB immunohistochemistry to
visualize neurons expressing Fos (black nuclei) and mCherry (brown soma). Procedures
mirrored above, except after the Fos stain, a mouse anti-mCherry primary antibody (Takara Bio,
1:5000) was used instead of the substance P primary antibody to visualize hM3Dg-mCherry or
mCherry-expressing cells.

Fos quantification.
46



Endogenous reinstatement-related VP Fos quantification.

To examine reinstatement-related Fos within defined VP borders, stained sections were
mounted, coverslipped, and imaged at 10x magnification, and two observers blind to
experimental conditions manually counted all Fos+ nuclei within the substance-P defined VP
borders on 4 sections/rat, using ImageJ. These sections spanned the rostrocaudal extent of VP,
from bregma +0.7 to bregma -0.6. Fos counts from the left and right hemisphere were averaged
for each section, and these section averages were averaged to generate a per-rat mean Fos
value, which was used for statistical analyses. In addition, sections were divided into rostral and
caudal bins (1-3 sections/bin) in accordance with their location relative to bregma (rostral VP > 0
AP relative to bregma, caudal VP < 0 AP relative to bregma). An inter-rater reliability measure
showed a strong positive correlation between the two observers’ per-rat average Fos
quantification (Pearson’s correlation: r = 0.94, p < 0.0001).

Quantifying hM3Dg-induced Fos in VP®*®A neurons.

To examine hM3Dg-induced Fos in VP®ABA cells, stained sections were mounted,
coverslipped, and imaged at 10x magnification. mCherry+ cells, Fos+ cells, and mCherry+/Fos+
cells within VP borders (estimated based on (Paxinos and Watson, 2006)) were counted in
ImageJ. Two sections per rat were quantified from near the center of VP virus expression sites,
and counts from the left and right hemisphere of each section were averaged. The two section
averages were then combined to generate a per-rat mean, which was used for statistical
analyses of group effects.

Data analysis. Data were analyzed in Graphpad Prism, and figures were generated in Adobe
lllustrator. Repeated measures two-way ANOVAs with lever (inactive, active) and treatment
(vehicle, CNO) were conducted for each set of reinstatement and self-administration tests,
accompanied by Sidak post hoc tests. One-way or two-way ANOVAs were used to examine
differences in lever pressing among vehicle-treated rats during their reinstatement tests,

coupled with Sidak post hoc tests. Repeated measures two-way ANOVAs with DREADD type
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(Gi, Gq, control) and treatment (vehicle, CNO) were used to compare active lever pressing for
each reinstatement condition to confirm DREADD-specificity of CNO effects. Three-way
repeated measures ANOVAs with treatment (vehicle, CNO), context (Context A, Context B),
and cues (cues, no cues) as factors were conducted for each DREADD group. Between
subjects three-way ANOVAs with DREADD group (hM4Di, hM3Dq, Control), context (Context A,
Context B), and cue (cues, no cues) as factors were performed for vehicle-day reinstatement
active lever pressing. A one-way ANOVA was used to compare Fos across reinstatement
conditions, coupled with Sidak or Dunnett’s post hoc tests. Paired t-tests were used to compare
final-day self-administration behavior to first day punishment behavior. Pearson’s correlations
were used to examine the relationship between VP Fos and active lever pressing on a final
reinstatement test, as well as inter-rater reliability between blinded observers. Log-rank (Mantel-
Cox) test compared the number of days required to reach abstinence criterion for GroupPush
versus Group®. One rat in Group®™ and 1 in the substance P/Fos reinstatement experiment
were removed from reinstatement and Fos analyses, respectively, as outliers (> 3 standard
deviations from the mean). Statistical significance thresholds for all analyses were set at p <
0.05, two-tailed.

Results
Training in Context A, and response suppression in Context B via punishment or
extinction training. During Context A training, Group™"s" and Group® exhibited comparable
levels of remifentanil self-administration (infusions obtained throughout training: tss = 1.30, p =
0.20). In GroupP'"sh as we previously saw using an analogous cocaine model (Farrell et al.,
2019), shifting from unpunished Context A to Context B where 50% of infusions were met with
contingent footshock decreased active lever responding (Fig 9A, last day Context A vs. 1% day
Context B: active lever, ts> = 2.61, p = 0.022), and increased inactive lever pressing (t22=2.70, p
= 0.0098). In Group®*, shifting from Context A to Context B also decreased active lever

responding (Fig 9C, last day self-administration vs. 15 day extinction active lever: ts = 3.16, p =
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Figure 9. Behavioral testing schematic, training data, and vehicle-day reinstatement
following punishment- versus extinction-induced abstinence. A) Schematic of the
behavioral training for Group”'"s" rats undergoing self-administration in Context A (green
shading) and punishment in Context B (brown shading). Infusions and active/inactive lever
presses depicted. B) In GroupP'"s" rats, active lever pressing in Context A (green) and
punishment Context B (brown), with or without response-contingent discrete cues is shown
for vehicle test days, with accompanying test schematic (top). C) Schematic of the
behavioral training for Group®!rats undergoing self-administration in Context A (orange
shading) and extinction in Context B (blue shading). Infusions and active/inactive lever
presses depicted. D) In Group®rats, active lever pressing in Context A (orange) or
extinction Context B (blue), with or without discrete cues is shown for vehicle test days, with
associated test schematic (top). All training and testing sessions were 2 hr in duration.
Individual rats shown as gray dots. Data presented as mean + SEM.

0.004) and increased inactive lever responding (t2s = 5.22, p < 0.0001). Across Context B

training, Group®'"s" rats suppressed their active lever pressing to criterion in fewer days than
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Group®! rats (Log-rank Mantel-Cox survival analysis test, x? = 18.52, p < 0.0001).

Cues and contexts gate remifentanil reinstatement in both Group™"s" and Group® rats.
In GroupPU"s" rats, opioid reinstatement was impacted by both context and the presence or
absence of discrete, response-contingent cues (Fig 9B, two-way ANOVA (cues and context as
factors) on vehicle test day active lever pressing; cues main effect: Fq, 150y = 14.3, p = 0.0002;
context main effect: Fq, 1500 = 9.23, p = 0.0028; cues x context interaction: F, 150) = 5.13, p =
0.025). In Context A, more seeking was seen with cues than without (Sidak post hoc: p =
0.0005), and cues elicited more pressing in Context A than they did in Context B (p = 0.0006).
Context A with cue reinstatement was also greater than in Context B without cues (p < 0.0001).
Pressing was similar in Context A without cues to pressing in Context B, with or without cues
(ps > 0.83). In Group®* rats, opioid reinstatement was also impacted by both context and
discrete, response-contingent cues (Fig 9D, two-way ANVOA (cues and context as factors);
cues main effect: F, 1000 = 55.67, p < 0.0001; context main effect: Fq, 100) = 4.43, p = 0.038; cues
X context interaction: F, 100y = 2.57, p = 0.11). Pressing was greater in the Context A with cues
test than in either context without cues (Sidak post hocs; Context A with cues versus no-cue
tests in Context A: p < 0.0001; or Context B: p < 0.0001), and cue-elicited pressing trended
toward being greater in Context A than in Context B (p = 0.059). In Context B, pressing was
greater with cues than without them (p = 0.0004). Overall, reinstatement in Group”'"s" was
greater than reinstatement in Group®! (vehicle day data; two-way ANOVA with group

(GroupPush - Group®?) and reinstatement condition (Context A with/without cues, Context B

50



Elevated VP Fos After

A) Reinstatemsgt in both Contexts B) Rostral VP C) Caudal VP
| —
600+ Jekdk 60091 r=0.62 % ° . 6001r=0.43
1
—E |p=0.014 o lp=0.11
3 8 O|Context A+Cues| o 8 O|Context A+Cues
"; 400+ I'; 4001 @ |Context B+Cues t 400 @ Context B+Cues ° L
« © o ° ©
< r 2 T ° * o 2 T L] 00
2 S 2 QM/"‘
< 2004 a 2004 0@ < 200+ > ® e 5
b (o]
0- Homecage GraupPunrisn GroupPunish 0 T T T T T 1 0 T T T T T 1
9 Context A+Gues Context B+Cues 0 25 50 75 100 125 150 0 25 50 75 100 125 150
Active Lever Presses Active Lever Presses

Figure 10. Rostral, but not caudal, VP Fos correlates with remifentanil seeking. A)
Elevated Fos in VP neurons in Context A with cues (green bar) and Context B with cues
(brown bar), relative to homecage control (gray bar). No difference in VP Fos was detected
between Context A with cues and Context B with cues. Individual rats shown as gray dots.
Data presented as mean + SEM. B) In GroupP"s" rats, Fos in rostral VP (anterior of bregma)
positively correlates with cue-induced opioid reinstatement (active lever presses). Green
circles represent rats tested with cues in Context A, brown dots represent those tested with
cues in Context B. C) Fos in caudal VP (posterior of bregma) was uncorrelated with opioid
reinstatement. Pearson correlation: p* < 0.05. One-way ANOVA, Dunnett’s post hoc: p** <
0.01, p*** < 0.0001.

with/without cues) as factors: F, 250 = 11.44, p = 0.0008). This effect was in part due to high
levels of pressing of Group™"sh rats in Context A with cues, as there was greater reinstatement
in Context A with cues relative to all other reinstatement conditions in both GroupP"s" and
Group®! (Sidak post hocs: ps < 0.016). These results indicate that response-contingent cues
reinstate seeking following either punishment or extinction training, but the modulation of this by
context may be greater in Group®'"s", relative to Group®:.

Rostral VP neural activity is positively correlated with cue-induced reinstatement. To
determine whether VP Fos (any neuron type) was associated with reinstatement behavior, a
subset of GAD1:Cre and wildtype Group®"s" rats, following all 8 reinstatement tests with vehicle
and CNO, were sacrificed following a final reinstatement test in Context A with cues, Context B

with cues, or directly from their homecage. Greater Fos expression in all VP neurons was found
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relative to homecage-tested controls (Fig 10A,

Figure 11. VP®ABA DREADD
localization and hM3Dq validation. A)
Expression of hM4Di-mCherry (red)
localized largely within VP borders
defined by substance P (green). B)
Coronal sections depicting the center of
hM4Di-mCherry expression (red) for
each rat along VP’s rostrocaudal axis
relative to bregma (substance P-defined
VP borders = green). C) Expression of
hM3Dg-mCherry (red) is similarly
localized within VP borders (green). D)
Coronal sections similarly depicting the
center of hM3Dg-mCherry expression
(red) for each rat is shown. E) CNO
treatment in hM3Dg-mCherry rats tested
in the homecage exhibited greater Fos
in mCherry+ neurons (2" bar, blue),
than in homecage mCherry-only rats
treated with CNO (1% bar, gray). CNO-
treated hM3Dg-mCherry rats exposed to
remifentanil-paired cues (3" bar, blue)
or no cues (4" bar, blue) had more Fos+
mCherry neurons homecage rats (1%
bar, gray). However, the hM3Dq
stimulation of Fos was no different in the
presence or absence of cues. Images
above/embedded within bars depict 10x
images of immunohistochemical staining
of mCherry (brown) within VP borders,
and Fos+ nuclei (black). Example
mCherry-only and mCherry+Fos double-
labeled neuron indicated with brown and
brown/black arrows, respectively.
Individual rat data shown as gray dots
on top of bars. One-way ANOVA,
Dunnett’s post hoc: p*** < 0.001. Data
presented as mean + SEM.

one-way ANOVA, F, 21y = 12.25, p = 0.0003; Dunnett’s post hoc: Context A with cues vs.

homecage, p = 0.005; Context B with cues vs. homecage, p = 0.0002). No difference in VP Fos

expression was detected between Context A with cues and Context B with cues (Sidak post

hoc: p = 0.43). Fos in rostral (Fig 10B), but not caudal (Fig 10C) VP correlated with total active
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lever presses during the final reinstatement test (r = 0.62, p = 0.014), similar to our prior report
showing that rostral VP Fos is associated with cue-induced cocaine seeking (Mahler et al.,
2014).

hM4Di- and hM3Dg-DREADD expression in VP®ABA neurons. GAD1:Cre rats expressing
DREADDs with at least 50% within VP borders (defined by substance P) were included for
analyses, for a total of 13 GAD1:Cre hM4Di-expressing (hM4Di) rats (Fig 11A-B, Group®u"sh: n
= 8 males, 5 females) and 25 GAD1:Cre hM3Dg-expressing (hM3Dq) rats (Fig 11C-D,
GroupPush: n = 13 males, 0 females; Group®": n = 8 males, 4 females). Control rats were
designated as those with DREADD expression outside of VP (n = 2), mCherry expression (n =
8), or Cre- rats with no expression (n = 10), which were combined for analyses.

CNO increases Fos immunoreactivity in hM3Dg-expressing neurons. CNO treatment
induced more Fos in hM3Dg-expressing neurons, relative to mCherry-only neurons (Fig 11E,
one-way ANOVA: F@, 9) = 20.56, p = 0.0002). Equivalent Fos induction was seen regardless of
the behavioral circumstance in which CNO was administered, with similar homecage mCherry-
relative increases in hM3Dq rats tested in homecage (Dunnett’s post hoc, p = 0.0005), or in a
novel operant chamber with (p = 0.0004) or without (p = 0.0002) cues. hM3Dq rats tested in
home- or test-cages did not differ in Fos expression (Sidak post hoc: ps > 0.99). These results
collectively show that 1) hM3Dq stimulation augments neural activity as expected and 2) hM3Dq
stimulation enhanced neural activity similarly regardless of the behavioral context in which the
stimulation occurred.

Inhibiting VP®ABA neurons suppresses remifentanil reinstatement after punishment. In
GroupPunsh rats expressing hM4Di DREADDSs, a lever (active, inactive) x treatment (vehicle,
CNO) ANOVA revealed a significant main effect of lever across all conditions (p < 0.01). Active
lever presses in Context A with cues were suppressed by CNO treatment in hM4Di rats (Fig
12A, treatment x lever interaction: Fq, 24y = 6.53, p = 0.017; active lever Sidak post hoc: p =

0.0047), but this was not the case in Context A without cues (Fig 12D, treatment: F(, 10y = 0.43,
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Figure 12. Following punishment, inhibiting or stimulating VP®ABA neurons
bidirectionally controls remifentanil seeking. A-C) In Context A with cues, CNO
treatment A) decreased opioid seeking in hM4Di rats (purple bar), B) increased seeking in
hM3Dq rats (blue bar), and C) was without effect in control rats (light gray bar), relative to
vehicle treatment (black bars). D-F) In Context A with no cues, CNO treatment was without
effect on opioid seeking in D) hM4Di rats (purple bar), E) hM3Dq rats (blue bar), and F)
control rats (light gray bar), relative to vehicle treatment day (black bars). G-I) In Context B
with cues, CNO treatment G) was without effect on opioid seeking in hM4Di rats (purple bar),
H) increased opioid seeking in hM3Dq rats (blue bar), and F) did not impact opioid seeking
in control rats (light gray bar), relative to vehicle treatment day (black bars). J-L) In Context
B with no cues, CNO treatment was without effect on opioid seeking in J) hM4Di rats (purple
bar), K) hM3Dq rats (blue bar), and L) control rats (light gray bar), relative to vehicle
treatment (black bars). Dark gray overlaid bars with white outline represent inactive lever
presses, and light gray lines depict individual rats’ active lever pressing on each session.
Repeated measures two-way ANOVA, Sidak post hoc: p** < 0.01, p*** < 0.001. Data
presented as mean + SEM.

p = 0.52; treatment x lever interaction: F, 10) = 3.38, p = 0.096), showing that inhibiting VPCABA
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neurons suppressed seeking in Context A only in the presence of discrete cues. Moreover,
vehicle day reinstatement was statistically comparable across DREADD groups (DREADD main
effect: F,11) = 2.31, p = 0.10; DREADD x cue x context interaction: F 11y = 0.23, p = 0.80). CNO
treatment in hM4Di rats trended towards reducing opioid seeking in Context B with cues (Fig
12G, treatment X lever interaction: F, 24y = 3.98, p = 0.058), but no main effect of treatment, or
treatment x lever interaction was detected in Context B without cues (Fig 12J, treatment: F, 24)

=2.79, p = 0.11; treatment x lever: Fq, 24y = 0.12, p = 0.73). A three-way RM ANOVA (treatment

X context x cues) revealed no significant interaction for hM4Di rats (F5) = 0.25, p = 0.64).

Stimulating VP®ABA neurons augments remifentanil reinstatement after punishment. In

GroupPush rats expressing hM3Dg DREADDs in VP®ABA neurons, CNO strongly increased

hM3Dq Controls | Figure 13. Following extinction,
A) 250 4 vericie B) 2501 g venicie stimulating VP®*BA neurons augments
v 20018 e 200] m nacive reinstatement in a cue- and context-
n @ ", dependent manner. A-B) CNO
g i B 1501 treatment (blue bar) in hM3Dq rats
&) § 100 100 augmented opioid seeking in Context A
3 5. 50 T | with cues relative to vehicle (black bar),
i i = but no effect was detected in controls
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C) D) CNO treatment (blue bar) in hM3Dq rats
N 150- 150+ : .. g
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opioid seeking, and appeared to do so in a cue-dependent manner. Specifically, CNO
augmented active lever pressing in both Context A with cues and Context B with cues (Fig 12B,
Context A with cues treatment x lever interaction: Fq, 24y = 8.78, p = 0.0068, active lever Sidak
post hoc: p = 0.0001; Fig 12H, Context B with cues treatment x lever interaction: F, 24y = 9.79, p
= 0.0046, active lever Sidak post hoc: p = 0.0001). In contrast, CNO in hM3Dq rats failed to
augment seeking in Context A in the absence of cues (Fig 12E, Context A with no cues
treatment x lever interaction: Fq, 14y = 0.22, p = 0.64; Context A with no cues treatment: F, 14) =
2.08, p =0.17). CNO in hM3Dq rats subtly increased pressing on both the active and inactive
lever in Context B with no cues, as indicated by a main effect of treatment accompanied by a
non-significant treatment x lever interaction (Fig 12K, Context B with no cues treatment: F, 24) =
4.77, p = 0.039; Context B with no cues treatment x lever interaction: Fq, 24y = 0.92, p = 0.35;
active lever Sidak post hoc: p = 0.071; inactive lever: p = 0.63). A three-way RM ANOVA
(treatment x context x cues) revealed no significant interaction in hM3Dq rats (Fa,7) = 0.0001, p
=0.98).

Stimulating VP®ABA neurons augments remifentanil seeking after extinction. In Group®®
rats with hM3Dg DREADDs, CNO treatment augmented seeking in the presence of cues,
irrespective of whether rats were in Context A or B (Fig 13A, treatment main effect Context A
with cues: Fq, 20 = 4.91, p = 0.038, active lever Sidak post hoc: p = 0.037; Fig 13E, treatment
main effect Context B with cues: F, 2090 = 9.86, p = 0.0052, active lever Sidak post hoc: p =
0.033). In the absence of cues, CNO augmented opioid reinstatement only in Context A, but not
in Context B (Fig 13C, treatment main effect Context A with no cues: F,20) = 8.84, p = 0.0075,
active lever Sidak post hoc: p = 0.011 ; Fig 13G, treatment main effect Context B with no cues:
Fa 200 = 2.10, p = 0.16; treatment x lever interaction: Fg, 20 = 0.19, p = 0.67). A three-way RM
ANOVA (treatment x context x cues) revealed no significant interaction in hM3Dq rats (F,10) =

0.04, p = 0.84). Overall, we find that stimulating VP®*BA neurons in Group®'"s" or Group® rats
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augments seeking in either Context in the presence of cues, but only increases non-cued

seeking in Context A in Group®* but not in Group®unsh,
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Figure 14. No impact of inhibiting or stimulating VP®A8A neurons
on remifentanil self-administration. Relative to vehicle day
performance in the same rats (black bars), CNO treatment failed to
alter A) active lever presses or B) infusions obtained during
unpunished opioid self-administration in hM4Di rats (purple bars).
C,D) Analogous self-administration data is shown for hM3Dq rats
(blue bars), and E,F) control rats (gray bars). Gray lines represent
individual rats’ behavioral output. Data presented as mean + SEM.

Neither inhibiting
nor stimulating
VPCABA neuron
alters opioid self-
administration.
Finally, we asked
whether VPCABA
neuron manipulations
influence unpunished
opioid self-
administration in a
subset of GroupPunish
rats, retrained to self-
administer after
reinstatement testing.
Stable self-

administration was

unaffected by CNO treatment in hM4Di rats (Fig 14A, treatment: F, 100 = 2.14, p = 0.17,

treatment x lever interaction: Fq 10y = 2.14, p = 0.17) or hM3Dq rats (Fig 14C, treatment: Fq, 10) =

1.63, p = 0.23; treatment x lever interaction: Fg, 10 = 1.63, p = 0.23). The number of infusions

obtained was similarly unaffected by VP®*BA neuron manipulations (Fig 14B, hM4Di: ts = 1.89, p

=0.12; Fig 14D, hM3Dq: ts = 1.98, p = 0.10).

No effect of CNO on behaviors in DREADD-free control rats. In GroupP"s" control rats,

CNO did not influence opioid reinstatement in Context A with cues (Fig 12C) or without them
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(Fig 12F), or in Context B with (Fig 12I) or without cues (Fig 12L, treatment: Fs < 0.86, ps >
0.35; treatment x lever interaction: Fs < 1.28, ps > 0.26). Similarly, in Group®* control rats, CNO
did not impact reinstatement after extinction in Context A with cues (Fig 13B) or with no cues
(Fig 13D), or Context B with (Fig 13F) or with no cues (Fig 13H, treatment: Fs < 3.56, ps >
0.06; treatment x lever interaction: Fs < 2.61, ps > 0.11). CNO (versus vehicle) showed no main
effect (Group®U"sh: F(1.11) = 0.47, p = 0.51; Group®*: F1.14) = 1.98, p = 0.18) or interactions with
cue or context variables (three-way RM ANOVA (treatment x context x cues): Group™"s": F 11
=.01, p = 0.92; Group®*: F(1,14) = 0.002, p = 0.97). Likewise, CNO was also without effect on
remifentanil self-administration in controls (Fig 14E, treatment: F, 200 = 0.98, p = 0.34; treatment
X lever interaction: F, 20 = 1.07, p = 0.31; Fig 14F, control infusions: tio= 0.082, p = 0.94).
Specificity of CNO effects were confirmed with two-way ANOVAs examining DREADD group X
treatment effects on active lever pressing in CNO-impacted reinstatement conditions. For
GroupPu"sh rats, on reinstatement tests for which CNO had an effect, we found specificity of
CNO effects (DREADD x treatment interactions: Fs > 12.63, ps < 0.0001). For Group®! rats,
given that there were only hM4Di and control groups, DREADD x treatment interactions were
non-significant (Fs < 4.09, ps > 0.054).
Discussion

Using chemogenetic inhibition/stimulation and Fos expression analyses, we found that
VPCABA neurons play a key role in opioid relapse-like behavior. Following remifentanil self-
administration and subsequent abstinence from drug taking, chemogenetically inhibiting VPGABA
neurons suppressed, and stimulation enhanced opioid reinstatement—especially when it was
driven by discrete, response-contingent drug cues. VP%*®¥’s role was apparent across multiple
reinstatement models, and it was specific to reinstatement, in that the same chemogenetic
manipulations did not affect remifentanil’s primary reinforcing properties. We also validated
hM3Dg DREADDs as being capable of Fos-activating GABA neurons in GAD1:Cre transgenic

rats, and determined that VP®*BA neurons were equivalently stimulated by DREADDs in the
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presence or absence of drug-associated cues. This is despite the fact that the presence of cues
during such stimulation was generally required for increased drug-seeking behavior to occur.
Finally, we found that endogenous neural activity (Fos) in rostral, but not caudal, VP cells
correlated with reinstatement behavior. These experiments thus show a specific role for VPSABA
neurons in opioid relapse-like behaviors, regardless of the preclinical model employed—
potentially positioning VP as a future target for intervention in this chronic, relapsing disorder.

In hopes of better modeling the circumstances of drug addiction, preclinical models have
emerged in which drug taking is coupled with adverse consequences which cause rats to decide
to quit using (Marchant et al., 2013a; Farrell et al., 2018; Marchant et al., 2019; Venniro et al.,
2020)—similar to the self-imposed abstinence present in most humans attempting to control
their drug intake. We and others have suggested that through such efforts to better model
human addiction and relapse-like behaviors in rats we may gain new insights into the neural
circuit dynamics most likely engaged in people with addiction. Here, we build on prior work to
establish a model of remifentanil cue- and context-induced relapse after punishment-induced
abstinence, adapting those previously used with other drugs of abuse (Marchant et al., 2013b;
Krasnova et al., 2014; Pelloux et al., 2018b; Farrell et al., 2019; Fredriksson et al., 2020). Using
the short-acting but strongly reinforcing opioid drug remifentanil, we built on the work of Panlilio
and colleagues who previously established that footshock punishment suppresses remifentanil
self-administration, and that remifentanil seeking can be subsequently reinstated (Panlilio et al.,
2003, 2005). Here, we expand on these models by incorporating an explicit contextual element
to the reinstatement tests (with or without discrete drug-paired cues), allowing us to interrogate
the facilitatory and suppressive effects of these learned stimuli on drug seeking. We note that
unlike extinction- or forced abstinence-based reinstatement models, voluntary abstinence
models may mimic the conflicted motivational processes that often arise in people with addiction

attempting to control their drug use due to mounting life consequences. We hope that
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developing this approach in rats could ultimately lead to deeper understanding of neural circuits
that are engaged when humans decide to try to quit using.

Discrete cues occurring in conjunction with drug use (e.g., paraphernalia), and diffuse
contextual elements (e.g., location of prior drug use) serve as powerful triggers that can
ultimately lead an abstinent person to relapse. The ability of discrete cues and contexts to elicit
drug seeking appears to depend on overlapping yet distinct neural circuits (Crombag et al.,
2008; Bossert et al., 2013; Farrell et al., 2018), some of which involve VP or its close neural
connections (McFarland et al., 2003; Fuchs et al., 2008; Perry and McNally, 2013; Stefanik et
al., 2013; Mahler et al., 2014; Prasad and McNally, 2016; Prasad et al., 2020; Kupchik and
Prasad, 2021). Therefore, we examined VP®"8A involvement in reinstatement elicited by both
discrete cues and contexts in our behavioral relapse models. After punishment-induced
abstinence, inhibiting VP®ABA neurons only reduced remifentanil seeking in the “safe” Context A
in the presence of cues—the condition in which reinstatement was highest. In contrast, we
found that inhibiting VP®*BA neurons did not affect seeking in the punishment-associated
Context B in the presence or absence of cues, potentially in part due to a floor effect resulting
from low responding in this “dangerous” context. These results are reminiscent of our prior
report with cocaine showing that chemogenetic inhibition of VP neurons suppressed cue-
induced drug seeking in a safe Context A, but not in a dangerous Context B, using an
analogous voluntary abstinence-based reinstatement model (Farrell et al., 2019). Here, we also
examined effects of stimulating VPB4 neurons on post-punishment opioid seeking, which we
found to robustly augment cue-induced remifentanil seeking in both Context A and Context B. In
the absence of cues, however, stimulating VP%*8* neurons exhibited no effect in either Context
A or B. It appears, then, that response-contingent cues are required to reveal the motivation-
enhancing effects observed with hM3Dq stimulation after punishment-induced abstinence.
Overall, these data suggest cue- and context-dependent roles for VP®ABA in reinstatement

following voluntary abstinence.
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Though we found cue- and context-dependent effects of manipulating VP4 neurons
on opioid seeking following punishment-induced abstinence, the way in which abstinence is
achieved in preclinical models determines the neural circuits recruited during reinstatement
(Fuchs et al., 2006; Farrell et al., 2018; Pelloux et al., 2018a; Marchant et al., 2019). Therefore,
we asked whether stimulating VP®*A neurons would have similar effects on cue or context-
induced reinstatement using an analogous extinction-based abstinence reinstatement model.
We found that VP®"BA neuron stimulation in extinguished rats similarly augmented cue-induced
remifentanil seeking in both Context A and B. However, unlike in punishment-trained rats,
VPCABA neuron stimulation in extinguished rats augmented seeking in Context A in the absence
of cues, not just in their presence. This could suggest that VP®AA roles in context-induced
reinstatement may differ based on the affective associations imbued in these contexts (i.e. fear
of shock versus extinction-related disengagement), or contrast effects between the always safe
Context A with the extinction- or punishment-paired Context B. Alternatively, differences
between the models in the number of training days required for extinction- versus punishment-
induced abstinence, or other methodological differences between the procedures could have
contributed to this distinction. Future work ought also to explore how punishment learning in
Context A (rather than a distinct Context B) might impact neural circuit recruitment and
reinstatement. Regardless, these findings of a relatively pervasive, necessary and sufficient role
for VPSBA neurons in cue-induced reinstatement contrast with other limbic nodes like the BLA
or dorsal striatum, since inactivating these nodes differentially affects reinstatement behavior
depending on the way in which abstinence was achieved (Fuchs et al., 2006; Pelloux et al.,
2018a). Overall, these results suggest that VPS*BA neurons are involved in cue-induced drug
seeking across rat relapse models, suggesting they might also play an analogous role in human
opioid relapse.

Prior work from us and others suggests nuanced roles for VP and its neuronal

subpopulations in drug seeking, as well as motivated behavior more generally (Root et al.,
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2013; Leung and Balleine, 2015; Root et al., 2015; Richard et al., 2016; Ottenheimer et al.,
2020; Farrell et al., 2021). In particular, recent reports support a role for phenotypically-defined
VP cellular subpopulations in relapse to drug seeking across drugs of abuse and relapse
models (Mahler et al., 2014; Prasad and McNally, 2016; Heinsbroek et al., 2017; Farrell et al.,
2019; Pardo-Garcia et al., 2019; Heinsbroek et al., 2020; Prasad and McNally, 2020; Pribiag et
al., 2021). For example, VP DA Ds-receptor expressing populations and their outputs to lateral
habenula (LHb) are critical for cue-induced cocaine seeking (Pribiag et al., 2021). VP®"8A and
parvalbumin-expressing VP neurons are also recruited by alcohol-associated contextual cues,
and chemogenetic inhibition of these subpopulations suppressed context-induced relapse to
alcohol seeking (Prasad et al., 2020). Stimulation of a subset of enkephalin-expressing VPCABA
neurons enhanced cue-induced cocaine reinstatement, whereas stimulating VP glutamate
neurons instead suppressed cocaine reinstatement (Heinsbroek et al., 2020). However,
although broad stimulation of VP®A8A neurons induced reinstatement to cocaine seeking in
extinguished mice, it failed to augment cue-induced reinstatement (Heinsbroek et al., 2020).
These findings are collectively in accordance with the idea that VP glutamate neurons constrain
reward seeking, and have opposite motivational roles to VP®*8A neurons, which are instead
involved in appetitive processes (Faget et al., 2018; Tooley et al., 2018; Stephenson-Jones et
al., 2020; Farrell et al., 2021). Our results further demonstrate the critical role of VP¢*BA neurons
in opioid seeking, especially when triggered by drug-paired cues.

Consistent with prior reports examining cocaine seeking, we identified that rostral, but
not caudal, VP neural activity (Fos) was positively correlated with cue-induced drug
seeking(Mahler et al., 2014), and that VP neural activity was elevated following reinstatement
testing in both punishment-associated Context B or reward-associated Context A (Farrell et al.,
2019). Our Fos results demonstrate that rostral, not caudal VP is activated when rats undergo
cue-induced reinstatement of remifentanil seeking, and that rostral VP Fos scales with the

intensity of drug seeking across individual animals. Several groups have also shown a
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functional gradient along VP’s rostrocaudal axis (Heimer et al., 1991; Johnson et al., 1993;
Churchill and Kalivas, 1994; Panagis et al., 1995; Calder et al., 2007; Kupchik and Kalivas,
2013). For example, caudal VP contains a ‘hedonic hotspot’ in which locally applied orexina or p
opioid receptor agonists enhance hedonic orofacial ‘liking’ reactions to sweet liquid rewards
(Smith and Berridge, 2007; Ho and Berridge, 2013). Though our Fos analysis (Fig 10) was not
restricted to VP®ABA cells, the majority of Fos-positive cells were likely GABAergic, since VP
consists of mostly GABAergic neurons across its rostrocaudal axis (Root et al., 2015; Faget et
al., 2018; Bernat et al., 2021). We also note that our DREADD manipulations were targeted in
central VP, and therefore spanned both rostral and caudal VP zones. Future work should further
dissect anatomical, cellular, and molecular profiles spanning rostrocaudal VP zones to
determine the specific roles of neuronal populations within these subregions responsible for this
apparent anterior-posterior functional gradient.

We show that Gg-DREADDSs robustly stimulate Fos in VP®A8A neurons, as seen in other
neural populations (Mahler et al., 2014; Nation et al., 2016; Yoshimura et al., 2017; Mahler et
al., 2019; Haaranen et al., 2020; Sharma et al., 2020), and here we further asked whether the
behavioral situation impacts hM3Dg-induced Fos, as it does for hM3Dg-induced behavior.
Specifically, we reasoned that since hM3Dg-stimulated reinstatement was most robust in the
presence of response-contingent cues, the presentation of these cues might further augment
hM3Dg-simulated Fos levels, relative to rats exposed to no cues, or tested outside a drug-
seeking context (homecage). However, the presence or absence of discrete, passively
administered cues made no difference—Fos levels in mCherry-hM3Dq VP neurons following
CNO administration were similar regardless of whether testing occurred in the presence of drug
cues. This indicates that hM3Dq DREADD stimulation enhances activity of VP®*A neurons
regardless of behavioral situation, though the same stimulation only caused consistent
increases in drug seeking the presence of cues. This likely implies that VP activation either

results in drug seeking or does not depending on the cue-elicited activity state of the wider
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motivation circuits within which VP interacts. Perhaps this is not surprising conceptually—
enhanced activity of the VP®ABA projection neurons cannot inhibit cue-evoked activity in target
regions (e.g., VTA) if cues are not present to cause activity capable of being inhibited. In theory,
this could be a useful feature of manipulating such inhibitory circuits to treat psychiatric
disorders, as the behavioral/cognitive effects of activating GABAergic projections may only
become apparent in the presence of symptom-related circumstances related to abnormal
neuronal hyperactivity in downstream regions.

These studies have some limitations that should be considered, and explicitly followed
up in future studies. For example, both male and female rats were used in these studies, but in
some cases unequal numbers of each sex were present, precluding our ability to examine sex
differences in most cases. This said, in our prior work we detected no sex differences in effects
of chemogenetic manipulations of VP neurons, or VP®"8A neurons (Farrell et al., 2019; Farrell et
al., 2021), though sex-dependent VP effects are still likely (Lim et al., 2004; DiBenedictis et al.,
2020; Lee et al., 2021) and worthy of additional study. CNO doses equivalent or higher than that
used here (5 mg/kg) have no discriminable effects on reinstatement or self-administration
behaviors in our hands (Mahler et al., 2014; Farrell et al., 2019; Mahler et al., 2019; Farrell et
al., 2021). Likewise, no observable effects of CNO were seen in non-DREADD expressing
control rats here—though off target effects of the compound have been reported and should
always be controlled for (Gomez et al., 2017; Mahler and Aston-Jones, 2018). We did not test
here effects of VP®ABA neuron inhibition on post-extinction reinstatement, only stimulation.
Several prior reports have shown VP is essential for post-extinction reinstatement (McFarland
and Kalivas, 2001; McFarland et al., 2004; Rogers et al., 2008b; Mahler et al., 2014; Prasad and
McNally, 2016; Prasad et al., 2020), but the pattern of effects in our specific context/cue model
are unknown. Though our prior results have shown that chemogenetic VPS*A neuron
manipulations do not affect locomotor activity per se (Farrell et al., 2019; Farrell et al., 2021), we

did not explicitly control for such locomotor effects in the current study. Finally, it is important to
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note that DREADD stimulation of neurons is unlikely to recapitulate natural firing patterns
generated endogenously by VP circuits, and VP firing dynamics should be further studied using
complementary methods.

Our results establish that VPS8 neurons regulate reinstatement across preclinical
opioid relapse models, adding to the growing evidence for a key role of VP within motivation
circuits (Napier and Mitrovic, 1999; Floresco et al., 2003; Smith et al., 2009; Tachibana and
Hikosaka, 2012; Root et al., 2015; Creed et al., 2016; Ottenheimer et al., 2018; Levi et al., 2019;
Inbar et al., 2020; Kaplan et al., 2020). Though such evidence implies that targeting VP circuits
might be a useful strategy for helping humans struggling to control their drug use, many
guestions remain. How does molecular heterogeneity within neurotransmitter-defined VP
circuits influence motivated behavior? Is it possible to modulate the activity of VP to influence
maladaptive drug seeking without impairing healthy desires? How is VP’s efferent and afferent
connectivity involved in different types of motivated behavior? Further investigating these
questions may yield fruitful insights not only about VP’s role in addiction, but also fundamental

ways in which motivational systems interact with cognitive and memory systems more generally.
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CHAPTER 3: Ventral pallidum GABA neurons mediate motivation underlying risky choice
Introduction

The previous chapters specifically investigated VP neuron populations in relapse-like
behavior after abstinence, revealing that VP®"8A neurons are critical for motivating cocaine and
opioid seeking behavior. Here, we explore the function of VP®*BA neurons in appetitive,
aversive, and mixed motivational scenarios, revealing a fundamental role for VP8 neurons in
motivation and decision making beyond drug seeking.

Executing appropriate action under conflicting motivations is fundamental for survival in
a dynamic world. For example, balancing appetitive and aversive motivations is essential for
most animals to eat without being eaten. In humans, this interplay of motivations is required for
appropriate decision making, and inappropriately balancing reward and aversion likely
contributes to a variety of psychiatric disorders including addiction. Indeed, compulsive drug use
and relapse in addiction can be conceptualized as desire for drugs overcoming the perceived
threat of consequences, leading to poor decisions. Yet most preclinical studies explore reward
in the absence of threat, or threat without reward—conditions that rarely occur in the lives of
opportunistic prey species like rodents. Understanding how functionally distinct cell populations
within brain motivation circuits participate in appetitive, aversive, and also mixed motivations will
provide novel insights into the neural substrates of both adaptive and maladaptive decision
making.

The VP is at an anatomical interface of motivation and action (Heimer et al., 1982), and
is ideally positioned to contribute to behavioral responses to both rewards and threats. Across
species, VP neurons encode the motivational value of specific actions that result in reward, in a
manner that reflects whether such actions are worth generating (Pessiglione et al., 2007; Tindell
et al., 2009; Tachibana and Hikosaka, 2012; Richard et al., 2016; Fujimoto et al., 2019). VP also
plays a causal role in reward, as pharmacological stimulation enhances spontaneous food

intake (Stratford et al., 1999; Smith et al., 2009) and hedonic evaluations of tastes (Berridge and
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Kringelbach, 2015), whereas perturbing VP disrupts conditioned motivation (McAlonan et al.,
1993; Chang et al., 2015), and reward-related working memory (Floresco et al., 1999). Notably,
VP also plays a crucial role in seeking of multiple classes of addictive drugs (Rogers et al.,
2008a; Mahler et al., 2014; Farrell et al., 2019; Heinsbroek et al., 2019; Prasad and McNally,
2020).

However, it has become clear that VP not only contributes to reward, but also to
aversive motivational processes. Pharmacological disinhibition of VP neurons generates
spontaneous defensive behavior in rats (Smith and Berridge, 2005), and disrupts the ability of
monkeys to avoid a cued aversive airpuff (Saga et al., 2016). Perhaps relevant to this are recent
reports revealing that a glutamatergic subpopulation of VP neurons mediates aversive
motivation and learning in mice, as they fire in response to aversive stimuli, promote avoidance
and curtail reward seeking when optogenetically stimulated, and generally cause opposite
effects when optogenetically inhibited (Faget et al., 2018; Tooley et al., 2018; Heinsbroek et al.,
2019; Stephenson-Jones et al., 2020).

In contrast to VP glutamate neurons, VP2 neurons have instead been linked to
reward seeking and approach responses in mice. For example, photostimulating VP®ABA
neurons is reinforcing, and induces food intake (Zhu et al., 2017; Faget et al., 2018;
Stephenson-Jones et al., 2020). VP®*BA neurons also selectively fire to reward cues, and their
activity is required for operant reward seeking, but not avoidance responses (Stephenson-Jones
et al., 2020). These results support the notion of extensive functional heterogeneity amongst VP
cell populations (Smith and Berridge, 2005; Kupchik and Kalivas, 2013; Mahler et al., 2014;
Root et al., 2015), and show that VP®ABA neurons play a distinct, though poorly characterized
role in behavior.

Here we systematically characterize the behavioral functions of VP®ABA neurons, in
transgenic GAD1:Cre rats. Using validated, specific, and reversable chemogenetic inhibition of

VPCABA neurons, we show they mediate both highly motivated pursuit of salient foods, and
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avoidance of shocks. In contrast, inhibiting these cells does not affect shock-induced aversion,
low-motivation food seeking, free food consumption, or locomotion. Notably, when rats made
choices about food rewards under threat of shock, VP®ABA inhibition shifted choice bias towards
a more risk averse strategy, increasing preference for small/safe rewards over large/risky ones.
Together, these results show that VP®A8A neurons govern high-stakes motivational processes
underlying risky decision making.

Methods

Subjects. Male (n = 46) and female (n = 35) Long-Evans hemizygous GAD1:Cre rats (Sharpe
et al., 2017; Gibson et al., 2018; Wakabayashi et al., 2019) and their Cre-negative wildtype
littermates (WT) were pair-housed in polycarbonate tub-style cages (48 x 20 x 27 cm) with
bedding and nesting material. Rats were maintained on a reverse 12 hr light-dark cycle, with
testing in the dark phase. Water was available ad libitum and food was restricted to ~90% of
free-feeding weight during behavioral testing (~6-9 g/day/rat), unless otherwise noted. During
food restriction, food was placed in the homecage after each behavioral testing session. All
procedures were approved by the University of California Irvine Institutional Animal Care and
Use Committee, and are in accordance with the NIH Guide for the Care and Use of Laboratory
Animals.

Chemogenetic methods.

Surgery and viral vectors.

Rats were anesthetized with ketamine (56.5 mg/kg) and xylazine (8.7 mg/kg), and
treated for pain with meloxicam (1.0 mg/kg). An adeno-associated vector containing double-
floxed, inverted open reading frame (DIO) mCherry-tagged hM4Di designer receptors
(Armbruster et al., 2007) (DREADDs; AAV2-hSyn-DIO-hM4D(Gi)-mCherry; titer: 1 x 10*?
GC/mL; Addgene) was injected bilaterally into VP (relative to bregma: AP 0.0 mm, ML £2.0 mm,
DV -8.2 mm; ~300 nL/hemisphere) using a Picospritzer and glass micropipette. Injections

occurred over 1 min, and the pipette was left in place for 5 min after injection to limit spread.
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Both GAD1:Cre and WT rats were injected with the active hM4Di DREADD virus, and lack of
hM4Di/mCherry expression was confirmed in each WT rat.
Drugs.

Clozapine-N-oxide (CNO) was obtained from NIDA, and subsequently stored at 4°C in
powder aliquots stored in desiccant, and protected from light. CNO was dissolved in a vehicle
containing 5% dimethyl sulfoxide (DMSOQO) in saline, and injected at 5 mg/kg intraperitoneally
(IP), 30 min prior to tests. For microinjections, bicuculline methiodide (Sigma) was dissolved in
artificial cerebrospinal fluid (Thermofisher), stored in aliquots at -20° C, and thawed just prior to
use.

DREADD validation.

Localization of DREADD expression to VP.

Virus expression in GAD1:Cre rats was amplified with mCherry immunohistochemistry,
and sections were co-stained for substance P, an anatomical marker of VP borders. First,
behaviorally-tested rats were perfused with cold 0.9% saline and 4% paraformaldehyde after
completion of experiments. Brains were cryoprotected in 20% sucrose, sectioned at 40 ym, and
blocked in 3% normal donkey serum PBST. Tissue was incubated 16 hrs in rabbit anti-
substance P (ImmunoStar; 1:5000) and mouse anti-mCherry antibodies (Clontech; 1:2000) in
PBST-azide with 3% normal donkey serum. After washing, slices were incubated in the dark for
4 hrs in Alexafluor donkey anti-Rabbit 488 and donkey anti-Mouse 594 (Thermofisher), then
washed, mounted, and coverslipped with Fluoromount (Thermofisher). mCherry expression was
imaged at 10x, and the zone of expression in each hemisphere of each rat was mapped in
relation to VP borders, and a rat brain atlas (Paxinos and Watson, 2006).

Localization of DREADDs Specifically to VP®*®A Neurons.

Experimentally-naive GAD1:Cre rats (n = 4) injected in VP with AAV2-hSyn-DIO-

mCherry were euthanized, and fresh brains were immediately extracted and frozen in

isopentane before storage at —80 °C. Brains were serially cut (20 um) on a cryostat, and placed
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directly onto slides before returning to storage at -80 °C. Three different coronal sections of the
VP near the center of mCherry expression were used per brain. In situ hybridizations were
performed using the RNAscope Multiplex Fluorescent Assay (Advanced Cell Diagnostics). RNA
hybridization probes included antisense probes against rat Gadl (316401-C1), rat Slc17a6
(vglut2 gene; 317011-C3) and mCherry (431201-C2) (n = 2), or antisense probes against rat
Gadl (316401-C1), rat Slc32al (vgat gene; 424541-C3) and mCherry (431201-C2) (n = 2), both
respectively labeled with alexa488, atto647, and atto550 fluorophores. DAPI was used to label
nuclei and identify cells. Three images/hemisphere/section were taken at 63x (1.4 NA)
magnification using a Zeiss AxioObserver Z1 widefield Epifluorescence microscope with a Zeiss
ApoTome 2.0 for structured illumination and Zen Blue software for counting. Wide-field images
were taken at 20x (0.75 NA) magnification. Cells that exhibited at least 4 puncta (RNA
molecules) in addition to DAPI were counted as expressing the respective gene.
DREADD-dependent inhibition of VP®*®A neurons by CNO.

In order to verify the ability of CNO to inhibit VP neurons in a DREADD-dependent
manner, we tested the ability of systemic CNO to inhibit exogenously-stimulated VP neural
activity. Experimentally-naive GAD1:Cre rats (n = 3) were injected unilaterally with the
previously described AAV2 DIO-hM4Di-mCherry vector in ipsilateral VP, and contralaterally in
VP with a matched AAV2 DIO-mCherry control vector (4.7 x 102 GC/mL, AddGene). Three
weeks later, bilateral intracranial cannulae were implanted 2 mm dorsal to the injection target,
using previously described procedures (Mahler et al., 2013a; Mahler et al., 2014; Mahler et al.,
2019), and rats recovered for 5 d. Rats were then injected systemically with CNO, in order to
engage unilaterally expressed VPB4 hM4Di receptors. 30 min later, rats were bilaterally
injected in VP with 0.5 pL of bicuculline (0.01 pg/0.5 pL/50 s), inducing neural activity in the
local VP area in both hemispheres. 90 min later, rats were perfused, and brains were processed
for Fos and mCherry to determine whether bicuculine-induced Fos was suppressed by hM4Di

activation (i.e. if there was less Fos expression in the hM4Di hemisphere than the mCherry
70



hemisphere). VP sections near the center of the microinjection sites were incubated overnight at
room temperature in rabbit anti-Fos (1:5000; Millipore) and mouse anti-DSRed (targeting
mCherry; 1:2000; Clontech), washed, incubated in Alexafluor donkey anti-Rabbit 488 and
donkey anti-Mouse 594 in dark for 4 hrs at room temperature, then coverslipped as above._For
each rat, 2-3 brain sections/hemisphere/rat with VP-localized microinjector tip damage were
selected for manual quantification at 10x magnification by an observer blind to experimental
manipulation. mCherry-only, and mCherry/Fos co-expressing cells within VP borders (Paxinos
and Watson, 2006) were counted in both hemispheres. The percentage of mCherry cells co-
expressing Fos in each sample was calculated, and per-hemisphere averages were computed
for each rat for statistical analysis.

Behavioral testing methods.

Operant apparatus.

All operant testing was performed in Med Associates operant chambers in sound-
attenuating boxes, equipped with two retractable levers with associated stimulus lights above
them. Between the two levers was a food magazine connected to a food pellet dispenser. Two
nose-poke ports were positioned on the opposite wall with a yellow light in one of the ports.
Boxes were equipped with tone/white noise and footshock generators.

Habituation training.

We adapted a previously reported risky decision task and associated training protocol
(Simon et al., 2009; Simon and Setlow, 2012; Orsini et al., 2015a). Mildly food deprived male (n
= 23) and female rats (n = 22) were familiarized to highly palatable, banana-flavored, sucrose,
fat, and protein-containing pellets in their homecage (Bio-Serv, Ct # F0024), then on day 1 of
training, 38 pellets were delivered into the food magazine on a variable time 100 s schedule
(140, 100, 60 s) during a single ~60 min session. Rats that failed to eat > 19 pellets were given
a second day of magazine training.

Lever pressing training.
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Next, rats were trained to lever press for the banana pellets in daily 30 min sessions.
Each session began with illumination of the house light, and extension of a single lever plus
illumination of the associated stimulus light (right or left, counterbalanced). One pellet and a
brief auditory tone cue (0.5 s, 2.9 kHz) were delivered on a fixed ratio 1 (FR1) schedule, with a
10 s timeout period between pellet deliveries. Daily FR1 training continued until criterion was
met (50 pellet/30 min session), followed by training on the alternate (left or right) lever, again
until criterion.

Lever choice training.

The next training phase consisted of daily 1 hr sessions that taught rats to press levers
within 10 s of their extension. Sessions began with illumination of the houselight, and every 40 s
one lever (right or left) was extended for 10 s, along with the associated stimulus light. Lever
presses yielded 1 food pellet, and the tone cue. If no press occurred during the 10 s extension
window, the lever retracted and stimulus light extinguished, the trial was counted as an
omission, and rats were required to wait until the next lever extension trial. Each session
consisted of 35 left lever, and 35 right lever extensions with a 40 s intertrial interval,
independent of the rats’ pressing or omitting. Rats that met criterion (< 10 omissions) on two
consecutive sessions were moved to the next phase of the task. In this phase procedures were
the same, except that now pressing one lever (left or right, counterbalanced) delivered 1 pellet
accompanied by the tone cue, and pressing the other lever delivered 2 pellets and 2 tone cues.
Rats were trained for at least 3 d in this manner, until 2 consecutive days with < 10 omissions.
Risky decision task.

Rats were next trained on the risk task, in which the threat of shock was introduced. At
session start, as above one lever yielded 1 pellet, and the other 2 throughout the session.
However, now the 2-pellet option came with the chance of concurrently-delivered shock; the
probability of which increased over the course of the session. Sessions consisted of 5 blocks

with 20 trials each, for a total of 66 min. Blocks represent changes in footshock probability
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associated with large/risky lever presses such that in the first 20-trial block there was no chance
of shock, and in each subsequent block shock probability increased by 25% (Block 1: 0%
probability, Block 2: 25%, Block 3: 50%, Block 4: 75%, Block 5: 100%). Each 20-trial block
began with 8 ‘forced choice’ trials in which a single lever was extended (4 large/risky and 4
small/safe lever extensions, random order) to establish the shock contingency for that block.
Following the 8 forced choice trials, 12 ‘free choice’ trials commenced in which both the
large/risky and small/safe levers were extended simultaneously to allow choice of the preferred
option (small/safe; large/risky). If no lever press occurred within 10 s, the lever(s) were
retracted, stimulus light(s) extinguished, and the trial was considered an omission. Footshock
intensity (mA) was titrated individually for each rat to ensure sufficient parametric space to
observe either increases or decreases in risky choice, as reported previously (Orsini et al.,
2017). Footshock intensity started at 0.15 mA for each rat upon beginning the risky decision
task, and percent choice of the large/risky reward was monitored daily for fluctuations in
decision making. Footshock intensity was increased or decreased each day by 0.05 mA, until
stable decision-making behavior was achieved in all animals.
Stable pre-test baseline performance.

Rats generally achieved stability within 10-20 sessions, with near-exclusive choice of the
“risky” 2 pellet option when chance of shock was zero, then a parametric shift to the “safe” 1
pellet option as shock probability increased across blocks (interaction of block X lever: Fga, 132) =
111.5, p < 0.0001). Rats were trained until performance was stable for 5 consecutive days (no
difference in 5 d average performance pre-vehicle/CNO: F, 229) = 0.45, n.s.; or interaction of
block x treatment: F, 229 = 0.023, n.s.), then were assigned to receive counterbalanced vehicle
and CNO tests, between which behavior was re-stabilized over ~5 days of training. Over the
course of these experiments, 6 rats made > 50% omissions during vehicle treatment sessions
(range 50-72 omissions over 100 trials), making interpretation of their data problematic.

Accordingly, their data were excluded from risky decision analyses.
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Reward magnitude discrimination.

To characterize potential VP inhibition effects on mere preference for larger versus
smaller rewards, a separate cohort of GAD1:Cre rats (n = 8) were trained identically to above,
except that shock was never introduced. We then evaluated CNO effects (versus vehicle) on
choice of the 2-pellet lever over the 1-pellet lever, in the absence of shock. Rats required ~5-10
training sessions before displaying stable preference for the larger reward, after which they
received CNO and vehicle tests on separate days. After the first test, rats received ~3 days of
training to re-stabilize performance, then were given their second counterbalanced treatment.
Spontaneous palatable food intake.

Ad libitum-fed rats (n = 18) were placed in polycarbonate cages (44.5 x 24 x 20 cm) with
bedding and ~12 g of peanut butter M&M chocolates for 1 hr on 2 consecutive days, to
habituate them to test conditions. The next day, rats were administered CNO or vehicle
(counterbalanced, separate days) 30 min prior to a 1 hr intake test. 48 hrs later the procedure
was repeated with the other drug treatment. Food intake (g) was measured.

High effort instrumental responding for palatable food.

To assess the involvement of the VP in food seeking under higher effort requirements,
mildly food-deprived rats (n = 39) were trained to nosepoke on a progressive ratio schedule of
reinforcement. Sessions began with illumination of the both the houselight and a light within the
active nosepoke port. When the required schedule was achieved, 3 banana pellets + 3
concurrently-delivered 0.5 s white noise pulses were delivered. The number of nosepokes
required for reward increased each time the prior requirement was achieved (FR 1, 6, 15, 20,
25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 603 (Smith and Aston-Jones,
2012)). Inactive port entries were inconsequential, but recorded. Sessions lasted a maximum of
2 hrs, or less if the rat failed to reach the next ratio within 20 min of achieving the prior one.

Training continued until rats achieved stable performance for 2 consecutive sessions (< 25%
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change in active nosepokes). Pressing was re-stabilized between counterbalanced vehicle/CNO
tests.
Low effort instrumental responding for palatable food or conventional chow.

Mildly-food deprived rats or ad libitum fed rats (n = 16) were trained to nosepoke for
palatable 45 mg banana pellets on an FR1 schedule of reinforcement during daily 1 hr sessions.
Separate animals (n = 8) were trained to respond for 45 mg chow pellets (Bio-Serv, Ct # FO165)
instead using the same procedures. Sessions began with illumination of the houselight and
active nosepoke port light. Active nosepokes resulted in delivery of a pellet into the food cup,
while inactive nosepokes were without consequence. Rats were trained until achieving stability
(< 25% change in active nosepokes) for 2 consecutive sessions (2-7 sessions), then tested with
counterbalanced vehicle/CNO, with 1+ days of re-stabilization between tests.

Operant shock avoidance/escape task.

Procedures were adapted from a previously described shock avoidance/escape task
(Oleson et al., 2012). Rats (n = 18 trained) that had previously performed the risky decision
task, progressive ratio task, and palatable food FR1 task were tested, and footshock intensity
(mA) was the same as that used for the rat during the previously-trained risk task (0.15-45 mA).
Each 30 min session began with illumination of the houselight, and every 20 s an active and
inactive lever were extended. Initial training taught rats to press a lever to turn off a repeated
foot shock. During this initial ‘escape only’ training, lever extension was met with a concurrent
footshock that repeated (0.1 s footshock every 2 s) until the active lever was pressed, at which
time footshock ceased, both active and inactive levers were retracted, and a 20 s white noise
safety signal was played. Then the next trial began with re-extension of both levers, a sequence
that was repeated until the end of the 30 min session. Training proceeded for at least 2 d, until
consistent escape behavior was observed.

Next, rats were trained to avoid, as well as to escape shocks in 30 min sessions. In this

phase, levers were again extended at the start of each trial, but now this occurred 2 s prior to
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initiation of shocks. If the active lever was pressed in this 2 s period (an avoid response), no
shock occurred, levers retracted, and the safety signal was played for 20 s. If no press occurred
before 2 s elapsed, repeating footshock commenced as above, until an active lever press
occurred (escape response), at which time levers were retracted and the safety signal was
played for 20 s. Inactive lever presses were inconsequential but recorded. All rats with > 5
avoidance lever presses on the vehicle test day were included for analyses (n = 18). Rats were
administered counterbalanced vehicle and CNO tests 30 min prior to avoidance/escape
sessions, with ~3 d between tests to re-stabilize behavior. Data were analyzed by assessing 1)
the change in the ratio of avoidance presses to escape presses from pre-test baseline (i.e.
change from baseline avoidance %), 2) the ratio of avoidance presses to escape presses on
vehicle and CNO tests (i.e. raw avoidance %), 3) latency to avoid footshock, and 4) latency to
escape repeated footshock.

Motor responses to shock.

To query the role of VP®BA in affective responses to shock itself, rats (n = 16) were
tested for overt motor reactions to shocks of ascending intensity in a chamber in which they had
not been previously tested. The houselight was illuminated and 2 min elapsed. This waiting
period ended with one 0.30 mA footshock to limit ongoing exploration. Following this shock, rats
were administered 5 consecutive 1 s, 0.05 mA shocks, each separated by 10 s. After these 5
shocks, the procedure was repeated with blocks of increasingly intense shocks, increasing by
0.05 mA with each block. Motor reactivity was evaluated during testing, according to previously
published criteria (Bonnet and Peterson, 1975). Briefly, motor reactivity was separated into 4
categories: 0: no movement, 1: flinch of a paw or a startle response, 2: elevation of one or two
paws, 3: rapid movement of three or all paws. When 3 out of 5 shocks at a particular intensity
elicited level 3+ motor reactivity, the session was terminated. CNO/vehicle tests were
counterbalanced, and administered 48 hrs apart.

Ultrasonic vocalization responses to shock.
76



To further query affective shock responses, rats (n = 16) were administered 2 shock-
induced ultrasonic vocalization tests after counterbalanced vehicle or CNO, held 48 hrs apatrt.
Recordings again occurred in a chamber in which they had not been previously tested.
Sessions began with illumination of the houselight, and following a 2 min baseline period, rats
received 5 unsignaled footshocks (1 s, 0.75 mA), each separated by 1 min. Recordings were
made with condenser ultrasound microphones (frequency range: 10—-200 kHz; CM16/CMPA,
Avisoft Bioacoustics, Berlin, Germany) that were centered atop the operant chamber and
pointed directly toward the center of the chamber (~18 cm above the floor). USV recordings
were made on an UltraSoundGate 416H data acquisition device (Avisoft Bioacoustics; sampling
rate 250 kHz; 16-bit resolution), as reported previously (Mahler et al., 2013b). Spectrograms
were visualized using Avisoft software, and ultrasonic vocalizations (USVs) were manually
guantified by an observer blind to experimental conditions. Aversion-related 22 kHz USVs were
operationalized as 18-30 kHz with a duration greater than 10 ms, and positive affect-related
high frequency USVs were operationalized as those > 30 kHz frequency, with a duration greater
than 10 ms.

General locomotor activity.

General locomotor activity was assessed in a locomotor testing chamber (43 x 43 x
30.5 cm) with corncob bedding. Following two daily 2 hr habituation sessions, infrared beams
captured horizontal distance traveled and number of vertical rears following vehicle/CNO
injections (counterbalanced tests, 48 hrs apart).

Data analysis. Graphpad Prism and SPSS were used for all statistical analyses. CNO and
vehicle tests were counterbalanced for each experiment. An independent samples t-test was
used to compare %Fos in ipsilateral mCherry+ VP neurons versus %Fos in contralateral hM4Di-
mCherry neurons following bicuculline microinjection and systemic CNO injection. Male and
female footshock intensities required on the risky decision task were compared with an

independent samples t-test. For the risky decision task, reward magnitude discrimination, and
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motor shock reactivity tasks, effects of drug and block were analyzed with separate two-way
ANOVAs in GAD1:Cre and WT rats, along with Sidak posthoc tests. Win-stay and lose-shift
behavior was characterized on choice trials, and analyzed with separate paired sample t-tests
for GAD1:Cre and WT rats. Win-stay was operationalized as the number of risky choices after a
non-shocked risky choice, divided by the total number of non-shocked risky choices, whereas
lose-shift was the number of safe choices followed by a shocked risky choice, divided by the
total number of shocked risky choices. In addition, we performed two-way ANOVAs with
treatment (vehicle and CNO) and genotype (WT and GAD1:Cre) as factors for relevant
comparisons, along with a third factor (bin) for risk task data. Pearson’s correlation was used to
determine whether footshock intensity employed in the risky decision task correlated with
pressing for the large/risky over the small/safe option. Separate one-way ANOVAs were
conducted to ask whether latency to press the small/safe or large/risky options increased across
the session when tested with vehicle treatment. Latency data for the risky decision task
excluded all trials in which omissions occurred. For avoidance/escape task, FR1, and
progressive ratio tasks, effects of CNO versus vehicle in GAD1:Cre and WT rats were analyzed
with paired sample t-tests. Due to the high variability in USV production among rats, all USV
data were analyzed as percent of vehicle test day, and compared to 100% with one-sample t-
test. Sample sizes were chosen based on those used in prior experiments (Simon and Setlow,
2012; Orsini et al., 2017; Farrell et al., 2019). Two-tailed tests with a significance threshold of p
< 0.05 were used for all analyses.

Results

Selective, functional hM4Di expression in VP®*BA neurons. GAD1:Cre rats exhibited hM4Di-
mCherry expression (n = 53) that was largely localized within substance P-defined VP borders
(Fig 15A-B). Specifically, at the center of expression, mean + SEM = 68.9% + 1.2 of total viral
expression area was localized within VP, and in behaviorally tested rats 68.8% * 1.3 of VP area

contained mCherry expression. At least 55% of DREADD expressing cells were localized within
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Figure 15. Anatomical, cellular, and functional characterization of hM4Di DREADDs in
VPCABA neurons. A) Localization of DIO-hM4Di-mCherry in substance P-defined VP borders.
Top left panel: DIO-hM4Di-mCherry in VP. Top right panel: substance P demarcates VP from
surrounding basal forebrain. Bottom: Merged DIO-hM4Di-mCherry and substance P image.
AC = anterior commissure. Scale bar = 400 ym. B) Mapping of viral expression for each
individual rat expressing hM4Di DREADDs. Numbers represent rostral/caudal coordinates
relative to bregma. Green = substance P-defined VP. Red = DIO-hM4Di-mCherry
expression. C) RNAscope fluorescent in situ hybridization for gadl, vglut2 and mcherry
MRNA, with DAPI co-stain. Scale bar = 200 um. D) Higher magnification of mRNA signal;
Scale bar = 20 ym. Green star: mCherry+gad1; white star: mCherry+vglut2; yellow star:
mCherry+gadl+vglut2. E) Identity of mCherry cells in VP. mCherry co-localized largely with
gadl mRNA (green bar), with few mCherry+ neurons expressing vglut2 mRNA. A small
population of mCherry+ neurons expressed both gadl1 and vglut2 (green+white gradient),
and some cells lacked observable gadl or vglut2 mRNA and only expressed mCherry (red).
F) Schematic illustrating bilateral bicuculline (0.01 ug/0.5 pL) microinjection and systemic
CNO (5 mg/kg) in rats with ipsilateral mCherry and contralateral hM4Di+mCherry in VPSABA
neurons (left image, Fos = green, red = mCherry; right image, Fos = green, red =
hM4Di+mCherry). White arrows indicate colocalization of Fos in mCherry+ neurons. Scale
bars = 40 ym. G) CNO reduced %mCherry+ cells colocalized with Fos in hM4Di+mCherry
neurons, compared with contralateral mCherry only neurons. **p < 0.01, independent sample
t-test. Each arapnh denicts mean + SEM. with dots renresentina individual rats.

VP borders of included rats, though most animals also had at least some expression in adjacent
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GABAergic structures. At least some extra-VP expression was observed in lateral preoptic area
of 20.8% of rats, bed nucleus of the stria terminalis (30.2%), horizontal limb of the diagonal
band of Broca (66%), and globus pallidus (15.1% of rats). Verifying specificity of expression, we
used RNAscope to show that mCherry mRNA was largely colocalized with GABA-specific
markers gadl and vgat mRNA in VP (mCherry+gadl+: m = 91.28 + 2.6; mCherry+vgat+: m =
91.58 + 2.75) (data not shown). The vast majority of these neurons were triple labeled for
mCherry, gadl, and vgat (mCherry+gadl+vgat+: m = 87.92 + 2.58), indicating robust
expression in GABAergic VP neurons. Little mCherry expression was detected in vglut2+
neurons (mCherry+vglut2+: m = 8.42 + 3.42), and of these mCherry+vglut2+ cells, 40.6% also
localized with gadl (mCherry+vglut2+gadl+: m = 3.42 + 1.08) (Fig 15C-E), possibly indicating
co-expression of GABA and glutamate in some pallidal neurons (Meye et al., 2016; Faget et al.,
2018; Farrell et al., 2019).

To verify that hM4Di DREADDs measurably inhibit neural activity in VP®*A neurons, we
administered CNO systemically to GAD1:Cre rats (n = 3) with unilateral VP GAD1-dependent
expression of hM4Di+mCherry, and contralateral VP GAD1-dependent mCherry only. We then
pharmacologically disinhibited VP neurons bilaterally, using microinjections of the GABAa
antagonist, bicuculine (0.01 ug/0.5 pL), which robustly induces VP Fos (Smith and Berridge,
2005; Turner et al., 2008). As expected, fewer mCherry + Fos VP neurons were found in the
hM4Di-expressing hemisphere than the mCherry hemisphere (Fig 15F; t; = 18.12, p = 0.003),
despite the fact that cannulae localizations were equivalent in each hemisphere. These results
demonstrate that CNO, via actions at hM4Di, is capable of suppressing Fos in
pharmacologically disinhibited VP®"82 cells, presumably by recruiting endogenous Gi, signaling
(Pleil et al., 2015; Roth, 2016).

Inhibiting VPS*BA neurons reduces risky choices. Rats (n = 45) performed the risk task as
expected, shifting their choices from the large reward when chance of shock was low, to the

smaller but unpunished reward as the probability of shock increased (Fig 16A; GAD1:Cre rats
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Figure 16. Inhibiting VP®*BA neurons reduces risky choice. A) Schematic of risky
decision task modified from (Simon et al., 2009). Sessions consisted of forced choice trials (1
available option; small/safe or large/risky) and free choice trials (2 available options;
small/safe and large/risky), with ascending footshock probability associated with selection of
the large/risky reward option. B) Male rats required a higher shock intensity than females for
appropriate performance of the risky decision task, as previously reported (Orsini et al.,
2016). C) Equivalent average performance of male and female rats on the risky decision task
with shock titration. D) GAD1:Cre rats administered CNO (red line) exhibit a decrease in
%choice of the risky option relative to vehicle-treated rats (black line). E) No effect of CNO
(teal line) in WT rats compared with vehicle treatment (black line). ***p < 0.0001,
Independent sample t-test; *p < 0.05, treatment main effect. Semi-transparent lines represent
data from individual rats tested with CNO (red/teal) or vehicle (black). Each graph depicts
mean + SEM.

main effect of block: F, 96 = 40.68, p < 0.0001; rats: Fu, 32 = 13.4, p < 0.0001). Male rats
required higher average shock intensities than female rats (Fig 16B, tsx = 5.6, p < 0.0001), as

reported previously (Orsini et al., 2016). However, after this individualized shock titration, males
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and females performed equivalently on the task; similarly shifting their choice from the
large/risky to the small/safe reward option as shock probability increased (block: F, 179)= 76.5, p
< 0.0001). Importantly, no sex differences were detected for percent choice of the risky option
(Fig 16C, sex: Fq, 1790 = 0.19, n.s.; block x sex interaction: Fua, 179y = 0.07, n.s.). Shock intensity
required for stable behavior in each GAD1:Cre rat did not predict the subsequent magnitude of
VPCABA neuron inhibition effects; i.e. shock intensity did not correlate with CNO effects (CNO
day - vehicle day) on large/risky lever pressing (r = 0.14, n.s.) nor on small/safe pressing (r = -
0.05, n.s.). In GAD1:Cre rats (n = 30), CNO reduced choice of the large, risky reward option

(Fig 16D, treatment: F(, 240 = 4.62, p = 0.042). Though no significant overall treatment x block
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Figure 17. VP®ABA neuron inhibition increases latency to select the large/risky option,
and trial omissions. A-C) In GAD1:Cre rats, CNO (red lines) increased the latency to press
the large/risky reward lever, relative to vehicle day in the same rats (black lines; ###p <
0.001, treatment main effect). B) In contrast, CNO in GAD1:Cre rats did not affect latency to
press the small/safe reward lever. C) CNO in GAD1:Cre rats increased the percentage of
trials omitted on high-risk blocks (***p < 0.001, treatment x block interaction). D-F) In WT rats
without VP DREADDs, CNO (teal lines) did not alter D) omissions, E) latency to press the
large/risky reward lever, F) or latency to press the small/safe reward option, relative to
vehicle day (black lines). Semi-transparent lines represent data from individual rats tested
with CNO (red/teal) or vehicle (black). Each graph depicts mean + SEM.
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interaction was detected, block-specific comparisons revealed that suppression of choice of the
large reward was statistically different during the 50% (Sidak: p = 0.0014) and 75% (Sidak: p =
0.038) blocks, but not at the 0, 25, or 100% shock probability blocks (all n.s.). To further probe
effects of VPSBA inhibition on the ability of positive or negative experiences to adjust ongoing
behavior, we performed a win-stay/lose-shift analysis (Onge et al., 2011). CNO, relative to
vehicle, did not alter the proportion of trials in which either win-stay (Vehicle: m + SEM =0.70 +
0.055; CNO: m = 0.69 £ 0.036; t1g = 0.18, n.s.) or lose-shift occurred (Vehicle: m = 0.42 + 0.062;
CNO: m = 0.49 £ 0.076; t15 = 0.71, n.s.), indicating that the effects of VPS8 inhibition on choice
were not driven by altered sensitivity to outcomes of recent choices. As expected, latency to
press the large/risky reward option increased as the footshock probability increased (one-way
ANOVA for vehicle day data: Fg, 118y = 7.21, p < 0.0001), which did not occur for latency to press
the small/safe reward option (Fa, 119) = 1.44 n.s.). CNO selectively increased the latency to press
the large/risky reward option (Fig 17A, treatment: F(, 231y = 13.5, p = 0.0003), especially when
the uncertainty of footshock was maximum; during the 50% footshock block (Sidak posthoc: p =
0.0053). In contrast, CNO failed to impact latency to press the small/safe reward option (Fig
17B, F@, 237y = 1.29, n.s.). CNO also increased the total number of omitted trials, especially in the
blocks with the highest probability of shock (Fig 17C, treatment x block interaction: Fu, 96) =
11.91, p < 0.0001; Sidak posthoc: 50% block: p = 0.0006; 75%: p < 0.0001; 100%: p < 0.0001).
In addition, due to decreased pressing of the large/risky option and increased omissions, CNO-
treated GAD1:Cre rats obtained fewer rewards overall than on vehicle day (treatment: Fq, 24) =
6.95, p = 0.015, data not shown).
VPSABA inhibition effects are specific to risky choices: No effect on reward magnitude
discrimination.
Reward magnitude discrimination.

A separate group of GAD1:Cre rats (n = 8) were trained as described above, but in the

absence of shock, to confirm their ability to discriminate reward magnitude after VP®*A neuron
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Figure 18. Inhibiting VP®BA neurons spares the ability to choose between large and
small rewards, while decreasing motivation. A) In the absence of shock punishment,
CNO-treated GAD1:Cre rats (red line) showed no change in percentage choice of the large
(2 pellets) versus small (1 pellet) reward option, compared with vehicle treatment (black line).
B) GAD1:Cre rats omitted more trials during CNO tests (red line) compared with vehicle
treatment (black line). C) CNO treatment in GAD1:Cre rats (red line) reduced rewards
obtained relative to vehicle (black line). Semi-transparent lines represent data from individual
rats tested with CNO (red/teal) or vehicle (black). Each graph depicts mean + SEM. *p <
0.05, **p < 0.01, Sidak posthoc tests.

inhibition. As expected, rats nearly exclusively chose the large reward over the small one during
training, and after vehicle treatment (vehicle day: large versus small reward: t; = 11.11, p <
0.0001). After CNO, GAD1:Cre rats showed a nearly identical preference as on their vehicle test
day (Fig 18A, treatment: F(,s6) = 1.08, n.s.), showing that VP®®A inhibition does not affect rats’
preference for a large reward over a small one. This said, as in the task where the larger reward
was associated with a probabilistic shock, CNO increased omitted trials (Fig 18B, treatment X
block interaction: Fu, 24) = 4.0, p = 0.013), and decreased total rewards obtained (Fig 18C,
treatment x block interaction Fu, 24y = 3.73, p = 0.017), consistent with an overall reduction in
motivation. Posthoc tests revealed that CNO increased omissions only in the 3™ block (Sidak
posthoc: p < 0.01) and 4™ block (p < 0.05), and similarly only decreased rewards obtained in the
3" (Sidak posthoc: p < 0.01) and 4" (p < 0.05) blocks. Emergence of satiety in later blocks likely
accounts for why the 5™ block of trials converged for both omissions and rewards obtained, as a
significant main effect of block was observed for both omissions (Fu, 24) = 21.4, p < 0.001) and

rewards obtained (Fa, 24) = 19.4, p < 0.001). However, CNO did not impact choice latency
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Figure 19. Inhibiting VP®A8A neurons
reduces responding for palatable food
and chow in hungry rats, but only
reduces responding for palatable food
(not chow) in sated rats. A-B) In GAD1:Cre
rats, CNO (red bars) reduced FRL1 active
nosepokes for palatable food in A) hungry
and B) sated rats, relative to vehicle
treatments (black bars). C-D) CNO in
GADL1:Cre rats (red bars) reduced FR1
active nosepokes for chow relative to vehicle
(black bars) in C) hungry , but not D) sated
rats. E-F) No effect of CNO on active
nosepokes in WT controls (teal bars) relative
to vehicle treatment (black bars) under E)
hungry or F) sated conditions. *p < 0.05,
paired sample t-test. Each graph depicts
mean + SEM, and dots represent individual
rats.

relative to vehicle (treatment: Fq, s9 = 0.86,
n.s.), unlike in the shock version of the task
where CNO selectively increased latency to
press the large/risky lever. The lack of effect on
choice latencies induced by VP®A8A neuron
inhibition in this experiment suggest that the

increased decision times observed on the risky

“VEHCNO decision task were not attributable to a

generalized psychomotor slowing, but rather to increased deliberation time in weighing the costs

and benefits of the risky choice.

Inhibiting VPB4 neurons suppresses instrumental responding for high value foods,

without impairing general locomotion.

Similar suppression of palatable food responding during hunger and satiety.

We examined effects of inhibiting VP®A8A neurons on low effort (FR1) operant

responding for highly palatable banana pellets. When GAD1:Cre rats (n = 10) were tested under
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Figure 20. Inhibiting VP®*8A neurons reduces progressive ratio motivation for
palatable food, without impairing free access palatable chocolate intake. A) In
GADZ1:Cre rats, CNO (red bar) reduces breakpoint relative to vehicle (black bar). B)
Cumulative nosepokes for a representative GAD1:Cre rat during vehicle (black line) and
CNO (red line) progressive ratio tests are shown. C) CNO in GAD1:Cre rats (red bar) fails to
alter 1 hr free access M&M consumption, relative to vehicle test (black bar). D) In WT
controls, CNO (teal bar) does not affect breakpoint compared with vehicle day (black bar). E)
Cumulative nosepokes for representative WT rat during vehicle (black line) and CNO (teal
line) progressive ratio tests are shown. F) CNO in WT rats (teal bar) fails to alter 1 hr free
access M&M consumption, relative to vehicle test (black bar). *p < 0.05, paired sample t-
test. Each graph depicts mean + SEM, and dots represent individual rats.

mild food restriction, CNO reduced active port responding (Fig 19A: ty = 2.58, p = 0.03), without
affecting inactive port responding (to = 0.79, n.s.). Effects of VP®"BA neuron inhibition were
similar when rats were tested in the same manner while maintained on ad libitum chow 23

hrs/day (Fig 19B, active port responses: to = 2.65, p = 0.027, inactive: to = 0.97, n.s.), indicating
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that VPS*BA neurons are required for low effort instrumental pursuit of a highly salient, palatable
reward regardless of physiological need state.
Suppression of responding for less-palatable chow only during hunger.

We next examined effects of inhibiting VP82 neurons on low effort (FR1) operant
responding for standard chow pellets under hunger and satiety conditions (n = 8). Inhibiting
VPCABA neurons reduced active port responding for chow when rats were hungry (Fig 19C, ts =
3.12, p = 0.021), but not when they were fed ad libitum (Fig 19D, ts = 0.89, n.s.), as shown by
the significant interaction between hunger state and vehicle/CNO treatment (F,6) = 6.31, p =
0.046). However, we note that responding for chow during satiety was quite low in some
animals, raising the possibility of a floor effect.

Robust suppression of high-effort palatable food seeking.

When GAD1:Cre rats (n = 22) were trained on a progressive ratio to stably respond for
palatable banana pellets, CNO suppressed breakpoint (Fig 20A-B, t.1 = 2.4, p = 0.026), and
trended toward suppressing active port responses (vehicle: m = 1050 + 136.7, CNO: m = 847.5
+ 122.4; t21 = 2.0, p = 0.059). The low number of inactive port responses was unaffected
(vehicle: m =15.8 £ 2.9, CNO: m =18.3 +4.0; t,; = 0.53, n.s.).

Non-operant spontaneous intake of palatable food is unaffected.

To determine effects of VPS*BA neuron inhibition on spontaneous intake of a highly
palatable sweet and fatty food meal (n = 12), we examined 2 hr intake of peanut butter M&M™
candies, placed directly on the floor of a familiar testing chamber. CNO failed to affect intake (g)
in GAD1:Cre rats (Fig 20C, t11 = 1.24, n.s.).

Locomotor activity.

Effects of VP®ABA inhibition with CNO treatment failed to alter either horizontal
locomotion or rearing behavior in GAD1:Cre rats (n = 12) (Distance travelled: vehicle m = 12026
+ 1006 cm, CNO m = 13185 + 1601 cm, t11 = 0.71, n.s.; Rearing: vehicle m =183.6 + 17.1

rears, CNO m = 188 + 22.7 rears, t11 = 0.20, n.s.).
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Figure 21. Inhibiting VP®*BA neurons increases avoidance latency, without affecting
avoidance propensity or escape latency. A) CNO did not affect avoidance% in GAD1:Cre
rats (red bar) relative to vehicle treatment (black bar) (change in avoidance% on
vehicle/CNO test from the day preceding each treatment). B) CNO increased latency to lever
press to avoid being shocked in GAD1:Cre rats (red bar) compared with vehicle treatment
(black bar). C) No effect of CNO on escape latency in GAD1:Cre rats. D-F) CNO in WT
controls (teal bars) failed to impact D) avoidance%, E) avoidance latency, or F) escape
latency relative to vehicle treatments (black bars). *p < 0.05, paired sample t-test. Each
graph depicts mean + SEM, and dots represent individual rats.

Inhibiting VPBA neurons decreases motivation to avoid footshock without impacting
motor or affective reactions to shock.
Latency to avoid footshock increases after VP*®4 neuron inhibition.

VPS4BA neuron inhibition suppressed operant risky decision making and food seeking, so
we next sought to determine whether this manipulation also affects negatively reinforced

operant responding (n = 11). CNO did not affect the overall propensity of rats to avoid shocks
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rather than to escape them (Fig 21A, change from baseline avoidance%: tio = 1.50, n.s.;
Vehicle: m =38.82 £ 5.71; CNO: m = 28.96 * 5.07; raw %avoidance: tio = 2.2, p = 0.053),
suggesting that their general strategy was not altered by this manipulation. However, CNO
selectively increased latency to press to avoid shock in GAD1:Cre rats (Fig 21B, tio = 2.60, p =
0.027), consistent with reduced motivation to avoid the impending, signaled shock. Escape
latency was not similarly impacted by CNO (Fig 21C, ti0 = 1.36, n.s.), indicating that rats were
still fully capable of pressing to terminate an ongoing shock.

No effects on motor or affective responses to shock.

As expected, shock-induced motor reactivity scores parametrically increased with
footshock intensity (Fig 22A, GAD1:Cre block: Fe, 112y = 100.9, p < 0.0001). Motor reactivity
scores were not affected by CNO in GAD1:Cre rats (n = 11) (treatment: F(, 112) = 0.27, n.s.), nor
was the maximum shock intensity endured altered (vehicle m = 0.27 + 0.017 mA; CNO m = 0.29
+ 0.014 mA, tio = 0.94, n.s.).

No effect on shock-induced negative affective vocalizations.
We also examined aversion-related 22 kHz ultrasonic vocalizations emitted in response

to repeated, moderate intensity shocks (0.75 mA/1 s, delivered every min for 5 min). These
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Figure 22. Motor and affective reactions to footshock unaffected by inhibiting VPCGABA
neurons. A) CNO in GAD1:Cre (red line) or in B) WT rats (teal line) did not impact shock
reactivity index associated with ascending intensity footshocks, relative to vehicle rats (black
lines). C) CNO in GAD1:Cre rats (red bar) or WT controls (teal bar) failed to alter aversion-
related ultrasonic vocalizations during high intensity footshock (0.75 mA) sessions (percent
of vehicle test day). Each graph depicts mean + SEM, and dots represent individual rats.

89



USVs were in the frequency range of well-characterized aversion-related USVs (Knutson et al.,
2002; Portfors, 2007; Mahler et al., 2013b), with a mean frequency of m =23.5+ 1.1 kHz, and a
mean duration of m = 1306.4 + 142.1 ms. CNO failed to alter the number of 22 kHz
vocalizations emitted in GAD1:Cre rats (n = 10) (Fig 22C, % of vehicle day USVs, compared to
100% with one sample t-test: ty = 1.5, n.s.). We also observed some vocalizations > 30 kHz,
linked to positive affect (Knutson et al., 2002; Portfors, 2007; Brudzynski, 2013). These
vocalizations, however, occurred largely during the 2 min pre-footshock baseline (high
frequency USVs/min on vehicle test for GAD1:Cre and WT: m = 46.4 + 14.8) compared to the
subsequent 5 min intermittent footshock period (m = 9.6 + 5.8; pre-footshock vs. footshock
period: t14=3.16, p = 0.0069). Production of these high frequency vocalizations was also
unaffected by CNO treatment (% of vehicle day USVs, compared to 100% with one sample t-
test: t9 = 1.74, n.s.).
Minimal DREADD-independent effects of CNO. Across all nine behavioral tasks implemented
here, we saw few non-specific effects of CNO in WT rats lacking DREADD expression. In the
risky decision task, administering CNO to WT rats did not affect risky choice (Fig 16E, treatment
x block ANOVA, no main effect of treatment: Fq sy = 0.055, n.s.), though an overall ANOVA did
not reveal a significant three-way interaction of treatment, genotype, and block (F, 154) = 0.47,
n.s.), or a genotype x treatment interaction (F1,32 = 0.61, n.s.), likely due to the relatively low
WT rat group size. In WT rats, CNO had no effect on total omissions (Fig 17F, treatment: F, g)
= 0.60, n.s.), total rewards obtained (treatment: Fq, s = 0.044, n.s.), or latency to press for either
large/risky (Fig 17D, treatment: F(1, 77y = 2.68, n.s.) or small/safe rewards (Fig 17E, treatment:
Fa 77y = 0.91, n.s.), though no significant genotype x treatment x block interactions were
detected for these variables (p > 0.05).

CNO also failed to alter FR1 responding for palatable pellets in either food-deprived (Fig
19E, active vehicle versus CNO: ts = 0.036, n.s.; inactive: ts = 1.04, n.s.) or sated WT rats (Fig

19F; active: ts = 1.01, n.s.; inactive: ts = 1.04, n.s.), and a significant genotype x treatment
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interaction further demonstrate this DREADD-specific effect in sated rats (genotype x treatment
interaction; active lever: F, 14y = 5.70, p = 0.032), though not significantly so for food-deprived
ones (genotype X treatment interaction; active lever: F, 14y = 1.89, n.s.). Progressive ratio
responding for palatable pellets was also unaffected by CNO in WT rats (Fig 20D-E, breakpoint:
tis = 0.63, n.s.; active nosepokes: tis = 0.54, n.s.; inactive nosepokes: tis = 0.59, n.s.), as was
spontaneous M&M consumption (Fig 20F, ts = 0.41, n.s.). A significant genotype x treatment
interaction was found for breakpoint on the progressive ratio task (genotype x treatment
interaction breakpoint: Fq, 37y = 4.49, p = 0.041), but this was not significant for spontaneous
M&M consumption (genotype x treatment interaction: Fg, 16y = 1.11, n.s.). Likewise, CNO in WT
rats did not impact general locomotion (vehicle m = 13621 + 2580 cm, CNO m = 16768 + 3039
cm, ts = 1.02, n.s.) or rearing (vehicle m = 197.8 £ 29.7 rears, CNO m = 174 + 26.7 rears, ts =
0.56, n.s.), and the genotype x treatment interactions were also non-significant (locomotion: F,
16) = 0.40, n.s.; rearing: Fq, 16) = 0.42, n.s.).

Shock-related behaviors were also largely unaffected in WTs by CNO, including motor
reactions to shock (Fig 22B, treatment: F¢, 33y = 0.85, n.s.), maximum shock intensity tolerated
(vehicle: m =0.22 £ 0.012; CNO: m =0.21 + 0.019; t4 = 1.0, n.s.), avoidance propensity (Fig
21D, change from baseline avoidance%: vehicle day raw percentage: m = 42.08 + 10.73, CNO
day raw percentage: m = 28.96 + 9.07, ts=1.54, n.s.), or avoidance latency (Fig 21E, ts = 0.064,
n.s.), though raw avoidance% was modestly decreased by CNO in WT rats (ts = 2.9, p = 0.027).
No significant genotype x treatment interaction was found for either avoidance propensity (Fq, 16)
=0.0002, n.s.) or avoidance latency (F, 16 = 1.79, n.s.). Both 22 kHz (aversion-related) and >
30 kHz (positive affect-related) USVs were unchanged by CNO in WT rats (Fig 22C, % of
vehicle day USVs, compared to 100% with one sample t-test, 22kHz: t, = 1.0, n.s.; > 30 kHz: t4
=0.96, n.s.). CNO in WT rats trended towards increasing latency to escape (Fig 21F, ts =2.2, p
= 0.07), though no genotype x treatment interaction was found (F, 16y = 0.14, n.s.).

Discussion
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Here we show that VP®"BA neurons play a fundamental role in high-stakes motivation,
and thereby affect risky decision-making strategies. Engaging Gi, signaling in VP®A8A neurons
with DREADDs interfered with both operant pursuit of desirable foods, as well as operant
response to cancel an impending shock. In contrast, VP®ABA neurons play no apparent role in
pursuit of less valuable food, in spontaneous food consumption, or in affective responses to
shock itself. This selective VP®*BA neuron involvement in motivated operant responding may
therefore extend beyond the pursuit of rewards, into avoidance of harm. Accordingly, when both
opportunity and risk are present (as is usually the case in the natural world), VPS*BA inhibition
biased decision making toward a more conservative, risk-averse strategy. Collectively, these
results show that VP®*BA neurons crucially influence high-stakes decision making, and thus
likely contribute to both the normal desires of life, and to darker pursuits in those with disorders
of impaired judgement like addiction.

VP®"8A neuron inhibition promotes conservative decision making by suppressing motivation.

In a risky decision making task, chemogenetically inhibiting VP84 neurons promoted
selection of a small but safe option over a large but risky one, without impairing the ability to
discriminate between rewards of different magnitudes. VP®*8A inhibition also increased trial
omissions and decreased the number of rewards obtained in the presence or absence of
shock—consistent with decreased motivation for food. Similar increases in latency and
omissions have been shown following optogenetic inhibition of all VP neurons in operant assays
of sucrose seeking (Richard et al., 2016). Yet VP®ABA inhibition effects were not merely
motivational in nature—food seeking was not indiscriminately suppressed. Instead, VPABA
inhibited rats shifted more readily to a small but safe reward option, avoiding the large but risky
one, even when the risk of shock was relatively low. Moreover, when rats did select the
large/risky choice, VP®*®A inhibition caused them to deliberate longer—an effect which was not
present on trials when the small/safe option was chosen. In contrast, when VP®8A neuron

inhibition occurred in a low stakes (no shock) version of the task, no such effects on choice
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latency were seen. In other words, inhibiting VP®*BA neurons seemed to selectively promote a
more conservative, risk-averse decision-making strategy by suppressing appetitive motivation.
Of course, VP does not act alone to influence risky choice, but rather within wider
mesocorticolimbic circuits that integrate motivational states with encountered opportunities and
threats, in pursuit of generating maximally adaptive behavior under motivational conflict. Indeed,
numerous brain regions contribute to risky decision making in rats, including prefrontal cortices,
BLA, LHb, VTA, and NAc (Floresco et al., 2008; Orsini et al., 2015b). Notably, lateral
orbitofrontal cortex lesions have similar effects on latency and propensity to make risky choices
as VP®A8A neuron inhibition did here (Orsini et al., 2015a), implying functional, if not direct
anatomical interactions between these structures (Simmons et al., 2014). Interestingly,
activating D2 DA receptors in VP’s largest afferent input, the GABAergic NAc, similarly
promotes risk-averse behavior in adolescent rats (Mitchell et al., 2014). Though infusion of a D2
agonist in NAc would likely disinhibit (excite) VP neurons (Gallo et al., 2018), paradoxically we
find here that inhibiting VP8 neurons with DREADDs causes a similarly risk-averse
phenotype. Reconciling these findings is an important future direction, and could involve
experience-related plasticity in D1 (i.e. “direct pathway”) versus D2 (i.e. “indirect pathway”)
inputs from NAc (Kupchik et al., 2015; Creed et al., 2016; Heinsbroek et al., 2017; O’Neal et al.,
2019), differences between adolescent and adult decision making processes (Spear, 2000),
currently-unknown specificity of NAc inputs to VP cell subpopulations (e.g., glutamate versus
GABA), or potentially non-NAc inputs to VP that may influence reward-seeking decisions
(Richard et al., 2016; Ottenheimer et al., 2018).
Role for VPB4 neurons in seeking high value food, without affecting food consumption.
Having found that VP®ABA neuron perturbation stifled risky choice, we next sought to
determine how inhibiting these neurons impacts “pure” tests of food seeking and intake, in the
absence of potential harm. VP’s role in food ingestion and hedonics has been known for

decades (Morgane, 1961; Stratford et al., 1999; Castro et al., 2015), though how VP neuronal
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subtypes participate in this was unclear. Here, we show that chemogenetically inhibiting VPGABA
neurons suppresses operant pursuit of high-value foods like palatable pellets under both low
and high effort conditions. In contrast, pursuit of less palatable chow was affected by VP®A8A
inhibition only when this food was valued because rats were hungry. These results suggest that
VPCABA neurons selectively promote seeking of high-value rewards, regardless of whether value
is instantiated by the inherent palatability of the food, by the presence of hunger, or by the
necessity to pay a cost such as effortful responding, or potential for shock.

Interestingly, whereas inhibiting VPS84 neurons decreased operant pursuit of valuable
food rewards, it did not impair spontaneous consumption of palatable chocolate, suggesting that
these neurons mediate instrumental seeking of high value rewards, but not necessarily
consumption of the reward, once obtained. Neurobiological dissociation between seeking and
consumption has been previously shown within ventral striatal networks (Berridge and
Robinson, 2003). For example, intra-NAc DA antagonism diminishes operant reward seeking,
but leaves reward consumption unimpaired (Kelley et al., 2005; Salamone and Correa, 2012).
Similarly, inhibiting VP impairs conditioned food or salt seeking, without impacting unconditioned
consumption of these rewards (Farrar et al., 2008; Chang et al., 2017). Our results extend these
findings, showing that VP®*8A neurons in particular are required for pursuit, but not consumption
of food. This said, VP stimulation with opioid agonist or GABA antagonist drugs robustly
increases chow consumption, and opioid drugs also enhance hedonic reactivity to sweet tastes
(Smith and Berridge, 2005, 2007). In addition, VP lesions suppress all food intake, and lesioned
animals will starve without forced feeding (Cromwell and Berridge, 1993). Given these findings,
the present results could suggest lack of VP®ABA neuron involvement in these consummatory
effects, or they could be a product of mechanistic differences between DREADDs and lesions,
or other unknown factors.

VP®484 neurons and appetitive versus aversive motivation.
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A recent surge of studies suggest that VP82 neurons promote appetitive behavior and
reward, whereas intermingled VP glutamate neurons instead mediate behavioral withdrawal and
aversion. For example, VPB4 neurons fire in response to water rewards and their predictors in
mice, especially when those rewards are particularly valuable due to thirst (Stephenson-Jones
et al., 2020). Optogenetic activation of mouse VP®A8A neurons elicits food intake and operant
water seeking (Zhu et al., 2017; Stephenson-Jones et al., 2020) and is reinforcing (Zhu et al.,
2017; Faget et al., 2018), while optogenetic stimulation of VP glutamate neurons elicits aversive
responses and promotes operant avoidance (Faget et al., 2018; Tooley et al., 2018; Levi et al.,
2019; Stephenson-Jones et al., 2020)—though a recent report suggests that VP glutamate
neurons may mediate salience irrespective of valence (Wang et al., 2020). None of these prior
mouse studies indicated a role for VP®*BA neurons in aversive motivation, but they did not
examine more complex types of aversive responding.

To address the function of VP®*8A neurons further, we examined the contribution of
VPCABA neurons to shock-induced affective responses, and to instrumental responding to avoid
or escape shocks. Inhibiting VP8 neurons failed to impact shock-induced motor reactions or
ultrasonic vocalizations, suggesting that these cells do not mediate aversion per se. However,
when rats were trained to press a lever either to avoid an impending shock or to escape an
ongoing one, DREADD inhibition revealed a hidden role for VP¢*8A neurons in aversive
motivation. Specifically, the latency to press a lever in order to cancel an impending shock was
increased by VP®ABA inhibition, while latency to press to escape an ongoing shock was
unaffected. Together, these data show that VP inhibition affected neither affective reactions
to shock itself, nor the ability of an ongoing shock to induce escape responses. Instead, VPG BA-
inhibited rats simply appeared to less urgently avoid impending punishment (though the
proportion of trials escaped versus avoided was not altered). This increase in avoidance latency
represents a departure from the common notion that VP®ABA neurons are solely implicated in

appetitive behavior. Rather, these neurons seem instead to facilitate high-stakes instrumental
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behavior of many types. This said, we note that when rats pressed to avoid footshock, they also
received a 20 s signal indicating freedom from impending threat. It is therefore possible that
DREADD inhibition did not impact aversive motivation itself, but instead reduced the conditioned
reinforcing properties of this safety signal (Fernando et al., 2014). Dissociating avoidance of
harm from pursuit of safety is famously difficult (LeDoux et al., 2017; Sangha et al., 2020), so
further work is needed to disambiguate this newly-discovered role for VPS84 neurons in
aversive motivation.

Specificity of effects.

We found very little evidence of non-selective effects of CNO in WT rats without
DREADDs. In the absence of DREADDs, CNO can have off-target behavioral effects in some
experiments (MacLaren et al., 2016; Gomez et al., 2017; Manvich et al., 2018). Yet across the
numerous behaviors tested here, we identified only a trend towards an increase in escape
latency in WT rats—indicating predominantly DREADD-specific effects of CNO (Mahler and
Aston-Jones, 2018). In addition, although VP is sometimes considered a motor structure
(Mogenson et al., 1980; Heimer et al., 1982), it is unlikely that VP®*®A DREADD effects were
due to nonspecific motoric inhibition. Neither horizontal locomotion nor rearing behavior were
affected by engaging VP¢** DREADDSs, and behavioral effects were specific to highly-
motivated instrumental contexts—other behaviors like spontaneous chocolate intake, and
pressing for chow in a sated state were unaffected.

VP DREADD expression was mostly localized within strictly-defined VP borders here,
though in most rats at least some expression encroached upon nearby subcortical structures
containing GABAergic neurons with important behavioral roles (Koob, 2004; Silberman et al.,
2009; Jennings et al., 2013; Barker et al., 2017; Saga et al., 2017; Gordon-Fennell et al., 2020),

so we cannot definitively exclude overlapping roles for these neurons in behavioral effects.
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Similar to our prior findings (Farrell et al., 2019), we saw no evidence of sex-dependent
behavioral effects of chemogenetic VP manipulation, though we also cannot exclude this
possibility since studies were not powered to fully explore this variable.

We note that a portion of VP®"BA neurons also express other peptides such as
parvalbumin and enkephalin, and such co-expression may have functional implications. For
example, VP parvalbumin neurons, which consist of both GABAergic and glutamatergic
neurons, are necessary for both alcohol seeking and depression-like behavior (Knowland et al.,
2017; Prasad et al., 2020). Moreover, VP®A8A neurons that co-express enkephalin drive cue-
induced cocaine seeking (Heinsbroek et al., 2019). A significant portion of these VP
subpopulations also express GABA markers, though others are glutamatergic. Since VP
glutamate and GABA neurons have dissociable roles in behavior (Faget et al., 2018; Tooley et
al., 2018; Stephenson-Jones et al., 2020), further work is needed to parse the relative functional
roles played by VP cells expressing GABA, glutamate, various co-expressed proteins, and
combinations thereof.

Conclusion.

These results demonstrate an essential role for VP®A8A neurons in high-stakes motivated
behavior—Dbe it to pursue valued rewards, to avoid impending harm, or to make important
decisions when motivations are mixed. We show for the first time that VP®"8A neurons’ role in
motivation impacts decision making, since inhibiting these cells yields a conservative, risk-
averse decision-making strategy rather than a simple decrease in all reward seeking. If
successfully harnessed therapeutically, we speculate that suppressing VPS*A neuron activity

might be useful for treating addiction, or other disorders of maladaptive, risky decision making.
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General Discussion

The overall results of this dissertation show a key role for VPSABA circuits in guiding
appetitive motivated behavior when weighing costs and benefits of choices. Our results are
generally consistent with the notion that VPB4 neural activity is related to whether a goal is
worth pursuing. Indeed, inhibiting largely VP®*8A neurons reduces reinstatement for cocaine and
remifentanil, and, consistently, decreases effortful exertion for food reward as well as the
amount of risk worth tolerating to pursue a large/risky food reward. In contrast, stimulating
VPCABA neurons instead strongly augments a rat’s willingness to pursue remifentanil, even in a
‘dangerous’ context in which it had received footshock for taking drug. These results collectively
highlight that VP®ABA neurons are critical for sustaining motivated effort to pursue rewards, and
perhaps in weighing costs and benefits associated with particular decisions. Such a function
positions VP to control the deployment of cognitive resources to overcome obstacles, pursue
goals in the face of adversity, and weigh whether a goal is worth pursing in the first place. These
features are at the heart of what drives us forward in the world.

But many important open questions remain. | dedicate the rest of my dissertation to
addressing some of these important questions and use my own work to contextualize these
issues. The main topics of focus are as follows: 1) how we as a field might improve preclinical
relapse models, 2) discuss emerging ideas about VP circuit function in motivated behavior, and
3) examine how better understanding neural circuits through chemaogenetic (and other)
approaches may improve treatment options for psychiatric disorders in the future.

Improving relapse models in rodents. Self-administration-based reinstatement models have
remained the go-to behavioral model for dissecting the neural circuits of relapse-like behavior.
This approach teaches rats to perform an operant response (e.g., lever press) for intravenous
infusion of a drug, often accompanied by a light and tone cue as outlined above (Farrell et al.,
2019; Farrell et al., 2022). After stable responding is achieved, rats are subjected to extinction

training in which operant responses no longer deliver the drug or cues associated with drug use.
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After extinction training, rats undergo reinstatement sessions in which they are exposed to drug-
associated cues or contexts, stressors, priming doses of the drug itself, or a combination
thereof. Quantifying the levels of operant seeking in the absence of the drug itself
operationalizes ‘relapse’.

Cues, stressors, or priming doses precipitate relapse in humans, and, analogously,
precipitate reinstatement in preclinical models. However, extinction (as occurs in preclinical
models) rarely occurs in humans during the transition to abstinence. This stark difference
between the way in which abstinence occurs in preclinical models and the human condition
might constrain the translatability of preclinical models. For this reason, we and other have
developed reinstatement models that better capture motivational conflict that arises when a
person decides to quit using drugs (Marchant et al., 2013a; Farrell et al., 2018; Reiner et al.,
2019; Venniro et al., 2020; Fredriksson et al., 2021). In such models, abstinence is initiated by
mutually exclusive choice between drug and an alternative reinforcer such as food or access to
a social partner. Or, as in our model, by exposure to negative consequences (e.g., footshock)
contingent on drug infusion. Such punishment-based models attempt to capture how potential
negative consequences sculpt decision making processes in the context of addiction, and we
and others have argued that such models might be better suited for developing novel
therapeutics (Farrell et al., 2018).

Our model builds on prior work investigating the ability of aversive consequences to
constrain drug seeking. Prior work has employed electrified floors in front of drug-associated
operant manipulanda (Cooper et al., 2007), footshock-associated conditioned stimuli
(Vanderschuren and Everitt, 2004), footshock itself (Deroche-Gamonet et al., 2004; Marchant et
al., 2013b; Pelloux et al., 2018b; Farrell et al., 2019; Farrell et al., 2022), or bitter adulterants in
the case of liquid drug rewards (Wolffgramm, 1991; Siciliano et al., 2019). Such models can
probe individual differences in punishment-resistance, which represents the willingness of an

animal to undergo realized or potential negative consequences to continue drug use. Persistent
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drug use despite adverse consequences is, indeed, a hallmark of the human condition
(American Psychiatric, 2013), and is interesting to consider what behavioral or neurobiological
differences might contribute to the punishment-resistant phenotype. Punishment-resistant rats
can be identified behaviorally based on individual differences in the degree of pre-cocaine
voluntary exploration of a novel environment (Belin et al., 2011), impulsivity in the 5-choice
serial reaction time task (Economidou et al., 2009), or the pattern of cocaine intake during initial
self-administration training (Belin et al., 2009).

Behavioral metrics like those mentioned above (e.g., impulsivity, exploration) can predict
which rodents will become punishment resistant. What neurobiological features may underlie
such addiction-like drug seeking? Seminal work demonstrated that punishment-resistant rats
(who sought cocaine despite footshock), relative to punishment-sensitive rats, exhibited
decreased ex vivo intrinsic excitability of medial prefrontal cortex (mPFC) pyramidal neurons
(Chen et al., 2013). Acutely reversing this hypoactive mPFC state in vivo via optogenetics
reversed the behavioral phenotype—turning punishment-resistant rats into punishment-sensitive
rats. Consistently, mPFC activity in mice during their first alcohol exposure predicted which
animals would develop punishment-resistant drinking behavior (Siciliano et al., 2019). These
and other neurobiological findings (Goldstein and Volkow, 2011; Kasanetz et al., 2013; Hu et al.,
2019) concerning mPFC'’s role in addiction-like behavior have informed non-invasive
neurostimulation-based approaches targeting mPFC for treatment of addiction (Diana et al.,
2017). Exploring other neural circuits that might be preferentially engaged in animals exhibiting
addiction-like behavior might result in more circuit targets for intervention in people with
addiction.

Along these lines, my work showed that in rats that were relatively punishment resistant
(ie, tended to seek cocaine despite contingent footshock), displayed the most pronounced
decrease in seeking upon chemogenetic inhibition of VP neurons (Farrell et al., 2019).

Moreover, chemogenetically stimulating VP®*BA neurons robustly augmented remifentanil
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seeking even in the ‘dangerous’ context, in which rats had previously received footshock for
taking drug (Farrell et al., 2022). These results are consistent with the idea that VP®ABA neurons
are important for driving addiction-like behavior despite adverse consequences—a hallmark of
addiction in humans. Such punishment-based models might, therefore, facilitate understanding
the neural circuits that promote pathological drug seeking despite potential adverse
consequences, including VPS84 neurons. Future work ought to parse the contribution of VPGABA
neurons and their connected circuits in generating compulsive, punishment-resistant drug
seeking.

Despite much evidence implicating various neural circuits in reinstatement in rats, we
are far from understanding how these circuits function in human addiction and relapse.
Conventional reinstatement models capture some of the overt characteristics of the
addiction/relapse cycle, including voluntary drug use, cessation of drug taking, and resumption
of drug use precipitated by similar stimuli to those eliciting relapse in humans. However, many
details differ between the situations experienced by experimental animals in these studies and
those experienced by recovering addicted individuals, potentially hindering our ability to map
circuit/behavior relationships across species (Epstein et al., 2006, Torregrossa and Taylor,
2013). For this reason, as mentioned, we and others have implemented models that capture
how negative consequences impact drug intake, putatively better mirroring the human condition.
However, multiple questions remain about whether these newer models bring the field closer to
treatment development.

Development of models that incorporate negative consequences coincident with drug
taking have improved the face validity of the reinstatement model. Indeed, humans often quit
using drugs of abuse due to mounting negative consequences and footshock is intended to
mirror negative consequences that humans may experience because of drug use. However, in
humans, consequences are typically not contingent on drug use, but instead might arise far in

the future (e.g., financial ruin, future health risks). Whether the nature of contingent footshock in
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rats engages comparable neural circuits to those engaged in humans considering these far
future consequences remains to be seen. Future work might incorporate delayed negative
consequences (e.g., delayed footshock) to assess whether future consequences associated
with drug use might impact addiction-relevant neural circuits. Indeed, such disregard of future
negative consequences and myopia on current drug seeking and use in humans is a critical
component of the addiction process.

VP circuit function and motivated behavior: Where we are and where we’re going. Much
work in recent years has begun illuminating the circuit and computational principles by which VP
operates to support adaptive behavior. Indeed, technological developments in systems,
molecular, and computational neuroscience have allowed unprecedented access to the
functional diversity of VP cell types in across motivated behaviors. Here | will contextualize my
findings concerning VP®ABA neurons’ role in motivated behavior with recent developments in
understanding of VP circuitry and cell types across species, with an emphasis on how the idea
of cell types provides an important lens through which we understand neural circuits.

VP was once considered a key neural node involved in translating motivational
information into motor output (Mogenson et al., 1980). However, VP now is generally
considered a motivational hub, and not a simply relay node to downstream motor effectors. One
key aspect of VP circuitry that informs understanding its function is that of cell types. While in
this dissertation | largely focus on neurotransmitter-defined VP®*BA neurons, the
neurotransmitter released from a particular cell is only one way in which we can distinguish cell
types. Much recent work has even illuminated the capacity of neurons to release multiple
distinct types of neurotransmitter/neuromodulators (Seal and Edwards, 2006; Hnasko and
Edwards, 2012; Tritsch et al., 2016), including in VP (Faget et al., 2018). Electrophysiological
properties, connectivity with up- or downstream brain regions, transcriptomic profile, expression
of particular proteins, morphological characteristics, and location within VP borders all constitute

complementary ways to parse neural networks in order to better understand their function.
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Indeed, VP’s function appears to depend upon projection targets (Mahler et al., 2014; Faget et
al., 2018; Pribiag et al., 2021), protein expression (Knowland et al., 2017; Prasad et al., 2019;
Heinsbroek et al., 2020), rostrocaudal or mediolateral anatomical location (Smith and Berridge,
2007; Mahler et al., 2014), or a combination thereof (Root et al., 2015).

While each of these facets of VP function is relevant for understanding its function, the
neurotransmitter released from VP in downstream targets appears particularly relevant. While
histological experiments demonstrated the existence of GABAergic, glutamatergic, and
cholinergic cells in VP, only recently have systems neuroscience been able to selectively target
these cell types to understand their function. VP®*BA neurons constitute ~70-80% of cells in VP
with a minority expressing glutamatergic (~15%) and cholinergic (~10%) markers. We and
others have demonstrated that a minority of GABAergic cells also express glutamatergic
markers, highlighting that individual cells may have the capacity to co-release both excitatory
and inhibitory neurotransmitters (Faget et al., 2018; Farrell et al., 2019; Farrell et al., 2021).
While such co-release is an exciting motif found in diverse neural circuits, the importance of this
minority population in VP and surrounding basal forebrain regions remains largely unclear.
Nonetheless, a surge of recent studies has revealed largely opposing role for VPGABA and
glutamate neurons, with the former promoting appetitive motivation and the latter supporting
aversive motivation (Faget et al., 2018; Tooley et al., 2018; Heinsbroek et al., 2020;
Stephenson-Jones et al., 2020). Interestingly, VP®*8*and glutamatergic neurons display similar
projection profiles, sending projections to multiple downstream nodes including subthalamic
nucleus, VTA, LHb, MD, lateral hypothalamus, and substantia nigra pars reticulata among other
regions. Such similar projection patterns lead to the idea that these cells might compete locally
or in downstream targets in a push-pull manner, though much work must be done to understand
such network connectivity and related functional implications.

Our results are largely in accordance with the notion that VP®ABA neural activity encodes

and promotes appetitive motivation. In our hands, pan-neuronal inhibition of VP neurons (which
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targeted largely GABAergic cells) strongly decreased cocaine seeking following punishment-
induced abstinence in a model of cocaine relapse. Specifically, we found that chemogenetically
inhibiting VP neurons suppressed cue- and context-induced reinstatement in the ‘safe’ context
in which rats had never received footshock (Farrell et al., 2019), especially in those rats that are
relatively punishment resistant (ie, continue taking cocaine despite footshock). While our
DREADD manipulations here were not GABA-neuron specific, in situ hybridization revealed that
hM4Di-expressing neurons were largely GABAergic, consistent with the predominant population
of GABAergic cells in VP. These results demonstrate that inhibiting largely VP82 neurons can
potently suppress appetitive cocaine-seeking behavior after punishment-induced abstinence—
building upon prior work showing that VP circuits are key for drug-seeking after explicit
extinction training (McFarland and Kalivas, 2001; McFarland et al., 2004; Mahler et al., 2014;
Prasad et al., 2019; Prasad and McNally, 2020).

My subsequent work employed GAD1:Cre transgenic rats in combination with Cre-
dependent excitatory (hM3Dq) and inhibitory (hM4Di) DREADDs to selectively target VPSABA
neurons. While a large body of work has accumulated investigating VP’s role in cocaine
seeking, its role in seeking of opioid drugs is less well understood. VP is embedded within
neural circuits in which opioid signaling plays a critical role in hedonic impact of rewards and
appetitive motivation, yet the function of VP®ABA neurons in opioid seeking was unexplored.
Using a similar punishment-induced abstinence model as employed previously (Farrell et al.,
2019), we found that chemogenetically inhibiting VP®ABA neurons suppressed seeking of the
potent p opioid receptor agonist, remifentanil, after punishment-induced abstinence (Farrell et
al., 2022). On the other hand, stimulating VP®A84 neurons strongly potentiated remifentanil
seeking, even in the context that was previously coupled with footshock—a key finding given
that a hallmark of drug addiction is seeking drug despite potential adverse consequences
(American Psychiatric, 2013). Stimulating VP8 neurons similarly increased remifentanil

reinstatement following extinction training, suggesting that VP®*BA neuron stimulation can
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enhance motivation for drug irrespective of whether rats underwent voluntary, punishment-
induced abstinence or extinction. Effects of VP®A8A neuron stimulation and inhibition were
specific to opioid seeking rather than opioid taking, since neither manipulation impacted
remifentanil self-administration. These findings are consistent with the notion that VPGABA
neurons promote appetitive motivation for desirable rewards, and further expand upon our
understanding by implying a role for VP*BA neurons in promoting motivation despite potential
adverse consequences.

While chemogenetically stimulating VP®*BA neurons robustly enhances remifentanil
reinstatement, how might endogenous VP circuit function impact addiction-like behavior? To
address this, we further asked whether VP neurons were activated in response to cocaine-
(Farrell et al., 2019) or remifentanil-associated cues (Farrell et al., 2022). Specifically, we were
interested in examining neural activity in distinct mediolateral and rostrocaudal VP subregions,
which exhibit distinct input and output connectivity and are differentially involved in reward-
associated behaviors (Smith et al., 2009; Root et al., 2010; Root et al., 2013; Mahler et al.,
2014). For our cocaine experiments, we found that VP neurons, irrespective of their
rostrocaudal or mediolateral location, were robustly recruited by cocaine-associated cues and
contexts, as measured by Fos immunohistochemistry. This VP neuronal recruitment extended
to the punishment-associated context, in which rats had previously received footshock
punishment for taking cocaine. Similarly, we observed broad activation of VP neurons across
rostrocaudal VP in both in both footshock- and non-fooshock-associated contexts. Notably,
however, opioid reinstatement was positively correlated only with Fos in rostral, but not caudal,
VP. These results collectively mirror prior findings from our group and others (Mahler et al.,
2014), yet a key open question is whether animals that exhibit an addiction-like phenotype
exhibit greater VP activation in response to drugs of abuse or their predictors. Inhibiting VP
neurons suppressed cocaine seeking to the greatest extent in punishment-resistant rats—

however, this leaves open the critical question of whether endogenous VP dynamics are
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coupled with addiction-like behavior. More work ought to be conducted to understand the extent
to which VP circuits are selectively recruited in compulsively drug-seeking animals, and,
ultimately, people with addiction.

We were further interested in pursuing the idea that VP*®A neurons are important for
the decision-making process when appetitive and aversive motivational tendencies compete for
behavioral control. To do so, we implemented a model based on prior work from Barry Setlow’s
group (Simon et al., 2009; Orsini et al., 2015b), in which rats select between a large/risky and
small/safe food reward option. This task pits reward seeking and harm avoidance tendencies
against each other. We uncovered that inhibiting VPS8 neurons suppressed seeking of the
large/risky option. Even when rats selected the large/risky option, they did so with a longer
latency than their counterparts with intact VP82 neuron function. These results support the
idea that VP®ABA neurons are critical for overcoming potential adverse consequences in
decision-making scenarios.

Our results further suggest that VP®*BA neuron inhibition decreases motivation in
general. Indeed, inhibiting VP82 neurons decreased participation in the risky decision task, as
demonstrated by an increase in the number of trial omissions. Moreover, in the absence of
potential footshock punishment, we showed that inhibiting VP®*B* neurons suppressed high-
effort progressive ratio responding as well as low-effort FR1 responding for palatable food.
Interestingly, the satiety state of the rat was a critical determinant of VP®AB4 neuron effects since
we observed that inhibiting VP®*BA neurons only suppressed operant chow seeking when rats
were hungry, but not when they were sated. Such effects on appetitive food motivation are in
accordance with much prior literature pinpointing VP as a key region associated with incentive
motivation (Smith and Berridge, 2007; Smith et al., 2011; Tachibana and Hikosaka, 2012;
Richard et al., 2016; Richard et al., 2018). However, inhibiting VP82 neurons failed to impact
food consumption since this manipulation failed to influence free palatable chocolate intake

when it was freely available. Therefore, collectively it appears that chemogenetic VPCABA
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neurons inhibition results in food and drug seeking, rather than food or drug consumption
(Farrell et al., 2021; Farrell et al., 2022). Such results are generally at odds with the notion that
VP is a critical element of feeding behavior in general, though many of the experiments
supporting this idea performed non-GABA neuron specific pharmacological or lesion
manipulations (Smith et al., 2009; Castro et al., 2015). One hint that may reconcile the
seeking/consumption dissociation is the fact that VP®ABA neurons project to distinct downstream
targets. Indeed, recent work has demonstrated that suppression of ventral pallidostriatal
(‘arkypallidal’) are permissive of consumption, and potentially suppresses ongoing seeking
(Vachez et al., 2021). Further dissection of these projection-specific VP EA neuron
subpopulations will be necessary to deepen our understanding of seeking versus consummation
in ventral basal ganglia networks.

Inhibiting VP®A8A neurons suppressed risky decision making in the presence of potential
adverse consequences and appetitive motivation in the absence of such consequences—does
inhibiting VP®ABA neurons also impact aversive motivation or the perception of harm? Two
affective readouts of sensitivity to footshock revealed that inhibiting VP neurons failed to
influence either motor reactivity to shock or footshock-evoked ultrasonic vocalizations,
suggesting that VP®*BA neurons might not be critical elements of aversive reactions to harm.
However, we uncovered hints that VP82 neuron inhibition does impact aversive motivation,
rather than aversive affective responses. Though inhibiting VP®*®A neurons failed to impact the
percentage of avoidance responses emitted during a footshock avoidance/escape model, we
did find that rats took longer to lever press to avoid footshock. Longer latency/decreased task
participation is a hallmark of inhibiting VP in appetitive tasks, but this, to our knowledge, is the
first demonstration of slowed response times in an aversive motivation task resulting from
VPCGABA perturbations. Thus, this provides a hint that VPS4 neurons might be involved in both

avoidance and reward seeking more generally, though future work ought to explore VP’s role
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more specifically in aversive tasks that tap into dissociable psychological processes (e.g., fear
conditioning, active avoidance, inhibitory avoidance).

My work collectively shows that VP itself is not selectively recruited when potential
negative consequences are present. For example, | showed that VP neural activity (measured
by Fos) is increased during remifentanil reinstatement irrespective of whether reinstatement
testing occurred in the ‘safe’ Context A or the punishment-associated Context B. If it were the
case that VP neurons were selectively recruited to overcome potential consequences, we likely
would have seen greater Fos in the punishment-associated context. Consistently, inhibiting
VPCGABA neurons not only decreased choice of a large/risky option, but also generally decreased
appetitive motivation in the absence of potential harm. Thus, it appears that VP®A®A neurons are
critical for appetitive motivation for food or drugs of abuse more generally, rather than playing a
specific role in reward seeking despite adverse consequences.

Activity of VP®*8A neurons are likely necessary for overcoming obstacles, potential
consequences, or effort requirements. Such incentive motivational properties of VP, and its
GABAergic neurons therein, scale with the incentive value of reward-associated cues
depending on the internal state of the animal. If the incentive value is high, either due to close
reward proximity or an internal need state (e.g., hunger, craving), then an animal ought to be
willing to overcome potential negative consequences or other obstacles and engage in reward
seeking actions. If, however, incentive value is low, potential negative consequences will
instead constrain reward seeking, limiting the exertion of effort or willingness to overcome
potential harm. Indeed, my work illustrates that VP82 neurons are a primary contributor to
incentive motivation, building on the shoulders of much work examining VP’s role in reward and
motivation (Smith et al., 2009).

Understanding neural circuits to improve psychiatric treatment: Chemogenetics as tool
or potential treatment? Two main goals of behavioral neuroscience are: 1) to understand how

the brain generates behavior and 2) intervening in brain operation to treat neuropsychiatric
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disorders. Ideally, there exists bidirectional information flow between these two goals such that
understanding yields new treatments, and, potentially, that treatments can inform
understanding. For example, understanding the basic functional organization of basal ganglia
circuits prompted the idea that electrically stimulating subthalamic nucleus might effectively treat
Parkinson’s disease (Benabid et al., 2009). On the other hand, serendipitous discoveries like
the utility of chlorpromazine for the treatment of psychotic disorders revealed something about
the neurochemical basis of schizophrenia (Ban, 2007). Similarly, the efficacy of selective
serotonin reuptake inhibitors for treatment of depression demonstrated that depression might in
part result from serotonergic dysfunction (Vaswani et al., 2003). These examples highlight this
bidirectional relationship in the goals of behavioral neuroscience—treatments can inform
understanding the nervous system and understanding the nervous system can inform
treatments.

The technology of chemogenetics (and optogenetics) exists at the crossroads of
understanding the nervous system and functioning as a potential therapeutic. Chemogenetics
represents an approach that uses engineered receptor proteins designed to initiate signal
transduction based on binding to an otherwise inert ligand (Sternson and Roth, 2014; English
and Roth, 2015; Roth, 2016). Application of chemogenetic technology, largely using DREADDs
(Armbruster et al., 2007), has yielded unprecedented insights into the function of cell- and
pathway-specific neural circuits in preclinical models of addiction (and behavioral neuroscience
more generally) (Smith et al., 2016). The work presented throughout this dissertation is
illustrative of such advances. However, a question that naturally arises from this work and the
work of others is whether chemogenetic technology could be itself therapeutically applied, rather
than serve merely as a preclinical tool.

Psychiatric disorders arise from a complex interaction among multiple levels of analysis
including the social, psychological, and neurobiological, and such disorders are generally

treated via psychotherapy, medication, or a combination thereof. Although effective for treating
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psychiatric disorder in some, psychiatric medication is by no means a panacea and is often
coupled with negative side effects. One reason for the relative ineffectiveness of
pharmacotherapies is that such approaches are neurobiologically blunt tools. Psychiatric drugs
are often promiscuous, interacting with multiple targets distributed throughout the CNS and the
periphery. Even with the advent of exquisitely selective pharmacological compounds (Roth et
al., 2017), it seems unlikely that psychiatric disorders would result from dysfunction in a
particular neurotransmitter system, receptor, or protein target.

The question then is in what sense is a chemogenetic approach might be better than
traditional pharmacotherapeutics. An inherent limitation of pharmacological approaches is that
they bathe the entire brain with medication, despite the profound heterogeneity of neural
circuitry. Ubiquitous receptor expression throughout the brain (e.g., serotonin, DA receptors)
suggests that such pharmacological approaches target circuits for their therapeutic benefits, but
spill over into other circuits that may produce unwanted side effects. Chemogenetics, and other
circuit-targeted approaches, affords a potential solution to this problem by delivering therapeutic
stimulation only to relevant neural circuits and cell types, thus potentially limiting off-target side
effects. Chemogenetic approaches also afford the ability to target select cell- and pathway-
specific cell types, unlike neurostimulation approaches like deep brain stimulation that activate
neuronal cell bodies and fibers of passage irrespective of cell type (though DBS protocols are
being developed to preferentially target specific cell types (Spix et al., 2021)). Indeed,
chemogenetic approaches might be considered anatomically-defined cell- and pathway-specific
medication, which allows us to incorporate the latest understanding derived from circuit
neuroscience in an effort to better treat psychiatric disorders. Beyond gleaning insight about
neural circuit function from chemogenetic approaches, much work must be done in the
bioengineering space to develop non-invasive chemogenetic delivery methods to target select

neural circuits (Szablowski et al., 2018; Challis et al., 2019).
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However, the unprecedented advances derived from cell-type and pathway-specific
chemogenetic manipulations afforded by modern systems neuroscience tools belies our lack of
understanding the computations that neural circuits perform that lead to behavior. For example,
much is known about VP and its surrounding brain regions. We have relatively good
understanding about its cell types, transcriptomic profile, intrinsic and extrinsic connectivity,
electrophysiological profile, and how its stimulation or inhibition impacts behavior. Moreover, this
dissertation expanded upon our understanding of VP®"8A neurons, and their role in addiction-
like and decision-making behavior. However, despite this seemingly deep understanding,
relatively straightforward questions remain almost completely opaque. Some of these questions
include: How are VP®"BA neurons intrinsically/extrinsically wired to support motivation? How
might VP handle different types of motivational states? How does the convergence of D1- and
D2-MSNs in VP impact computation? What information is relayed to downstream targets via
distinct VP cell types? Clearly, much work must be done to better understand VP circuit
computations and its contributions to motivated behavior—an goal likely best served by a
combination of computational modeling, careful behavioral dissection, and theory-driven circuit
monitoring and manipulation.

Conclusion. This dissertation supports the idea that VP®*BA neurons are involved in
orchestrating adaptive behavior in the context of addiction. | showed that VP®A8A neurons are
critical in seeking of psychostimulants and opioids across relapse models, and that activity in
mediolateral and rostrocaudal VP zones are associated with drug seeking. Moreover, VPGABA
neurons are critical for driving appetitive motivation for natural rewards as well as guiding
decision making when reward pursuit and harm avoidance compete for control of behavior.
Overall, these results support the notion that VP®A8A neurons are a critical element involved in
generating appetitive motivation to overcome obstacles, potential harm, and effort requirements.
While such a capacity is critical to drive us forward in the world, such motivational systems may

break down in the case of psychiatric disorders like addiction. Further understanding these
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systems will pave the way for developing novel neuroscience-based therapeutics for the

treatment of psychiatric disorders in years to come.
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