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Abstract

Ventral tegmental area (VTA) dopamine (DA) neurons play an important role in
modulating activity in the mesocorticolimbic system in response to reward. Output from
VTA DA neurons is critical for mediating drug-related behaviors, as inhibition of these
neurons blocks drug induced stimulation. Drugs of abuse act on a diverse set of molecular
targets, but they share the ability to enhance DA levels throughout the mesocorticolimbic
system. Enhanced DA levels engage negative feedback mechanisms on VTA DA neurons
by activating inhibitory G protein-dependent signaling pathways, mediated by
GABAg receptors (GABAgRSs) and D, DA receptors (D2Rs). GABAsgR- and D;R-dependent
feedback in VTA DA neurons is further modulated by Regulator of G Protein Signaling
(RGS) proteins, which act to enhance the deactivation of G protein signaling. The R7
family of RGS proteins, including RGS6, is known to modulate neuronal G protein
signaling preferentially via Ga,, and has been implicated in drug-related behaviors. One
goal of the work in this thesis was to assess how changes in VTA DA neuron inhibition
may alter drug-related behaviors.

In order to assess the relative influence of GABAgRs and D;Rs on drug sensitivity,
we characterized a neuron-specific CRISPR/Cas9 approach to ablate GABAgRs or D2Rs
in VTA DA neurons. Our ablation technique prevented VTA DA neuron somatodendritic
responses to the GABAgR agonist baclofen or the D;R agonist quinpirole in a receptor
specific manner. Loss of VTA DA neuron D;R-dependent signaling resulted in enhanced
cocaine-induced motor stimulation in both male and female mice, whereas loss of VTA
DA neuron GABAgR-dependent signaling resulted in enhanced cocaine-induced motor
stimulation only in males. Neither GABA&R nor D2;R ablation had an effect on morphine-
induced motor stimulation. These data suggest that VTA DA neuron inhibitory G protein-

dependent feedback modulates behaviors in a drug- and sex-specific way.



We also wanted to evaluate the role of RGS6 in modulating VTA DA neuron inhibitory
feedback and drug-related behaviors. We showed that RGS6 and G5, the binding partner
of R7 RGS proteins, are expressed in the majority of VTA DA neurons. Additionally, both
the GABAsR and D:R can signal through Ga,, the preferred substrate of RGSS6,
suggesting that RGS6 may modulate both GABAsR- and D;R-dependent signaling.
Indeed, constitutive RGS6™~ mice exhibited enhanced amplitude of somatodendritic VTA
DA neuron D;R-dependent signaling and prolonged deactivation of GABAgR-dependent
signaling. Next, we utilized the CRISPR/Cas9 approach characterized previously to
assess VTA DA neuron specific effects of RGS67~. As with constitutive RGS6™-, VTA DA
neuron specific RGS6 ablation enhanced D>R-dependent current amplitude. Further, VTA
DA neuron specific RGS6 overexpression reduced D;R-dependent current amplitude.
These data suggest a negative regulatory role for RGS6 in VTA DA neuron G protein-
dependent signaling. We also report that both male and female constitutive RGS6~~ mice
display decreased hinge alcohol consumption, but that only female VTA DA neuron
specific RGS67~ display decreased binge alcohol consumption. Together these results
suggest that RGS6 modulates VTA DA neuron G protein-dependent inhibition in a
receptor-dependent manner, resulting in a sex-dependent influence on alcohol
consumption.

Most humans using drugs of abuse have co-occurring substance use patterns, so in
addition to assessing independent drug mechanisms it is also important to assess how
drug-related behavior patterns change during drug co-consumption. As alcohol and
nicotine are the most frequently co-used drugs of abuse, the second goal of this work was
to assess how abstinence from either nicotine or alcohol, after weeks of concurrent
consumption, affects intake of the remaining drug. We did this by utilizing a 3-bottle choice

model of concurrent alcohol, nicotine, and water consumption. When we removed the



nicotine bottle after 3 weeks of concurrent consumption, we did not observe a change in
levels of alcohol consumed, suggesting that mice do not compensate for the absence of
nicotine by increasing alcohol consumption. When we instead added the aversive tastant
guinine to the alcohol bottle, we saw an acute decrease in alcohol consumption in addition
to an increase in the levels of nicotine consumed, suggesting that mice compensate for
the absence of alcohol by increasing nicotine consumption. Further, chronically increasing
quinine concentration in the alcohol bottle resulted in enhanced nicotine compensation in
females but not in males. These results have important implications for treating patients
with substance co-use disorders, as they suggest the order of drug abstinence may affect
overall treatment outcomes.

Collectively, work presented in this thesis provides novel insights about how drug-
related behavioral outcomes are affected by drug mechanism, underlying inhibitory
architecture, sex of the subject, and drug availability. These insights highlight the
importance of gaining a greater understanding of both individual and co-substance use

disorders in order to inform patient-specific treatment strategies.
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Chapter 1 : Introduction

1.1 Natural Reward System

Responding to natural rewards is evolutionarily critical to increase the likelihood of
repeating events that promote survival, such as drinking, eating, reproduction, and social
interactions (Delgado, 2007; McClure, York, & Montague, 2004; Schultz, 2010; Wise &
Rompre, 1989). Reward processing takes place in the mesocorticolimbic system, which is
made up of distinct brain regions that are interconnected to form a complex system of
communication (Hikosaka, Bromberg-Martin, Hong, & Matsumoto, 2008; O’Doherty,
2004). Within the mesocorticolimbic system, limbic regions such as the nucleus
accumbens, amygdala and hippocampus are implicated in predicting and reinforcing
reward behaviors, while cortical regions such as the prefrontal cortex, orbitofrontal cortex
and cingulate are implicated in integrating different aspects of reward processing and
cognitive control (Hearing, Zink, & Wickman, 2012; Hikosaka et al., 2008). Human
neuroimaging studies as well as animal studies show that activity in these brain regions is
elevated during reward related activities (Delgado, 2007; Knutson & Cooper, 2005;
McClure et al., 2004; Schultz, 2015; Wise, 2004).

One key modulator of activity in the mesocorticolimbic system is dopamine (DA). DA
agonists increase activity in mesocorticolimbic structures, and pharmacological agents
that block DA also attenuate behaviors in response to natural reward (Joseph & Hodges,
1990; Pfaus et al., 1990; Schultz, 2015; Wise & Rompre, 1989). DA signals are suggested
to code reward prediction error, such that unexpected rewards increase DA output,
expected rewards have no effect, and omissions of expected rewards decrease DA output
(Hikosaka et al., 2008; Knutson & Cooper, 2005; Schultz, 2007). This DA signal reinforces

the association of cues leading to the reward with positive outcomes to inform future



decision making (Schultz, 1998; Wise, 2002). DA signals in the mesocorticolimbic system
originate from the substantia nigra (SN, A9) and ventral tegmental area (VTA, A10), two
distinct populations of neurons located in the midbrain (Kalivas, Taylor, & Miller, 1985;
Kelly, Seviour, & Iversen, 1975). DA neuron disfunction in VTA and SN is linked to
psychiatric disease such as Parkinson’s, schizophrenia, and depression (Nora D. Volkow
et al., 1994; Walker, Ray, & Kuhn, 2006; Wise & Rompre, 1989). SN DA neurons tend to
be more strongly linked to movement disorders, whereas VTA DA neurons are implicated
in motivation and addiction-related behaviors (Nora D. Volkow, Wang, Fowler, Tomasi, &
Telang, 2011; Wise, 2002). As the purpose of this thesis is to explore how pathological
regulation of reward circuitry can lead to maladaptive responses to drugs of abuse, the
remainder of the information will focus on VTA DA neurons and connecting regions.
1.1.1 Ventral Tegmental Area

The VTA is a critical node in the mesocorticolimbic system that is activated in
response to rewards. The VTA contains DA, GABA, glutamate and co-transmitter
releasing neurons, which form a complex circuit influencing each other as well as neurons
in downstream brain regions (Lammel, Lim, & Malenka, 2014; Morales & Margolis, 2017).
The vast majority of research on the VTA has focused on DA neurons due to their
importance in mediating reward-related behaviors (Sanchez-Catalan, Kaufling, Georges,
Veinante, & Barrot, 2014). VTA DA neuron output increases in response to natural
reinforcers such as food or sex (Joseph & Hodges, 1990; Pleim, Matochik, Barfield, &
Auerbach, 1990). Additionally, animals will work to receive direct stimulation of VTA DA
neurons or associated ascending fibers, and will even forgo food in favor of direct
stimulation (Wise, 2002; Wise & Rompre, 1989). This suggests that activation of VTA DA

neurons is inherently rewarding.



VTA DA neurons have been implicated in associating cues with rewarding outcomes.
When a natural reinforcer is repeatedly paired with a neutral cue such as a sound, often
referred to as a conditioned stimulus (CS), VTA DA neurons begin to fire in response to
the CS rather than the natural reinforcer (Schultz, 2015; Nora D. Volkow et al., 2011; Wise,
2002). Further, direct stimulation of VTA DA neurons can induce cue conditioning in the
absence of a natural reinforcer, suggesting that VTA DA neurons play a critical role in
driving this reward-learning process (Saunders, Richard, Margolis, & Janak, 2018). This
learned response is evolutionarily important for making decisions by predicting signals or
events in the world that tend to result in positive outcomes.

More recently, researchers have begun to parse out distinct groups of VTA DA
neurons that communicate to specific downstream projection targets to coordinate
different behavioral outputs (C. P. Ford, Mark, & Williams, 2006; Lammel et al., 2008;
Margolis, Mitchell, Ishikawa, Hjelmstad, & Fields, 2008; Stefani & Moghaddam, 2006).
These distinct neuron populations display diverse electrical and chemical properties (De
Jong, Fraser, & Lammel, 2022; Lammel et al., 2014). The neurons with “classical” markers
associated with DA neurons are described as possessing long action potential duration,
large hyperpolarization-induced currents (l,), slow baseline firing rates, and
hyperpolarization by D, receptors; these neurons are enriched in the lateral VTA and
project primarily to the lateral nucleus accumbens (NAc) shell (De Jong et al., 2022;
Lammel et al., 2014). VTA DA neuron projections to the NAc are important for reward-
related behaviors, as DA increases in the NAc after VTA DA neuron activation in response
to reward (Delgado, 2007; Kelley, 2004; Nora D. Volkow et al., 2011). Additionally, DA
levels in the NAc correlate with satiety, suggesting animals seek out stimuli that increase

DA release in the NAc (Wise, 2002).



1.1.2 Nucleus Accumbens

The NAc lateral shell is the main target of lateral VTA DA neurons (Lammel et al.,
2014). The NAc is part of the ventral striatum and is typically discussed as having two
distinct regions, the core and the shell (Carlezon & Thomas, 2009; Kelley, 2004). The core
and the shell have been shown to play distinct roles in reward-related behaviors, with the
shell being critical for the motivational aspect of seeking rewards (Pontieri, Tanda, & Di
Chiara, 1995). In support of this, injection of DA into the NAc increases locomotor
exploration, a behavior typically associated with reward, but only DA in the shell, not the
core, reinforces reward-seeking behaviors (Di Chiara & Imperato, 1988; Joyce & Iversen,
1979; Kalivas et al., 1985; Pijnenburg & van Rossum, 1973; Wise, 2002).

Similar to the VTA, there is a diversity of cell types within the NAc, with subsets of
cells projecting to different regions (De Jong et al., 2022). The majority of cells within the
NAc are GABA-releasing medium spiny neurons (MSNs), sometimes referred to as the
“final common path” for reward circuitry, which can be categorized as D: or D, MSNs
(Carlezon & Thomas, 2009; Wise, 2002). D, MSNs co-express the dopamine D; receptor
(D2R), which is inhibitory, and the endogenous opioid peptide enkephalin (Wise, 2002).
D2Rs have a higher affinity for DA compared to D1R, and are thought to play a role in
limiting reward signaling (Durieux et al., 2009; Koob & Volkow, 2016). D1 MSNs co-
express dopamine Di receptors (DiR), which is stimulatory, substance P, and the
endogenous opioid peptide dynorphin (Wise, 2002). D1Rs require higher levels of DA in
order to be activated due to their lower affinity for DA, but activation of these receptors is
necessary for reward reinforcement (Caine et al., 2007; Koob & Volkow, 2016). In addition
to mediating reward, a subset of D; MSNs project directly back to midbrain regions, and
synapse onto DA neurons providing a critical source of bi-directional communication

between the NAc and VTA (Edwards et al., 2017). This projection from NAc back to the



VTA is important for negative feedback regulation of DA neurons, as electrical stim of NAc

depresses firing of VTA DA neurons (Carlezon & Thomas, 2009; Wang, 1981).

1.2 Substance Use Disorder

One frequently used method to study the natural reward circuit is by utilizing drugs of
abuse, which are known to activate portions of the mesocorticolimbic system. Further,
studying the actions of various drugs of abuse within the mesocorticolimbic system
provides novel insights into how certain individuals develop substance use disorders
(SUD). The current clinical definitions of SUD come from the Diagnostic and Statistical
Manual for Mental Disorders, 5th edition (DSM-5) (American Psychiatry Association,
2013) and the International Statistical Classification of Diseases and Related Health
Problems, 11th revision (ICD-11) (WHO, 2022). These resources have variations in
diagnostic criteria, yet they both describe a loss of control, disruptions to daily life, and
adverse health outcomes (Katie Witkiewitz, Pfund, & Tucker, 2022). Affected individuals,
their family, and community members are substantially impacted by direct and indirect
effects of SUD on healthcare costs, quality of life, crime and violence, among others
(McLellan, 2017; Nelson, Bundoc-Baronia, Comiskey, & McGovern, 2017). This is
problematic, as according to the 2020 National Survey of Drug Use and Health (NSDUH)
over 80% of individuals report drug use in their lifetime, and at least 14% of those report
an SUD. Therefore, studying drugs of abuse is important as understanding why individuals
progress from drug use to drug abuse could reduce the burden on society by informing
treatment and prevention strategies.

Substance use disorders have been described as having multiple stages:
Binge/intoxication, withdrawal/negative affect, and preoccupation/anticipation (Becker &

Koob, 2016; Koob & Le Moal, 1997; Nelson et al., 2017), which play a role in the



progression of SUD. The binge/intoxication stage involves the acute effects of drugs of
abuse on the natural reward circuitry that lead to positive reinforcement. It focuses on
rewarding aspects that drive motivation to seek and take drug, such as increases in DA in
the mesocorticolimbic system (Koob, 2013). Indeed, drugs of abuse and related cues have
been shown to increase activation of DA systems in the mesocorticolimbic system (N. D.
Volkow, Fowler, Wang, Baler, & Telang, 2009; Nora D. Volkow et al.,, 2011). The
withdrawal/negative affect stage, on the other hand, focuses on the presence of negative
reinforcers during withdrawal due to neuroadaptations that arise from the continued
supraphysiological surges in synaptic DA during continuous drug use (Kalivas & O’Brien,
2008). These negative reinforcers drive the motivation to use drugs in order to relieve this
aversive state. People report feelings such as malaise, dysphoria, pain, sleep
disturbances, and loss of motivation during withdrawal, which drive drug-seeking
behaviors in an effort to reduce negative symptoms (Wise & Koob, 2014). The
preoccupation/anticipation stage involves dysregulation of executive control systems,
such as the prefrontal cortex (Koob, 2013). Impairments in prefrontal cortical signaling
make it more difficult to make the executive decision to override habitual drug-seeking
behaviors (Kalivas & O’Brien, 2008). In support of this, people with SUD show impairments
in executive functions such as decision-making and behavioral inhibition, in addition to
showing deficits in prefrontal cortical signaling (Nelson et al., 2017). All three stages
involve the integration of reward-, stress- and homeostasis-related brain regions.
Acknowledging the different aspects of disease progression is important for identifying
individuals prone to or experiencing SUD.

The broad definition and multiple stages of SUD leads to a heterogeneous population
of affected individuals, which can make treatment difficult and often only mildly effective

(Longabaugh & Magill, 2011). Patients differ not only in their symptom presentation, but



also in their behavioral and biological risk factors (Sarvet & Hasin, 2016). It has been
suggested that race, socioeconomic status, and age of first use may play a role in long
term outcomes, but evidence is mixed (Nelson et al., 2017; Sarvet & Hasin, 2016). Co-
morbid disorders have also been evaluated, as about half of the individuals experiencing
SUD also have a co-occurring psychological disorder such as anxiety, depression, bipolar,
or schizophrenia (National Institute of Mental Health, 2021). It is unclear whether one
disease might lead to another, or if common risk factors underly both. Although many
different variables have been identified, it is still unknown how these variables interact and
why some individuals can regularly use drugs of abuse without developing SUD while
others cannot. Recently the focus of research has shifted toward understanding what
treatments are effective for specific patient populations and why, in order to offer
personalized treatment strategies (Longabaugh & Magill, 2011; Nelson et al., 2017; Katie
Witkiewitz et al., 2022). The heterogeneity of patient populations highlights the need for a
deeper understanding of the neurobiology underlying the different aspects of SUD to
develop more effective treatment strategies.

Animal Models of SUD

In order to elucidate neural mechanisms underlying SUD, many preclinical research
studies utilize rodents. Rodents provide a relatively homologous underlying brain circuitry
to humans and allow for the use of more invasive techniques in conjunction with
assessment of fairly complex behaviors. Different behavioral models are used to assess
various aspects of SUD, each with known strengths and weaknesses. Locomotor
stimulation is a commonly used method to assess drug sensitivity, as the mesolimbic DA
system plays an important role in initiating spontaneous motor activity (Di Chiara &
Imperato, 1988; Joyce & Iversen, 1979; Kalivas et al., 1985). Therefore, this behavioral

output provides a simple, high throughput readout of DA release from the VTA to the NAc.



Another method for assessing drug-related behaviors is by using self-administration
studies. There are different forms of self-administration, including direct intravenous
infusion (iv) and oral consumption, but they share the same advantage of allowing for
animals to make a choice to consume the substance being tested. Animals tend to prefer
consumption of substances that reinforce reward over neutral substances like water. A
third commonly used method to assess drug reward is the conditioned place preference
model (CPP). This paradigm consists of repeated pairing of drug or neutral substance in
a particular context, followed by a test session where the animal is allowed to decide which
context they prefer to spend their time in. Mice tend to prefer spending time in the drug-
paired chamber, which indicates a motivation to seek positive reinforcement.

1.2.1 Psychostimulants — Cocaine

Cocaine use disorder (CUD) is one prevalent form of SUD that, like all SUDs, consists
of a heterogeneous population of individuals. Cocaine is one of the most common illicit
substances used in the United States, with over 1 million individuals reporting a CUD in
the past year (Kampman, 2019). Men are more likely to use cocaine than women, but
studies have reported that women who use cocaine progress from initial use to CUD faster
and experience greater negative effects during withdrawal than men (Kosten, Gawin,
Kosten, & Rounsaville, 1993; Nelson et al., 2017). It is important to consider the added
factor of culture when discussing sex differences in human patients with SUD, as societal
stigmas can play a large role in patterns of drug use (Brady & Randall, 1999). Similar to
human literature, female rodents tend to acquire and escalate cocaine self-administration
more quickly, show greater withdrawal symptoms, and relapse to cocaine seeking more
frequently (Becker & Koob, 2016; Nelson et al., 2017). Identification and treatment of
individuals prone to or experiencing CUD is critical for decreasing the negative impact that

cocaine has on our society.



No medications to date have been approved for treatment of CUD, leaving
psychosocial treatment as the only available strategy (Chan et al., 2019; Kampman, 2019;
Nelson et al., 2017). Although psychosocial treatments have shown a lot of promise for
some individuals, others show high rates of relapse, emphasizing the importance of
focusing on individualized treatment for people suffering from CUD (Kampman, 2019).
Heritability of CUD is high suggesting a large impact of biological factors and therefore
potential for pharmacotherapy, but the exact biological mechanisms underlying CUD are
still unclear (Jordan & Xi, 2022). Progress in the neurobiological understanding of CUD
has led to new insights into promising targets for pharmacological treatments, but much
is still unknown about the brain mechanisms driving CUD and therefore more research is
necessary to inform patient treatment strategies.

Psychostimulants such as cocaine act by blocking the dopamine transporter (DAT),
which increases levels of DA in synapses throughout the mesocorticolimbic system,
enhancing attention and inducing euphoria (Nora D. Volkow et al., 2011; Wise, 2002).
Human imaging studies show that administration of psychostimulants increases DA levels
in the striatum (Nora D. Volkow et al., 1994). Additionally, acute administration of cocaine
increases locomotor activity in rodents, indicating DA transmission from the midbrain to
the striatum (Berke & Hyman, 2000). Within the striatum, the reinforcing aspects of
cocaine administration are mediated by activation of D; MSNs in the NAc by large spikes
of DA (Koob & Volkow, 2016). Indeed, D1R deficient mice fail to acquire cocaine self-
administration (Caine et al., 2007). In addition to blocking DAT, psychostimulants block
the serotonin transporter (SERT) and norepinephrine transporter (NET), leading to
accumulation of these neurotransmitters in the synapse which affect autonomic and
emotional functions (Nelson et al., 2017). Accordingly, cocaine acutely reduces time spent

sleeping, increases alertness and a sense of well-being, and increases learning rate in



rodents (Berke & Hyman, 2000). Overall, direct effects of cocaine on transporters in the
brain are fairly well characterized, but a deeper understanding of how these interactions
impact mesocorticolimbic communication and in turn lead to CUD will improve treatment
potential.

1.2.2 Opiates — Morphine

Opiate use has increased significantly since the 90s, when a rapid surge of opioid
prescriptions for pain relief initiated a chain of escalating opiate use and misuse (Nelson
et al., 2017). Opiates account for a large portion of all drug-related deaths, a rapidly
increasing phenomenon as the number of opiate-related overdoses has tripled in less than
4 years (Kampman, 2019). As with other drugs of abuse, men tend to use and become
addicted to opiates more frequently than females (Becker & Koob, 2016; Brady & Randall,
1999; C. W. S. Lee & Ho, 2013). In rodents, on the other hand, females tend to display
higher levels of reward and motivation, and learn to self-administer opiates more quickly
than males (Becker & Koob, 2016; Karami & Zarrindast, 2008). This discrepancy again
points to the importance of understanding the societal influences that play a role in human
drug-use in addition to biological factors. Identifying individuals at risk for developing OUD
and utilizing proper prevention or treatment strategies is crucial to forestall the rapidly
increasing impact of OUD on society.

Pharmacotherapies to treat opiate use disorders (OUD) exist (methadone,
buprenorphine, and naltrexone) but are not frequently taken advantage of. Most existing
pharmacotherapies to treat OUD are controlled substances that must be dispensed by
medical professionals, limiting access to treatment for many individuals. Methadone is a
full p-opioid receptor agonist and N-methyl-D-aspartate (NMDA) receptor antagonist, and
buprenorphine is a partial p-opioid receptor agonist and k-opioid receptor antagonist (Y.

K. Lee, Gold, & Fuehrlein, 2022). As both of these treatments are p-opioid receptor
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agonists, they have similar mechanistic actions to illicit opioid drugs and therefore
effectively suppress opioid withdrawal symptoms reduce craving for illicit drugs, and
reduce risk of overdose (Y. K. Lee et al., 2022). However, they also perpetuate
dependence on opioid receptor activation and thus these drugs result in high rates of
relapse after ceasing treatment (Bell & Strang, 2020). Because of this, these
pharmacotherapies are typically only effective if used as a long-term treatment. Naltrexone
acts as a p- and k-opioid receptor antagonist, and although it is very effective in blocking
opioid receptor activation, it shows varying levels of promise in promoting abstinence (Y.
K. Lee et al.,, 2022). More recent extended release formulations of naltrexone have
improved the number of successful patient outcomes, but it can only be used for certain
patient populations that are highly motivated as users must be opioid free before treatment
can begin (Uhl, Koob, & Cable, 2019). Gaining a greater understanding of how neuronal
opioid receptor activation leads to OUD could inform alternate targets for new
pharmacological treatment strategies.

Opiates, such as morphine, are known to act on endogenous opioid receptors, and
transgenic animal studies have been valuable in identifying individual genes and proteins
that play an important role in OUD such as the p-opioid receptor (Jordan & Xi, 2022).
Although the drug targets are known, the exact mechanism leading to progressive opioid
use and abuse is still unclear. It is suggested that opioid receptors may disinhibit VTA DA
neurons via GABA interneuron inhibition as well as directly activating NAc neurons, both
leading to changes in NAc output (Nelson et al., 2017; Nora D. Volkow et al., 2011). In
rodents, administration of opioid receptor agonists increases firing of VTA DA neurons,
and intra-VTA opioid receptor agonists produce a dose-dependent increase in locomotor
activity suggesting enhanced DA output to the NAc (Johnson & North, 1992; Kalivas et

al., 1985). Additionally, direct infusion of morphine in either the NAc or VTA produces an
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increase in locomotor activity and conditioned place preference, suggesting the
involvement of these brain regions in the reward-reinforcing mechanisms of morphine (W.
C. Bunney, Massari, & Pert, 1984; Joyce & Iversen, 1979; Phillips & LePiane, 1980).
Within the NAc, opioid use likely result in high levels of DA receptor stimulation on MSNs
resulting in neuroadaptations that perpetuate OUD, as opioid-dependent subjects had
lower levels of D2R availability in the NAc compared to hon-dependent individuals (Koob,
2020). More thorough mechanistic insights about how opioid use progresses to
dependence are necessary to improve treatment and prevention of OUD.
1.2.3 Alcohol

Alcohol is the most commonly reported substance abused, with alcohol use disorder
(AUD) accounting for 75% of all SUD (Nelson et al., 2017). Further, alcohol is among the
leading causes of preventable deaths worldwide, with most of these deaths associated
with AUD (K Witkiewitz, Litten, & Leggio, 2019). Men tend to drink more than women and
are at higher risk for AUD, while women tend to progress from initial use to dependence
faster (Becker & Koob, 2016; Brady & Randall, 1999; Keyes, Grant, & Hasin, 2008; Nelson
et al., 2017). These reported sex differences in AUD seem to be changing with time, likely
as societal norms also change. Similar to humans, studies in rodents describe faster
acquisition of alcohol self-administration and higher levels of consumption in females
compared to males (Becker & Koob, 2016; Cunningham & Shields, 2018; Li & Lumeng,
1984; Yoneyama, Crabbe, Ford, Murillo, & Finn, 2008). As alcohol use and abuse cause
a significant amount of harm to both individuals and society, identification of factors
leading to AUD and treatments for individuals experiencing AUD is of utmost importance.

Only 3 medications (disulfiram, acamprosate, and naltrexone) approved by the Food
and Drug Administration exist for treatment of AUD (Crabbe et al., 2017). Disulfiram is an

acetaldehyde dehydrogenase inhibitor, which is important in the breakdown of alcohol.

12



When alcohol is consumed after administration of disulfiram, the toxic agent acetaldehyde
builds up resulting in nausea, headache, vomiting, and other unpleasant outcomes (K
Witkiewitz et al.,, 2019). Although it is somewhat effective at decreasing alcohol
consumption, this treatment has mixed efficacy as many patients forgo taking medication
before consuming alcohol. Naltrexone, the opioid receptor antagonist, has shown promise
for reducing alcohol craving and relapse to heavy drinking in certain patient populations,
although the reasons for the efficacy are not fully understood (Domi, Domi, Adermark,
Heilig, & Augier, 2021). Acamprosate is thought to act on the glutamate system to
modulate neuronal excitability, and it has been somewhat beneficial in preventing relapse
in patients that are already abstaining from alcohol (K Witkiewitz et al., 2019). The
approved medications, even when used in conjunction with cognitive behavioral therapy
and support groups, are only efficacious for some individuals (Crabbe et al., 2017; K
Witkiewitz et al., 2019). In addition, the long-term success of current treatment strategies
is low, emphasizing the need for new approaches to treat AUD (Uhl et al., 2019). One of
the major reasons that pharmacological treatment of AUD is only mildly successful is that
the neurobiology underlying this disorder is not well characterized, and therefore effective
drug targets remain elusive. Of note, one drug that is approved for the treatment of AUD
is baclofen, an agonist of the G protein-coupled receptor GABAg. Clinical evidence
suggests that it is able to reduce alcohol drinking, craving, withdrawal symptoms, and
relapse, but it seems to only be effective in certain patient populations (Agabio & Colombo,
2014; De Beaurepaire, Heydtmann, & Agabio, 2019). Gaining a better understanding of
how AUD develops will inform better, more individualized treatment strategies.

The exact mechanism by which alcohol acts to produce positive reinforcement is
somewhat unclear, as alcohol tends to have many targets and affect many processes

throughout the brain and body. One possible mechanism of alcohol action is via facilitated

13



GABAergic transmission onto GABA neurons, which would effectively serve to disinhibit
VTA DA neurons (Nelson et al., 2017; Nora D. Volkow et al., 2011). Although the pathway
is still uncertain, it is known that alcohol leads to activation of VTA DA neurons, resulting
in increased levels of DA in the NAc and other downstream targets (Domi et al., 2021).
This is supported by human imaging studies that show increased DA levels in the striatum
after alcohol administration (Nora D. Volkow et al., 1994). In rodents, systemic or intra-
VTA alcohol administration increases DA levels in the NAc, suggesting that alcohol
increases output from VTA DA neurons to NAc (Di Chiara & Imperato, 1988; Ding,
Ingraham, Rodd, & McBride, 2015). Additionally, inactivation of VTA DA neurons was able
to reduce alcohol consumption and relapse behaviors, indicating that these neurons are
at least partially necessary for mediating alcohol reinforcement (Liu et al., 2020). Within
the NAc, prolonged alcohol exposure results in alteration in D1R- and D-R-dependent
signaling, producing disruptions in excitatory/inhibitory balance and overall output of
MSNSs (Cheng et al., 2017). Additional insights about how alcohol may disrupt neuronal
communication in the mesocorticolimbic system may inform novel targets for
pharmacologic interventions and personalized treatment strategies for AUD.
1.2.4 Polysubstance Use

Although studying individual drugs provides a clearer mechanistic picture, it is
important to note that over 50% of individuals that report drug use are polydrug abusers,
meaning that they take more than one substance (SAMHSA, 2012). Additionally, reports
suggest that individuals experiencing SUD may successfully decrease use of one
substance while compensating with use of a different substance (Sarvet & Hasin, 2016).
These insights highlight the importance of considering the additional adverse outcomes
that arise due to polysubstance use, and how substance co-use may affect treatment

strategies (Qato, Zhang, Gandhi, Simoni-Wastila, & Coleman-Cowger, 2020).
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Alcohol is frequently cited as at least one of the drugs used in polysubstance abuse,
and further, Alcohol and nicotine co-use is the most frequent co-use pattern reported (Qato
et al., 2020). Alcohol and nicotine co-dependency leads to worse patient outcomes, with
higher levels of consumption, more severe cravings and withdrawal signs, lower levels of
achieving abstinence, and increased mortality (O’Malley et al., 2018; Verplaetse & McKee,
2017; Waeiss et al., 2019). Nicotine directly activates VTA DA neurons by stimulating
nicotinic receptors, and also indirectly activates them by stimulating glutamatergic input
onto VTA DA neurons (Nora D. Volkow et al., 2011). It is suggested that the underlying
biological effects of alcohol and nicotine on the brain may coincide and even synergize,
enhancing the rewarding effects and neurological changes (Grucza & Bierut, 2006;
Waeiss et al., 2019). The exact mechanism underlying the effects seen with alcohol and
nicotine co-consumption are still unknown, indicating more research is necessary to better

understand and treat this and other combinations of SUD.

1.3 Regulation of VTA DA Neurons

Although there are significant differences in mechanisms and use patterns between
drugs of abuse, they have in common that they increase DA levels throughout the
mesocorticolimbic system (Arora et al., 2010; Di Chiara & Imperato, 1988; Nelson et al.,
2017; Nora D. Volkow et al., 2011). Regulation of VTA DA neuron output, therefore, is a
critical determinant of response to drugs of abuse. VTA DA neuron output is necessary
for expression of drug-related behaviors (Liu et al., 2020; Solecki et al., 2020; Valyear et
al.,, 2020), and it has been shown that administration of drugs of abuse can lead to
changes in VTA DA neuron regulation (Arora et al., 2011; Brodie, 2002; Stewart et al.,
2015). There are multiple mechanisms regulating VTA DA neuron output. One form of

regulation is by autoinhibition via inhibitory D>R activation. When VTA DA neurons are
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activated, DA levels rise both in downstream brain regions and in the midbrain. DA in the
midbrain binds to D2Rs located on the DA cell bodies and inhibits further DA release,
synthesis, and reuptake (Christopher P Ford, 2014). When DA levels rise in downstream
targets of the VTA, such as the NAc, reciprocal GABAergic release from D1 MSNs onto
VTA DA neurons activates GABAg receptor (GABAgR)-dependent signaling (Hearing et
al., 2012) (Erhardt, Mathé, Chergui, Engberg, & Svensson, 2002; Morales & Margolis,
2017). This is often referred to as “long loop” feedback. Both the D;R and the GABA:R
are inhibitory G protein-coupled receptors (GPCRS).
1.3.1 G Protein-Coupled Receptors

The classical actions of GPCRs are mediated by G protein subunits (Ga-GTP and
GpBy). Ligand binding promotes the exchange of GTP for GDP on the Ga. subunit, which
leads to the dissociation of the G protein complex allowing the Ga. and Gy subunits to
independently interact with downstream effectors such as adenylyl cyclase or various ion
channels (Bettler, Kaupmann, Mosbacher, & Gassmann, 2004; Hearing et al., 2012;
Pinard, Seddik, & Bettler, 2010). Effector modulation ceases when the intrinsic GTPase
activity of Ga hydrolyzes GTP to GDP, and the Gafpy complex re-forms (Gold, Ni,
Dohlman, & Nestler, 1997). GPCRs are categorized based on the identity of G proteins
that they couple to. The main distinctions arise from the Ga. subunit family, which is broken
down into Gas, Gain, Gagq and Gauz. These different families interact with effectors in
distinct ways to modulate cell activity (Syrovatkina, Alegre, Dey, & Huang, 2016). The D;R
and GABAgR are both Gain coupled GPCRs, which act to inhibit cells. They are localized
in the somatodendritic compartment and on axon terminals of VTA DA neurons; when
activated at these locations, they hyperpolarize cells via G protein-gated inwardly
rectifying K* (GIRK) channels and moderate neurotransmitter release via inhibition of

voltage-gated Ca?" channels and adenylyl cyclase (Bettler et al., 2004; Christopher P
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Ford, 2014; Pinard et al., 2010). Importantly, both of these receptors have been implicated
in drug-related behaviors.

GPCRs and Drugs of Abuse

The D2R and GABA&R are important for tempering the effects of natural rewards and
drugs of abuse in the brain, and expression levels and patterns are often affected by
repeated drug use. Human brain imaging studies and post mortem tissue analyses have
reported reductions in D2R availability in subjects that use drugs of abuse (Tupala et al.,
2001; Nora D. Volkow & Morales, 2015). In rodents, animals genetically lacking
mesocorticolimbic D2Rs show increased responding to the rewarding effects of alcohol
and cocaine, and activation of D;Rs decreases the reinforcing properties of
psychostimulants (Bello et al., 2011; Bocarsly et al., 2019; Christopher P Ford, 2014).
Similarly, the GABAgR agonist baclofen can reduce drug taking, craving, withdrawal
symptoms, and relapse in clinical studies (Agabio & Colombo, 2014; Filip et al., 2015). In
rodents, baclofen reduces drug consumption, reinstatement, and withdrawal symptoms.
Further, the site of action for this effect has been localized to the VTA (Bechtholt &
Cunningham, 2005; Brebner, Phelan, & Roberts, 2000; Filip et al., 2015; Lorrai, Maccioni,
Gessa, & Colombo, 2016; Maccioni, Lorrai, Contini, Leite-Morris, & Colombo, 2018; Moore
& Boehm, 2009; Vlachou & Markou, 2010). Together these data suggest that
mesocorticolimbic D2R- and GABAgR-dependent signaling both play an important role in
reward, motivation, and drug-related behaviors.

1.3.2 Regulation of G Protein-Coupled Receptors

GPCRs have further regulatory mechanisms and binding partners that can adjust the
precise signaling pattern and duration. GTPase activating proteins (GAPS) accelerate the
termination of G protein-dependent signaling (Lomazzi, Slesinger, & Lischer, 2008). One

important type of GAP that acts as a critical determinant of the strength and sensitivity of

17



G protein-dependent signaling is a Regulator of G protein Signaling (RGS) protein. At least
30 different subtypes of RGS proteins have been characterized and can be grouped into
subfamilies based on structure and/or function (G. R. Anderson, Posokhova, &
Martemyanov, 2009; Gold et al., 1997). The R7 subfamily of RGS proteins, which consists
of RGS6, RGS7, RGS9, and RGS11, has been shown to play a negative regulatory role
in D2:R- and GABAgR-dependent signaling (Maity et al.,, 2012; Masuho, Xie, &
Martemyanov, 2013; Ostrovskaya et al., 2014). R7 RGS proteins contain 3 distinct
domains - a catalytic GAP domain, a G protein gamma-like domain (GGL), and a
Disheveled, Egl-10, Pleckstrin/Dep helical extension (DEP/DHEX) domain. These
domains are important for interacting with proteins that enhance stability and function. The
GGL domain is critical for the formation of obligatory dimers with G5, the atypical member
of the G subfamily. This dimerization is critical for stability and function of all R7 RGS
family members. The DEP/DHEX domain is responsible for association with adaptor
proteins including R7 binding protein (R7BP) and G protein-coupled receptor 158
(GPR158) that fine-tune functionality of the complex (G. R. Anderson et al., 2009; Hooks
et al., 2003; Woodard, Jardin, Berna-Erro, Salido, & Rosado, 2015). Of note, R7 RGS
proteins also play a key role in modulating the effects of drugs of abuse, as genetic
manipulations altering relative levels of R7 RGS proteins influence drug responsivity (G.
R. Anderson et al., 2010; Z. Rahman et al., 2003; Stewart et al., 2015; Zachariou et al.,
2003). RGS6 levels were significantly associated with alcohol dependence symptom
count, a quantitative measure of AUD, in a human Genome Wide Association Study (G.
Chen et al., 2017). In addition, mice lacking R7 RGS proteins display altered consumption

and reward of drugs of abuse including alcohol, morphine, and cocaine.
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1.4 Purpose of Studies

The goal of this thesis work is to better understand drug-related behaviors both on
the molecular and behavioral level. More specifically, to assess how changes in the
regulation of VTA DA neuron output affect drug related behaviors, and to assess how
access to multiple drugs of abuse affect consumption patterns. Chapter 2 describes a
novel CRISPR/Cas9 approach to selectively ablate inhibitory G protein-coupled receptors
(GPCRs) in VTA DA neurons and utilizes this tool to demonstrate how loss of inhibitory
GPCR-mediated currents differentially affects behavioral sensitivity to drugs of abuse
based on receptor, sex, and drug. Chapter 3 utilizes the same CRISPR/Cas9 tool to
further demonstrate how loss of a regulatory element modulating VTA DA neuron GPCR-
mediated inhibitory signaling affects drug consumption in a sex-dependent manner.
Chapters 2 and 3 discuss drugs of abuse administered in isolation, whereas Chapter 4
explores consumption patterns in a behavioral paradigm aimed to more closely mimic
human drug co-consumption. All of these studies provide novel insights into the complex

interplay of drug-related circuitry and behaviors.
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Chapter 2 : Differential impact of inhibitory G protein

signaling pathways in ventral tegmental area dopamine

neurons on behavioral sensitivity to cocaine and morphine

Chapter 2 contains work previously published in eNeuro 2021 March; 8(2). “Differential
impact of inhibitory G protein signaling pathways in ventral tegmental area dopamine
neurons on behavioral sensitivity to cocaine and morphine.” Margot C. DeBaker, Ezequiel

Marron Fernandez de Velasco, Nora M. McCall, Anna M. Lee, Kevin Wickman.

Author Contributions: KW, EMFdV, and MCD designed the project, planned
experiments, and coordinated the work. NMC performed and analyzed initial DREADD
electrophysiology and behavior. MCD performed and analyzed all other experiments.
EMFdV assisted with production of all viral vectors associated with the study. AML
provided co-mentorship support. MCD and KW wrote the manuscript, and all authors

provided reviews.
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2.1 Synopsis

Drugs of abuse engage overlapping but distinct molecular and cellular
mechanisms to enhance dopamine (DA) signaling in the mesocorticolimbic circuitry. DA
neurons of the ventral tegmental area (VTA) are key substrates of drugs of abuse and
have been implicated in addiction-related behaviors. Enhanced VTA DA
neurotransmission evoked by drugs of abuse can engage inhibitory G protein-dependent
feedback pathways, mediated by GABAg receptors (GABAgRS) and D, DA receptors
(D2Rs). Chemogenetic inhibition of VTA DA neurons potently suppressed baseline motor
activity, as well as the motor-stimulatory effect of cocaine and morphine, confirming the
critical influence of VTA DA neurons and inhibitory G protein signaling in these neurons
on this addiction-related behavior. To resolve the relative influence of GABAgR- and D2R-
dependent signaling pathways in VTA DA neurons on behavioral sensitivity to drugs of
abuse, we developed a neuron-specific viral CRISPR/Cas9 approach to ablate D;R and
GABA&R in VTA DA neurons. Ablation of GABAsR or D;R did not impact baseline
physiological properties or excitability of VTA DA neurons, but it did preclude the direct
somatodendritic inhibitory influence of GABAgR or D3R activation. D;R ablation
potentiated the motor-stimulatory effect of cocaine in male and female mice, whereas
GABAgR ablation selectively potentiated cocaine-induced activity in male subjects only.
Neither D2R nor GABA&R ablation impacted morphine-induced motor activity. Collectively,
our data show that cocaine and morphine differ in the extent to which they engage
inhibitory G protein-dependent feedback pathways in VTA DA neurons and highlight key

sex differences that may impact susceptibility to various facets of addiction.
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2.2 Significance Statement

Although inhibitory G protein-dependent signaling involving the GABAs (GABA:R)
and D, dopamine receptor (D:R) in VTA DA neurons is thought to limit DA
neurotransmission evoked by drugs of abuse, their relative impact on behavioral sensitivity
to such drugs is unclear. Using a neuron-specific viral CRISPR/Cas9 approach, we show
that that loss of D2R in VTA DA neurons enhances behavioral sensitivity to systemic
administration of cocaine in male and female mice, whereas loss of GABAgR enhances
cocaine sensitivity only in males. Neither GABA&R nor DR ablation impacted behavioral
sensitivity to morphine. Thus, differential engagement of inhibitory feedback pathways in
VTA DA neurons likely contributes to drug-specific neurophysiological and behavioral

effects and may underlie sex differences associated with some facets of addiction.

2.3 Introduction

Dopamine (DA) neurons of the ventral tegmental area (VTA) are an integral part of
the mesocorticolimbic system, a network of brain regions that mediates responses to
natural rewards and drugs of abuse (Juarez & Han, 2016; Lammel et al., 2014; Luscher,
2016; Schultz, 2016; Nora D. Volkow & Morales, 2015). Drugs of abuse enhance DA
neurotransmission in the mesocorticolimbic system via actions on distinct molecular
targets (Di Chiara & Imperato, 1988; Lischer & Ungless, 2006). Cocaine, for example,
inhibits monoamine transporters, including the DA transporter (DAT) which recycles DA
from the extracellular space, allowing DA levels to rise and persist in the VTA and its
projection targets (Adell & Artigas, 2004; Adrover, Shin, & Alvarez, 2014; Beart,
McDonald, & Gundlach, 1979; S. Y. Chen, Burger, & Reith, 1996; Di Chiara & Imperato,
1988; Groves, Wilson, Young, & Rebec, 1975; Iravani, Muscat, & Kruk, 1996; Kita, Kile,

Parker, & Wightman, 2009). In contrast, morphine suppresses inhibitory GABAergic input,
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enhancing VTA DA neuron activity via disinhibition (Jalabert et al., 2011; Jhou, Fields,
Baxter, Saper, & Holland, 2009; Johnson & North, 1992).

While enhanced DA neurotransmission underlies addiction-related behaviors
(Hyman, Malenka, & Nestler, 2006), it can also trigger negative feedback mediated by
inhibitory G protein signaling pathways (Narayanan, Wallace, & Uretsky, 1996; S. Rahman
& McBride, 2000; Steketee & Kalivas, 1990, 1991). For example, cocaine elevates DA
levels in the VTA and terminal regions, provoking feedback inhibition of VTA DA neurons
via activation of D2 DA receptors (D2R) in the somatodendritic compartment and axon
terminals (Beckstead, Grandy, Wickman, & Williams, 2004; Bradberry & Roth, 1989;
Brodie & Dunwiddie, 1990; Einhorn, Johansen, & White, 1988; Christopher P Ford, 2014).
Cocaine also provokes GABAergic feedback to VTA DA neurons indirectly, by stimulating
D1R-expressing GABAergic medium spiny neurons in the NAc that project to the VTA
(Edwards et al., 2017; Menegas et al., 2015; Pignatelli & Bonci, 2018; S. Rahman &
McBride, 2001; Watabe-Uchida, Zhu, Ogawa, Vamanrao, & Uchida, 2012). This “long-
loop” GABAergic feedback to VTA DA neurons is mediated primarily by activation of
somatodendritic GABAsRs on VTA DA neurons (Edwards et al., 2017).

Pharmacological and genetic approaches have implicated GABAgR and D:R-
dependent signaling in the VTA in drug-induced behaviors. For example, pharmacological
activation of D2R in the VTA suppressed cocaine-induced activity (Koulchitsky et al., 2016)
and cocaine-reinstated drugs seeking behavior (Xue, Steketee, Rebec, & Sun, 2011),
while pharmacological inhibition of D2R in the VTA increased psychostimulant-induced
locomotor activity (N. H. Chen & Reith, 1994; Tanabe, Suto, Creekmore, Steinmiller, &
Vezina, 2004). Similarly, intra-VTA infusion of the GABAgR agonist baclofen blocked the
locomotor-stimulatory effect of psychostimulants and opioids (N. H. Chen & Reith, 1994;

Kalivas, Duffy, & Eberhardt, 1990; Leite-Morris, Fukudome, & Kaplan, 2002; Leite-Morris,
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Fukudome, Shoeb, & Kaplan, 2004; Steketee & Kalivas, 1991) and attenuated self-
administration of cocaine, opioids, and other drugs of abuse (Backes & Hemby, 2008;
Brebner et al.,, 2000; Leite-Morris et al., 2004; Xi & Stein, 1999). RNAi-mediated
suppression of D2R in the rat VTA (cell non-selective) enhanced cocaine-related behavior
(R. Chen et al., 2018; De Jong et al., 2015), enhanced choice impulsivity (Bernosky-Smith
et al., 2018), and increased functional brain activity (Martin, Smith, Luessen, Chen, &
Porrino, 2020). Ablation of D2R in DA neurons throughout the mouse brain correlated with
enhanced cocaine-induced activity (Bello et al., 2011), as well as acquisition of cocaine
self-administration and reactivity to drug-paired cues (Holroyd et al., 2015). Interestingly,
partial suppression of GABAgR in VTA DA neurons unmasked cocaine-induced activity
normally absent in BALB/c mice, but did not impact morphine-induced activity (Edwards
et al., 2017).

Collectively, available data suggests that DR and GABAsR-dependent signaling
pathways in VTA DA neurons may exert a differential influence on behavioral sensitivity
to drugs of abuse. Published studies investigating D-R and GABAE&R signaling in VTA DA
neurons, however, have used approaches that provide either anatomic or cellular
specificity, or do not completely suppress inhibitory signaling, or focus only on one
signaling pathway or drug of abuse. Accordingly, the goal of this study was to compare
the impact of D.R or GABAgR ablation in VTA DA neurons on behavioral sensitivity to
cocaine and morphine. To this end, we developed a neuron-specific viral CRISPR/Cas9
approach to ablate D;R and GABAgR selectively in VTA DA neurons of adult mice. Our
findings show that DR and GABAgR-dependent signaling exert drug- and sex-specific

influences on motor activity in mice.
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2.4 Materials and Methods

2.4.1 Animals.

All studies were approved by the Institutional Animal Care and Use Committee at
the University of Minnesota. The B6.SJL-Slc6a3™c®Bkmn; 3 (stock #006660, The Jackson
Laboratory; Bar Harbor, ME) knock-in line was used in this study; heterozygous subjects,
referred to throughout as DATCre(+) mice, were generated by crossing with C57BL/6J
subjects. DATCre(+) mice were also crossed in multiple rounds with a Cre-dependent
Cas9GFP knock-in line (B6;129-Gt(ROSA)26Sorimi(CAG-caso"-EGFP)Fezh/j -~ The Jackson
Laboratory, stock #026179), to generate DATCre(+) subjects homozygous for the
Cas9GFP(+) mutation; these mice are referred to throughout as DATCre(+):Cas9GFP(+)
mice. All mice used in experiments were bred in-house. Mice were group housed,
maintained on a 14:10 h light/dark cycle and were provided ad libitum access to food and
water.

2.4.2 Reagents.

Baclofen, quinpirole, and sulpiride were purchased from Sigma (St. Louis, MO),
and CGP54626 and Clozapine-N-Oxide (CNO) were purchased from Tocris (Bristol, UK).
Cocaine and morphine were obtained through Boynton Health Pharmacy at the University
of Minnesota. All adeno-associated viruses (AAV) were packaged in AAV8 serotype by
the University of Minnesota Viral Vector and Cloning Core (Minneapolis, MN) following
standard packaging procedures (S. H. Chen et al., 2019); titers were between 0.2-4 x 104
genocopies/mL. The packaging plasmids (pRC8 and pHelper) were obtained from the
University of Pennsylvania Vector Core. The plasmids pAAV-hSyn-hM4Di(mCherry) and
pPAAV-hSyn-DIO-mCherry (Addgene plasmids #50475 and #50459, respectively) were
gifts from Dr. Bryan Roth. To obtain the pAAV-hSyn-DIO-hM4Di(mCherry) plasmid, the

mCherry from the pAAV-hSyn-DIO-mCherry was replaced by an hM4Di(mCherry)
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cassette via subcloning. For the CRISPR/Cas9 experiments the pAAV-U6-gRNA-hSyn-
NLSmCherry was generated using the backbone of the plasmid pAAV-U6-gRNA-hSyn-
Cre-2A-EGFP-KASH (Platt et al., 2014) (Addgene plasmid #60231) that was a gift from
Dr. Feng Zhang. The Genome Engineering and iPSC Center of Washington University
designed and tested gRNA sequences targeting the Drd2 (D:R) and Gabbrl (GABAgR1)
genes. Sequences used were as follows: D;R — CATGACAGTAACTCGGCGCT,
GABAgR1 — ACGGCGTGCAGTATACATCG, LacZ — TGCGAATACGCCCACGCGAT.

2.4.3 Intracranial manipulations.

Mice (>45 d) were placed in a stereotaxic frame (David Kopf Instruments; Tujunga,
CA) under isoflurane anesthesia. Microinjectors, made by affixing a 33-gauge stainless
steel hypodermic tube within a shorter 26-gauge stainless steel hypodermic tube, were
attached to polyethylene-20 tubing affixed to 10 mL Hamilton syringes, and were lowered
through burr holes in the skull to the VTA (from bregma: -2.75 mm A/P, £0.55-0.7 mm M/L,
-5 mm D/V); 300-500 nL of virus was injected per side at a rate of 100 nL/min. The
optimized coordinates and viral load ensured full coverage of the VTA along
anterior/posterior and rostral-caudal axes, with minimal spread into the adjacent
substantia nigra pars compacta. Microinjectors were left in place for 10 min following
infusion to reduce solution backflow along the infusion track. Slice electrophysiology and
behavioral experiments were performed 3-4 wk and 5-6 wk after viral infusion for
chemogenetic and CRISPR experiments, respectively.
2.4.4 Slice electrophysiology.

Electrophysiological properties of VTA DA neurons were evaluated in behaviorally
naive adult mice (66-93 d). Horizontal slices (225 mm) containing the VTA were prepared
in ice-cold sucrose substituted ACSF, and allowed to recover at room temperature in

ASCF containing (in mM): 125 NacCl, 2.5 KCl, 1.25 NaH2PO., 25 NaHCOs3, 11 Glucose, 1

26



MgCl,, and 2 CaCl,, pH 7.4, for at least 1 h, as described (McCall et al., 2017). Neurons
in the lateral VTA exhibiting appropriate fluorescence were targeted for analysis as this
sub-region of the VTA receives prominent input from the NAc that mediates GABAgR-
dependent feedback (Edwards et al., 2017). Whole-cell data were acquired using a
Multiclamp 700A amplifier and pCLAMPV.9.2 software (Molecular Devices, LLC; San
Jose, CA), using recording conditions described in previous publications (McCall et al.,
2017). Input/membrane resistance (Rwv) and apparent capacitance (Cv) were determined
using a 5 mV/10 ms voltage-step, with current responses filtered at 5 Hz. Immediately
after establishing whole-cell access, In conductance was measured using a 200-ms
voltage step to -120 mV; the difference in current from beginning to end of the -120 mV
step was taken as |, amplitude. Subsequently, spontaneous activity was measured in
current-clamp mode (I1=0) for 1 min. Neurons exhibiting no spontaneous activity were not
evaluated. Action potential half-width (APso) was determined by averaging 5 APso values.
For rheobase assessments, cells were held in current-clamp mode at -80 pA to prevent
spontaneous activity, and then given 1-s current pulses, beginning at -100 pA and
progressing in 20 pA increments. Rheobase was defined as the minimum current step that
evoked one or more action potentials. In chemogenetic experiments, the change in
rheobase measured before and after bath application of CNO application was determined.
Somatodendritic holding currents were measured in voltage-clamp mode (Vhod = -60 mV)
following bath application of CNO (10 mM), baclofen (200 mM), or quinpirole (10 mM). All
command potentials factored in a junction potential of -15 mV predicted using JPCalc
software (Molecular Devices, LLC). Series and input resistances were tracked throughout
the experiment. If series resistance was unstable or exceeded 20 MOhm, the experiment

was excluded from analysis.
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2.4.5 Locomotor activity.

Locomotor activity was assessed in open-field activity chambers housed in sound-
attenuating cubicles (Med-Associates, St. Albans, VT). Each cubicle was equipped with
three 16-beam infrared arrays permitting automated measurements of distance traveled
(Activity Monitor 5; Med-Associates). Animals were habituated to the testing room for at
least 30 min before testing. Subjects were acclimated over 3 d; on day 1, animals were
handled and placed in the open field for 60 min. On day 2 and 3, animals were given an
IP injection of saline and placed in the open field for 60 min. For DREADD experiments,
mice were injected with CNO (2 mg/Kg IP) 30 min prior to either saline, cocaine (15 mg/Kg
IP), or morphine (10 mg/Kg IP) injection on Day 4. Distance traveled during the 60-min
period following saline or drug injection was measured; separate cohorts of mice received
saline, cocaine and morphine injections. For CRISPR/Cas9 experiments, mice were
placed in the open field for 30 min before injection each day to acclimate to the chamber.
Activity was measured on day 3 following saline injection, and again on day 4 following
injection of cocaine (15 mg/Kg IP) or morphine (10 mg/Kg IP); separate cohorts of mice
were used for cocaine and morphine studies. Thigmotaxis was quantified by dividing the
distance traveled in the periphery by the total distance traveled, as described (Pravetoni
& Wickman, 2008). After behavioral testing, the scope and accuracy of viral targeting was
assessed by fluorescence microscopy; 225 mm horizontal slices of the midbrain were
obtained using a vibratome and images were acquired on an Olympus IX-80 microscope
using MetaMorph Advanced Acquisition v.7.7.7.0 software (Molecular Devices, LLC). Only
data from animals with bilateral viral-driven fluorescence, where the majority of
fluorescence was confined to VTA (with minimal spread to the adjacent substantia nigra),

were included in the final analysis.
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2.4.6 Statistical analysis.

Data are presented throughout as the meantSEM. Statistical analyses were
performed using Prism v.9 software (GraphPad Software, La Jolla, CA). All studies
included balanced numbers of male and female mice, and data were analyzed first for sex
effects. If no sex differences were observed, data from male and female subjects were
pooled. If any data point fell outside the range of 2 standard deviations from the mean, it
was excluded as an outlier. Across the entire study, this outlier detection approach led to
the removal of 1 point from the hM4Di/morphine activity dataset and 1 point from the
hM4Di control/morphine activity dataset. Differences were considered significant if P <

0.05.

2.5 Results

2.5.1 G protein-dependent inhibition of VTA DA neurons suppresses
motor activity

Motor activation is an unconditioned DA-dependent response in mice to systemic
administration of cocaine and morphine (Delfs, Schreiber, & Kelley, 1990; Kalivas & Duffy,
1993; van Rossum, van der Schoot, & Hurkmans, 1962) that can be recapitulated by direct
chemogenetic or optogenetic stimulation of VTA DA neurons (Boender et al., 2014; Guo
et al.,, 2014; Kim et al., 2012; Tye et al., 2013). To test whether inhibitory G protein-
dependent signaling in VTA DA neurons can suppress the locomotor stimulatory effect of
systemic cocaine and morphine, we used DATCre(+) mice and a Cre-dependent viral
inhibitory chemogenetic approach. Cre-dependent AAV vectors harboring either
hM4Di(mCherry) or mCherry control were infused into the VTA of adult male and female
DATCre(+) mice to permit selective chemogenetic inhibition of VTA DA neurons (Fig.

2.1A).
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In acutely isolated midbrain slices from virally treated DATCre(+) mice, bath
application of clozapine-N-oxide (CNO) decreased the excitability (increased the
rheobase) of hM4Di-expressing, but not mCherry control, DA neurons (Fig. 2.1B,C). CNO
also evoked a somatodendritic inhibitory current (Vhoa = -60 mV) reversed by 0.3 mM Ba?*
in hM4Di(mCherry)-expressing but not control VTA DA neurons (Fig. 2.1D,E). Thus,
chemogenetic inhibition of VTA DA neurons, like the direct somatodendritic inhibition
evoked by D2R and GABAgR activation, is likely mediated by activation of G protein-gated
inwardly rectifying K* (GIRK/Kir3) channels (Arora et al., 2010; Beckstead et al., 2004;
Cruz et al., 2004; Labouébe et al., 2007). Consistent with a previous report (Runegaard
et al.,, 2018), chemogenetic inhibition of VTA DA neurons suppressed motor activity
evoked by injection of saline, as well as cocaine and morphine (Fig. 2.1F). These results
confirm that VTA DA neurons are key regulators of motor activity in mice and show that
activation of inhibitory G protein signaling in these neurons can potently suppress baseline

activity and the motor-stimulatory effects of cocaine and morphine.
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Figure 2.1. Inhibitory G protein signaling in VTA DA neurons suppresses baseline
and drug-induced motor activity cocaine and morphine

(A) Viral targeting in a DATCre(+) mouse treated intra-VTA AAV8-hSyn-DIO-mCherry,
with rostro-caudal tiling of panels highlighting viral spread (mCherry fluorescence).
Abbreviations: ml - medial lemniscus, MT - medial terminal nucleus of the accessory
optic tract, PBP - parabrachial pigmented nucleus of the VTA, SNc - substantia nigra
pars compacta, SNr - substantia nigra pars reticulata, VTAR - rostral part of the VTA.
Scale bar: 500 mm.

(B) Example of rheobase measurement in a VTA DA neuron expressing hM4Di, prior to
and after bath perfusion of CNO (10 mM). The traces shown were the first to display
spiking and were recorded following injection of the current indicated in red below.
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(C) Change in rheobase induced by CNO (10 mM) in VTA DA neurons from DATCre(+)
mice treated with AAV8-hSyn-DIO-hM4Di(mCherry) or AAV8-hSyn-DIO-mCherry
control (t1s=4.555; **P=0.0002; unpaired student’s t test; n=9-11/group).

(D) Somatodendritic inhibitory currents (Vhoa =-60 mV) evoked by CNO (10 mM) in VTA
DA neurons from DATCre(+) mice treated with AAV8-hSyn-DIO-hM4Di(mCherry) or
AAV8-hSyn-DIO-mCherry control.

(E) Summary of CNO-induced somatodendritic currents in VTA DA neurons from
DATCre(+) treated with AAV8-hSyn-DIO-hM4Di(mCherry) or AAV8-hSyn-DIO-
mCherry control (t16=3.732; **P=0.0018; unpaired student’s t test; n=9/group).

(F) Total distance traveled in an open field during the 60-min interval following injection of
saline (t16=4.385, ***P=0.0005), 15 mg/Kg cocaine (t1s=11.20, ***P<0.0001), and 10
mg/Kg morphine (t15=9.401, ***P<0.0001) in DATCre(+) mice treated with intra-VTA
AAV8-hSyn-DIO-hM4Di(mCherry) or AAV8-hSyn-DIO-mCherry control (n=8-9
mice/group). CNO (2 mg/Kg IP) was administered to all subjects 30-min prior to saline
or drug challenge.

32



2.5.2 CRISPR/Cas9 ablation of D2R and GABAgR in VTA DA neurons

To assess the impact of DR and GABAsR-dependent signaling pathways in VTA
DA neurons on behavioral sensitivity to cocaine and morphine, we developed a DA
neuron-specific, viral CRISPR/Cas9 ablation approach. DATCre(+) mice were crossed
with a Cre-dependent Cas9GFP line to generate DATCre(+):Cas9GFP(+) mice. AAV
vectors harboring guide RNAs (gRNAs) targeting LacZ (control), D2R, or GABAsR1 were
generated and infused into the VTA of male and female DATCre(+):Cas9GFP(+) mice
(Fig. 2.2A).

To assess the efficacy and selectivity of the viral vectors, somatodendritic currents
evoked by bath application of the D3R agonist quinpirole and the GABAgR agonist
baclofen were measured in VTA DA neurons 5-6 wk after viral infusion. In slices from LacZ
gRNA-treated subjects, somatodendritic outward inhibitory currents were reliably evoked
by quinpirole and baclofen (Fig. 2.2B), consistent with previous studies (Arora et al., 2010;
Beckstead et al., 2004; Cruz et al., 2004; Labouébe et al., 2007; McCall et al., 2017). In
VTA DA neurons from mice treated with DR gRNA, quinpirole-induced currents were
completely absent (Fig. 2.2B,C), while baclofen (applied after quinpirole) evoked normal
responses (Fig. 2.2B,D). Interestingly, a sex difference in the amplitude of quinpirole-
induced responses was observed, with currents in VTA DA neurons from female subjects
larger than those in males (Fig. 2.2C). No sex differences were observed in the amplitude
of baclofen-induced currents.

In VTA DA neurons from mice treated with GABAsR1 gRNA, somatodendritic
responses to baclofen were completely absent (Fig. 2.2E,F). Responses to quinpirole
(applied after baclofen application) were larger than those seen in VTA DA neurons from
LacZ-treated controls (Fig. 2.2G). As this difference may reflect the impact of prior

activation by GABA&R of a shared effector in control cells, we conducted a separate study
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where only quinpirole was applied to the slice. In these experiments, quinpirole-induced
somatodendritic currents were not significantly different between GABAgR-lacking and
control VTA DA neurons (Fig. 2.2H).

We also examined the impact of DR and GABA&R ablation on VTA DA neuron
excitability, as measured by spontaneous activity and rheobase. No sex differences were
observed with respect to either excitability measure and, as such, data from male and
female subjects were pooled to increase the power of the study. Ablation of D:R or
GABA&R did not impact spontaneous activity of VTA DA neurons (Fig. 2.21) or rheobase
(Fig. 2.2J). Similarly, no impact of DR or GABAgR ablation was detected on I, current
amplitude, cell capacitance, action potential half-width, or input resistance (Table 2.1).
Collectively, these data show that we can selectively ablate GABAgR or D-R-dependent
signaling in VTA DA neurons, and that loss of these signaling pathways does not impact

baseline electrophysiological characteristics of VTA DA neurons
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Figure 2.2. Viral CRISPR/Cas9 ablation of GABAgR and DzR in VTA DA neurons

(A) Viral targeting in a DATCre(+):Cas9GFP(+) mouse treated with intra-VTA AAV8-U6-
gRNA-hSyn-NLSmCherry; nucleus-localized mCherry fluorescence highlights the
anatomic scope of viral targeting, and GFP fluorescence denotes the Cre-dependent
expression of Cas9GFP in midbrain DA neurons of the VTA and substantia nigra.
Abbreviations: MT - medial terminal nucleus of the accessory optic tract, PBP -
parabrachial pigmented nucleus of the VTA, SNc - substantia nigra pars compacta,
SNr - substantia nigra pars reticulata, VTAR - rostral part of the VTA. Scale bar: 500
mm.

(B) Somatodendritic inhibitory currents (Vhoda =-60 mV) evoked by sequential bath
application of quinpirole (quin, 20 mM) and then baclofen (bac, 200 mM) in VTA DA
neurons from DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-gD2R-hSyn-
NLSmCherry or AAV8-U6-gLacZ-hSyn-NLSmCherry control. Currents were reversed
by the D23R antagonist sulpiride (sulp, 5 mM) and CGP54626 (CGP, 2 mM).
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(C) Summary of currents evoked by quinpirole (applied first) in VTA DA neurons from

DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-gD2R-hSyn-NLSmCherry or
AAV8-U6-gLacZ-hSyn-NLSmCherry control. Main effects of sex (F127,=6.391,
P=0.0176) and viral treatment (F127=104.6, P<0.0001) were detected, along with an
interaction between sex and viral treatment (F12;=5.590, P=0.0255). Symbols:
#P<0.05; **P<0.001 vs LacZ (within sex).

(D) Summary of currents evoked by baclofen, measured after quinpirole/sulpiride

application (C), in VTA DA neurons from DATCre(+):Cas9GFP(+) mice treated with
AAV8-U6-gD2R-hSyn-NLSmCherry or AAV8-U6-gLacZ-hSyn-NLSmCherry control.
There was no main effect of sex (Fi12;=1.741, P=0.1981) or viral treatment
(F127=1.183, P=0.2864), nor was there an interaction between sex and viral treatment
(F1,27=0.0047, P=0.9461).

(E) Somatodendritic inhibitory currents (Viog= -60 mV) evoked by sequential bath

application of baclofen (bac, 200 mM) and then quinpirole (quin, 20 mM) in VTA DA
neurons from DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-gGBR1-hSyn-
NLSmCherry or AAV8-U6-gLacZ-hSyn-NLSmCherry control. Currents were reversed
by CGP54626 (CGP, 2 mM) and sulpiride (sulp, 5 mM).

(F) Summary of currents evoked by baclofen (applied first) in VTA DA neurons from

DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-gGBR1-hSyn-NLSmCherry or
AAV8-U6-gLacZ-hSyn-NLSmCherry control. A main effect of viral treatment was
observed (F127=120.9, P<0.0001), but there was no main effect of sex (F12,=0.1910,
P=0.6655) or interaction between sex and viral treatment (F1.7=0.2216, P=0.6416).
Symbol: ***P<0.001 (main effect of viral treatment).

(G) Summary of currents evoked by quinpirole, measured after baclofen/CGP54626

application (F) in VTA DA neurons from DATCre(+):Cas9GFP(+) mice treated with
AAV8-U6-gGBR1-hSyn-NLSmCherry or AAV8-U6-gLacZ-hSyn-NLSmCherry control.
A main effect of viral treatment was observed (F124=8.182, P=0.0086), but there was
no main effect of sex (F124=3.429, P=0.0764) or interaction between sex and viral
treatment (F1,24=1.970, P=0.1733). Symbol: **P<0.001 (main effect of viral treatment).

(H) Summary of currents evoked by quinpirole in VTA DA neurons from a separate cohort

(1

()

of DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-gGBR1-hSyn-NLSmCherry or
AAV8-U6-gLacZ-hSyn-NLSmCherry control. A main effect of sex was observed
(F126=13.41, P=0.0011), but there was no main effect of viral treatment (F126=1.766,
P=0.1954) or interaction between sex and viral treatment (F1,26=0.0129, P=0.9105).
Symbol: **P<0.01 (main effect of sex).

Impact of D;R or GABAgR ablation on spontaneous activity in VTA DA neurons. No
main effect of sex (F156=0.7079, P=0.4037) or viral treatment (F2,56=0.6571, P=0.5223)
was detected, nor was there an interaction between sex and viral treatment
(F256=1.276, P=0.2870).

Impact of DR or GABAgR ablation on rheobase in VTA DA neurons. No main effect
of sex (F15=0.8080, P=0.3725) or viral treatment (F.s5=1.495, P=0.2332) was
detected, nor was there an interaction between sex and viral treatment (F2,56=0.1573,
P=0.8548).
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Sex gRNA N/n Cwm (pF) Rv (MW) Ih (PA) APsg (ms)
LacZ
GABAsR1 | 3/8 56+3 194 + 11 240 + 66 0.92 +£0.07
D2R 3/8 62+4 207 £ 34 246 + 45 0.92 + 0.04
F2,26=0.8299 F2,26=0.1024 F226=0.6179 F2,26=1.154
P=0.4465 P=0.9030 P=0.5463 P=0.3301
Female LacZ 9/16 62+2 186 + 11 274 + 39 0.85+0.04
GABAsR1 | 3/7 60+4 203+21 225+ 70 0.89 + 0.06
D2R 4/8 62+3 174 + 22 33871 0.99+£0.05
F2,26=0.2026 F2,26=0.6060 F2,286=0.7869 F228=2.431
P=0.8178 P=0.5525 P=0.4651 P=0.1063

Table 2.1. Electrophysiological properties of VTA DA neurons.

Data extracted from whole-cell recordings of VTA DA neurons from male and female
DATCre(+):Cas9GFP(+) mice treated with intra-VTA control (LacZ), D;R, or GABAgR1
gRNA vectors. Abbreviations: N/n - number of mice and individual experiments, Cy —
apparent capacitance, Ry — input/membrane resistance, In — hyperpolarization-activated

current, APso — action-potential half-width.
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2.5.3 Impact of D2R and GABAsR in VTA DA neurons on baseline and
cocaine-induced activity

We next examined the impact of D2R or GABAgR ablation on open-field motor
activity measured after injection of saline or cocaine. Given the observed sex difference
in the strength of D-R-dependent signaling in VTA DA neurons, and our prior report of a
sex difference in cocaine-induced motor activity in mice (McCall et al., 2017), we analyzed
data from male and female subjects separately. In support of this approach, we found that
while male and female LacZ control mice showed no difference in total distance traveled
after cocaine injection, the temporal profile of cocaine-induced activity was notably
different for male and female subjects (Extended Data Fig. 2.4); female subjects showed
sharper time-to-peak and decay phases relative to male subjects.

In females, we observed main effects of drug and viral treatment, as well as a
significant interaction between drug and viral treatment, on total distance traveled in the
post-injection interval. D2R or GABAgR ablation did not impact saline-induced activity in
females (Fig. 2.3A, left). Loss of D2R, but not GABAgR, yielded enhanced cocaine-
induced activity (Fig. 2.3A, right). Although the temporal profile of motor activity during
the post-injection interval was qualitatively similar across the groups, loss of D2R and
GABA:R in VTA DA neurons correlated with elevated activity levels at all time points
following injection (Fig. 2.3B). Cocaine also enhanced thigmotaxis, as assessed by
calculating the ratio of distance traveled in the field periphery to total distance traveled
(Fig. 2.3C). There was, however, no impact of D-R or GABA&R ablation in VTA DA
neurons on thigmotaxis index (Fig. 2.3C).

In males as in females, we observed main effects of drug and viral treatment, and
a significant interaction between drug and viral treatment on total distance traveled. Loss

of D2R or GABAgR did not impact saline-induced activity (Fig. 2.3D, left). In contrast to
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our observations in females, however, ablation of D;R or GABA&R in males yielded
comparably enhanced cocaine-induced activity over the 60-min post-injection interval
(Fig. 2.3D, right). Interestingly, loss of D2R in males correlated with higher levels of activity
seen shortly after cocaine injection (Fig. 2.3E), yielding a temporal profile that was
qualitatively similar to that observed in females (Extended Data Fig. 2.4). As was the case
with female subjects, thigmotaxis was significantly impacted by drug but not viral treatment
(Fig. 2.3C). Thus, D;R-dependent signaling in VTA DA neurons tempers behavioral
sensitivity to cocaine in male and female mice, whereas GABAgR-dependent signaling

exerts an influence on behavioral sensitivity to cocaine in male mice only.
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Figure 2.3. Impact of GABAgR and DzR ablation on the motor-stimulatory effect of

cocaine

(A) Total distance traveled during the 60-min period after injection of saline (left) or

cocaine (15 mg/Kg IP, right) in female DATCre(+):Cas9GFP(+) mice treated with
AAV8-U6-gGBR1-hSyn-NLSmCherry (n=9), AAV8-U6-gD2R-hSyn-NLSmCherry
(n=9), or AAV8-U6-gLacZ-hSyn-NLSmCherry control (n=8). Two-way repeated
measures ANOVA revealed main effects of drug (F1,23=328.2, P<0.0001) and viral
treatment (F.23=3.778, P=0.0381), and an interaction between drug and viral
treatment (F223=4.600, P=0.0209). Symbols: **P<0.001; ns not significant
(P=0.12009).

(B) Distance traveled for female subjects prior to and after cocaine injection (denoted by

arrow), evaluated in 5-min bins. Two-way repeated measures ANOVA revealed a main
effect of bin (Fso0s57026=82.89, P<0.0001; Geisser-Greenhouse correction for
sphericity) and viral treatment (F223=4.613, P=0.0207), but there was no interaction
between bin and viral treatment (F24, 276=0.9807, P=0.4919). Symbol: *P<0.05 (main
effect of viral treatment).

(C) Thigmotaxis index for female subjects following saline or cocaine injection. Two-way

repeated measures ANOVA revealed a main effect of drug (F123=16.40, P=0.0005)
but not viral treatment (F223=0.07351, P=0.9293), and there was no interaction
between drug and viral treatment (F223=0.03955, P=0.9613). Symbol: ***P<0.001
(main effect of drug).

(D) Total distance traveled during the 60-min period after injection of saline (left) or

cocaine (15 mg/Kg IP, right) in male DATCre(+):Cas9GFP(+) mice treated with AAV8-
U6-gGBR1-hSyn-NLSmCherry (n=8), AAV8-U6-gD2R-hSyn-NLSmCherry (n=8), or
AAV8-U6-gLacZ-hSyn-NLSmCherry control (n=9). Two-way repeated measures
ANOVA revealed main effects of drug (F12.=91.27, P=0.0157) and viral treatment
(F220=4.173, P=0.0291), and an interaction between drug and viral treatment
(F222=5.050, P=0.0157). Symbols: ** ***P<0.01 and 0.001, respectively.
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(E) Distance traveled for male subjects prior to and after cocaine injection (denoted by
arrow), evaluated in 5-min bins. Two-way repeated measures ANOVA revealed a main
effect of bin (Fz.131, 68.88=21.10, P<0.0001) and viral treatment (F», 2,=4.747, P=0.0193),
and an interaction between bin and viral treatment (F2s, 264=4.743, P<0.0001).
Symbols: *,** *** - P<0.05, 0.01, and 0.001, respectively (JD2R vs. LacZ); #, # - P<0.05
and 0.01, respectively (gGBR1 vs. LacZ).

(F) Thigmotaxis index for male subjects following saline or cocaine injection. Two-way
repeated measures ANOVA revealed a main effect of drug (F122=21.75, P=0.0001),
but no main effect of viral treatment (F222=1.534, P=0.2380) or interaction between
drug and viral treatment (F,,2,=0.9989, P=0.3844). Symbol: ***P<0.001 (main effect of
drug).

>
w
(@)

-
o
o
1
=]
o

100{ g 2z

gD2R | gGBR1

~

3
[}
T
3
D
o©

754

~
a
2

25

N
0
n
(o)
1

Distance/5 min bin (m)
3
-4—
|
o
]
fel
i
Distance/5 min bin (m)
8
-§—
7o
o
o5
Distance/5 min bin (m)
8

o
<.
o
o

---------------

Extended Data (Figure 2.4) shows comparisons of male and female subjects for distance
traveled following cocaine administration, within viral treatment groups.

Figure 2.4. Sex differences in the temporal profile of cocaine-induced motor activity

(A) Distance traveled for male and female AAV8-U6-gLacZ-hSyn-NLSmCherry control-
treated subjects prior to and after cocaine injection (denoted by arrow), evaluated in
5-min bins. Two-way repeated measures ANOVA revealed no main effect of sex
(F1,15=O.9539, P=O.3442) but there was a main effect of bin (F2,812,42,17=21.50,
P<0.0001) and an interaction between bin and sex (Fi2,18=9.073, P<0.0001). ****
P<0.05 and 0.001, respectively, vs. male. Symbols: *, ** - P<0.05 and 0.001,
respectively.

(B) Distance traveled for male and female AAV8-U6-gD2R-hSyn-NLSmCherry-treated
male and female subjects prior to and after cocaine injection (denoted by arrow),
evaluated in 5-min bins. Two-way repeated measures ANOVA revealed a main effect
of bin (F3_053,45_88=48.48, P<0.0001), but no main effect of sex (F1,15=O.3164, P=O.5821)
or interaction between bin and sex (F12,180=0.6755, P=0.7735).

(C) Distance traveled for male and female AAV8-U6-gGBR1-hSyn-NLSmCherry treated
subjects prior to and after cocaine injection (denoted by arrow), evaluated in 5-min
bins. Two-way repeated measures ANOVA revealed no main effect of sex
(F115=1.159, P=0.2987), but a main effect of bin (F3.0s9.45.88=21.96, P<0.0001) and an
interaction between bin and sex (Fi2,180=6.077, P<0.0001). Pairwise comparisons,
however, revealed no significant differences between male and female subjects at any
timepoint.

41



2.5.4 Impact of D2R and GABAsR in VTA DA neurons on baseline and
morphine-induced activity

As we previously reported that the loss of GIRK channel activity in DA neurons in
mice correlated with enhance motor stimulation in response to systemic administration of
10 mg/Kg morphine (Kotecki et al., 2015), we next compared the relative contribution of
D2R and GABAG&R to this morphine-induced behavior. In female subjects, we observed a
main effect of drug on motor activity, but no main effect of viral treatment or interaction
between drug and viral treatment. Notably, no significant impact of D;R or GABA&R
ablation on morphine-induced activity was observed in females (Fig. 2.5A, right).
Although D2R ablation correlated with elevated activity levels at all time points following
morphine injection, activity levels were not significantly different from controls (Fig. 2.5B).
Consistent with prior reports (Mickley, Mulvihill, & Postler, 1990), we observed a marked
increase in thigmotaxis in all subjects after morphine injection, but there was no difference
between viral treatment groups (Fig. 2.5C).

In males, we also observed a main effect of drug, but no main effect of viral
treatment or interaction between drug and viral treatment. As was the case in females,
loss of either DR or GABA&R in males had no significant impact on morphine-induced
activity during the 60-min interval (Fig. 2.5D, right) or on the temporal activity profile
following morphine injection (Fig. 2.5E). We also observed a similar increase in
thigmotaxis after injection of morphine as seen in females, with no difference between
viral treatment groups (Fig. 2.5F). Thus, neither D2R nor GABA&R ablation in VTA DA

neurons exerts a significant impact on morphine-induced motor activity in mice.
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Figure 2.5. Impact of GABAgR and DR ablation on the motor-stimulatory effect of
morphine

(A) Total distance traveled during the 60-min period after injection of saline (left) or
morphine (10 mg/Kg IP, right) in female DATCre(+):Cas9GFP(+) mice treated with
AAV8-U6-gGBR1-hSyn-NLSmCherry (n=8), AAV8-U6-gD2R-hSyn-NLSmCherry
(n=8), or AAV8-U6-gLacZ-hSyn-NLSmCherry control (n=8). Two-way repeated
measures ANOVA revealed a main effect of drug (F1,2:=185.3, P<0.0001), but no main
effect of viral treatment (F221=2.145, P=0.1420) or interaction between drug and viral
treatment (F221=1.183, P=0.3260). Symbol: ***P<0.001 (main effect of drug).

(B) Distance traveled for female subjects prior to and after morphine injection (denoted by
arrow), evaluated in 5-min bins. Two-way repeated measures ANOVA revealed a main
effect of bin (F3.057,67.26=97.73, P<0.0001), but no effect of viral treatment (F22,=1.920,
P=0.1704) or interaction between bin and viral treatment (F24,264=0.5380, P=0.9640).

(C) Thigmotaxis index for female subjects following saline or morphine injection. Two-way
repeated measures ANOVA revealed a main effect of drug (F121=59.23, P<0.0001),
but no significant difference with viral treatment (F221=2.462, P=0.1095), and no
interaction between drug and viral treatment (F22:=1.995, P=0.1609). Symbol:
*P<0.001 (main effect of drug).

(D) Total distance traveled during the 60 min period after injection of saline (left) or
morphine (10 mg/Kg IP, right) in male DATCre(+):Cas9GFP(+) mice treated with
AAV8-U6-gGBR1-hSyn-NLSmCherry  (n=7), AAV8-U6-gD2R-hSyn-NLSmCherry
(n=7), or AAV8-U6-gLacZ-hSyn-NLSmCherry control (n=8). Two-way repeated
measures ANOVA revealed main effects of drug (F1,19=176.1, P<0.0001), but no main
effect of viral treatment (F210=0.05804, P=0.9438) or interaction between drug and
viral treatment (F210=0.3193, P=0.7305). Symbol: **P<0.001 (main effect of drug).

(E) Distance traveled for male subjects prior to and after morphine injection (denoted by
arrow), evaluated in 5-min bins. Two-way repeated measures ANOVA revealed a main
effect of bin (F2.2644302=80.68, P<0.0001), but no main effect of viral treatment
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(F210=0.1417, P=0.8688) or interaction between drug and viral treatment
(F24,228=0.9227, P=0.5711).

(F) Thigmotaxis index for male subjects following saline or morphine injection. Two-way
repeated measures ANOVA revealed a main effect of drug (F119=68.91, P<0.0001),
but no significant difference with viral treatment (F219=0.3907, P=0.6819), and no
interaction between drug and viral treatment (F.10=1.195, P=0.3244). Symbol:
**P<0.001 (main effect of drug).
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2.6 Discussion

Here, we utilized a neuron-specific viral CRISPR/Cas9 approach to compare the
impact of D2R or GABAgR ablation in VTA DA neurons on baseline activity and behavioral
sensitivity to cocaine and morphine. Loss of GABAgR or D2R in VTA DA neurons had no
significant impact on baseline activity, paralleling the lack of effect of these manipulations
on excitability and other electrophysiological properties of VTA DA neurons. These
behavioral findings are consistent with studies involving genetic suppression or ablation
of D2R or GABAER in the rodent VTA (De Jong et al., 2015; Edwards et al., 2017). Thus,
D:R and GABAgR-dependent signaling pathways in VTA DA neurons exert minimal
influence on baseline DA neuron excitability. Notably, mice lacking D2R in DA neurons
displayed hyperlocomation (Bello et al., 2011), indicating that D,R-dependent signaling in
DA neuron populations outside of the VTA may regulate baseline motor activity.

D2R ablation in VTA DA neurons potentiated cocaine-induced activity in male and
female mice, consistent with studies involving DA neuron-specific ablation of D2R in mice
(Bello et al., 2011), and an RNAi-based approach targeting D2R in the rat VTA (De Jong
et al., 2015). GABA&R ablation also potentiated cocaine-induced activity, but the influence
of this signaling pathway was restricted to males. Enhanced D>R-dependent signaling in
VTA DA neurons from female mice may compensate for the loss of GABAgR-signaling,
explaining the weak influence of GABAgR on cocaine-induced activity in females.
Alternatively, there may be reduced GABAergic feedback to VTA DA neurons in females,
rendering the loss of GABAgR less effective (Zachry et al., 2021).

Behavioral sensitivity to morphine was unaffected by the loss of D;R and/or
GABA&R in VTA DA neurons, consistent with previous reports (Edwards et al., 2017;
Maldonado et al., 1997; Steketee & Kalivas, 1991). The lack of impact of D2R ablation in

VTA DA neurons is surprising given that opioids, like cocaine, increase VTA DA levels (V
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| Chefer, Denoroy, Zapata, & Shippenberg, 2009). Cocaine and opioids differ, however, in
their influence on VTA DA neurons. While cocaine hyperpolarizes VTA DA neurons in a
D.;R-dependent manner (Beckstead et al., 2004), opioids increase VTA DA neuron firing
by suppressing GABAergic input from local GABA neurons and/or RMTg GABA neurons
(Jalabert et al., 2011; Jhou et al., 2009; Johnson & North, 1992), as well as disinhibiting
glutamatergic input to VTA DA neurons (Yang et al., 2020). Thus, any inhibitory influence
of somatodendritic D2R activation triggered by the opioid-induced rise in VTA DA is likely
offset by the excitatory influence of disinhibition.

Since morphine increases NAc DA levels (Vladimir I. Chefer, Kieffer, &
Shippenberg, 2003; Spielewoy et al.,, 2000; Vander Weele et al., 2014), and DA
neurotransmission in the NAc drives GABAsR-dependent feedback to VTA DA neurons
(Edwards et al., 2017), it is also surprising that GABAgR ablation does not impact
behavioral sensitivity to morphine. This outcome might reflect differences in the amplitude
of the DA increase evoked by cocaine and morphine. Indeed, NAc DA levels in freely
moving rats increased more in response to intravenous cocaine than morphine (Pontieri
et al., 1995). The spatio-temporal pattern of DA increases in the NAc may also differ for
cocaine and morphine. Consistent with this premise, cocaine elicited a more pronounced
increase in DA in the NAc shell as compared to core (B. J. Aragona et al., 2008; Brandon
J Aragona et al., 2009), whereas morphine evoked similar DA increases in NAc core and
shell (Vander Weele et al., 2014). Moreover, the morphine-induced increase in NAc DA
was relatively transient, a phenomenon potentially linked to a simultaneous increase in
NAc GABA levels evoked by morphine (Vander Weele et al., 2014).

The differential apparent engagement of GABAsR- and D;R-dependent signaling
pathways by cocaine and morphine may also reflect differential molecular target location.

Morphine can act on opioid receptors in other brain regions to regulate motor activity,
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bypassing VTA DA neurons. For example, locomotor activity decreased initially following
intra-NAc injection of morphine in rats (Costall, Fortune, & Naylor, 1978). In addition, NAc
lesions failed to eliminate morphine-induced motor activation, suggesting a potential role
of other brain regions in this effect (Stevens, Mickley, & McDermott, 1986). Also, intra-
NAc infusion of morphine abolished the motor stimulatory effect of intra-NAc DA, showing
that opioid and dopaminergic pathways in the NAc exert competing influence on
locomotion (Layer, Uretsky, & Wallace, 1991).

The direct inhibitory influence of GABAsgR and D2R activation on VTA DA neurons
is mediated primarily by activation of GIRK channels (Ackerman, Johansen, Clark, &
White, 1993; Beckstead et al., 2004; Brodie & Dunwiddie, 1990; E. B. Bunney, Appel, &
Brodie, 2001; N. N. H. Chen & Pan, 2000; Cruz et al., 2004; Christopher P Ford, 2014;
Mercuri et al., 1997), though other effectors are modulated as well (Philippart & Khalig,
2018; Su et al., 2019). Genetic ablation of Girk2 globally or selectively in DA neurons
correlated with increased motor-stimulatory effect of cocaine (Kotecki et al., 2015; McCall
et al.,, 2017; McCall, Marron Fernandez De Velasco, & Wickman, 2019; Pravetoni &
Wickman, 2008) and morphine (Kotecki et al., 2015). The contribution of GIRK channels
to cocaine-induced activity was further localized to VTA DA neurons (McCall et al., 2019).
Given that GIRK channels mediate the D;R- and GABAgR-dependent inhibition of VTA
DA neurons and that DA neuron-specific loss of GIRK channels enhances the motor-
stimulatory effect of cocaine and morphine, the lack of impact of D-R or GABAgR ablation
on morphine-induced activity was unexpected. It is possible that GABAsR- and D;R-
dependent signaling pathways are functionally redundant and that both need to be
eliminated to see an influence on morphine-induced activity. GIRK channels in non-VTA
DA neurons, perhaps in the adjacent substantia nigra pars compacta (Koyrakh et al.,

2005), may also explain the impact of GIRK channel ablation on morphine.
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Females are more susceptible to various facets of addiction (Anker & Carroll, 2011,
Becker & Koob, 2016; Fattore, Altea, & Fratta, 2008), fueling interest in identifying relevant
sex differences at molecular and cellular levels. Here, we found multiple sex differences
related to inhibitory G protein signaling in VTA DA neurons. Loss of GABA&R, for example,
had minimal impact on behavioral sensitivity to cocaine in females, but significantly
enhanced the motor-stimulatory effect of cocaine in males. D:R-dependent
somatodendritic inhibitory currents were also larger in VTA DA neurons from females. This
difference could reflect elevated D2R expression and/or function in VTA DA neurons from
females and is predicted to decrease cocaine sensitivity. Indeed, females exhibit elevated
D.;R-dependent signaling at baseline as compared to males (Walker et al., 2006; Zachry
et al., 2021).

Cocaine-induced activity was characterized by a more rapid and sharp peak in
females as compared to males, which could be explained by a tighter regulation of
synaptic dopamine by DAT in females compared to males (Zachry et al., 2021). D;R
ablation in VTA DA neurons in male mice yielded a temporal profile comparable to that
seen in female mice. While this suggests that D.R-dependent signaling in VTA DA
neurons is critical in tempering the early behavioral response to cocaine, the shift in the
temporal profile observed in males is somewhat counterintuitive given that
somatodendritic D,R-dependent signaling is weaker in VTA DA neurons from males. This
apparent discrepancy is perhaps explained by sex differences in the influence of
presynaptic/terminal DR (which should also be eliminated by the CRISPR/Cas9 ablation
approach) on DA dynamics in the NAc. Presynaptic D.R-dependent signaling in VTA DA
neurons in males may be stronger than that seen in females. Alternatively, while D;R-

dependent somatodendritic response amplitudes are larger in VTA DA neurons from
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female mice, VTA DA neurons in males may be more sensitive to D,R-dependent
inhibition.

While D2R- and GABAgR-dependent signaling pathways in the VTA can suppress
behavioral sensitivity to cocaine, psychostimulant exposure can weaken these inhibitory
feedback pathways. For example, a transient decrease in D;R influence on VTA DA
neuron firing has been reported after repeated cocaine treatment or self-administration
(Ackerman & White, 1990; Henry, Greene, & White, 1989). This adaptation, and
corresponding potentiation of cocaine-induced motor activity, was reproduced by repeated
quinpirole treatment (Henry, Hu, & White, 1998). Cocaine self-administration in rats also
increased firing rate and burst activity of midbrain DA neurons, paralleled by decreased
ability of quinpirole to inhibit DA neuron firing rate (Marinelli, Cooper, Baker, & White,
2003). Self-administration of amphetamine in rats reduced the ability of D2R to suppress
evoked DA release in the NAc, an effect mediated in part by an RGS2-dependent
disruption of D23R/Gaiz functional coupling (Calipari et al., 2014; Sun, Calipari, Beveridge,
Jones, & Chen, 2015). Repeated cocaine in male rats also decreased GABAgR/G protein
coupling (Kushner & Unterwald, 2001). Finally, cocaine suppressed GABAsR-dependent
somatodendritic signaling in putative VTA DA neurons (Arora et al.,, 2011), and
methamphetamine self-administration suppressed D;R and GABAsgR-dependent
somatodendritic responses in VTA DA neurons (Sharpe, Varela, Bettinger, & Beckstead,
2015).

Notably, D2R activation appears critical for many of these forms of plasticity, which
likely contribute to the hyperexcitability of meso-accumbens DA pathway following
psychostimulant exposure (Francis, Gantz, Moussawi, & Bonci, 2019; Henry et al., 1998).
The reciprocal relationship between psychostimulants and inhibitory G protein-dependent

feedback pathways in VTA DA neurons may be dependent on age and/or species, or
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methodological variables. Indeed, repeated methamphetamine injections correlated with
enhanced D;R-dependent hyperpolarization in young (8-10 d) rats (Amano,
Matsubayashi, Seki, Sasa, & Sakai, 2003). In mice, repeated methamphetamine injections
suppressed somatodendritic GABAsR-dependent (but not D.R-dependent) signaling in
VTA DA neurons, but only when methamphetamine was given in novel environment
(Munoz et al., 2016).

Our work highlights innate signaling mechanisms that regulate behavioral
sensitivity to cocaine. Knowledge of the molecular players and neuron populations
regulating behavioral sensitivity to cocaine and other drugs of abuse may help in
identifying individuals at risk for developing addiction. Further investigation of mechanisms
regulating the strength and sensitivity of inhibitory G protein signaling pathways in VTA
DA neurons may suggest opportunities for selective therapeutic interventions tailored to

specific drugs of abuse.
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3.1 Synopsis

Dopamine (DA) neurons in the ventral tegmental area (VTA) are critical for
mediating behavioral responses to drugs of abuse, including alcohol. Alcohol increases
DA levels in the VTA throughout the mesocorticolimbic system. Increased DA
neurotransmission engages negative feedback mechanisms in VTA DA neurons mediated
by inhibitory G protein signaling pathways. Inhibitory G protein signaling pathways are
subject to modulation by Regulator of G protein Signaling proteins (RGS), which
accelerate G protein deactivation. Members of the R7 family of RGS proteins, including
RGS6, have been implicated in drug-related behaviors. Here, we show that RGS6 and its
cognate partner GB5 is expressed in the majority of VTA DA neurons in the adult mouse.
As RGS6/GB5 complexes selectively regulate signaling mediated by Go,, we assessed
the contribution of Gay, to inhibitory G protein signaling in VTA DA neurons. CRISPR/Cas9-
mediate ablation of Goo, in VTA DA neurons yielded a significant reduction in
somatodendritic currents evoked by activation of D2 DA (D2R)- and GABAz (GABA&R)
receptors, suggesting that D:R and GABAsR-dependent signaling pathways may be
subject to negative regulation by RGS6. Indeed, VTA DA neurons from RGS6™" mice
exhibited larger D2R-dependent somatodendritic currents, and prolonged deactivation of
synaptically evoked GABAgR-dependent currents. Further, selective ablation of RGS6 in
VTA DA neurons enhanced D;R-dependent currents, whereas RGS6 overexpression in
these neurons reduced D;R-dependent currents. RGS67~ mice show lower binge alcohol
consumption than wild-type counterparts, a phenotype recapitulated in female (but not
male) mice lacking RGS6 in VTA DA neurons. Thus, RGS6 in VTA DA neurons exerts
receptor- and sex-dependent influence on inhibitory G protein signaling and voluntary

alcohol consumption in adult mice.
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3.2 Introduction

The mesocorticolimbic system mediates responses to natural rewards, as well as
to drugs of abuse and associated cues (Hearing et al., 2012; Wise & Rompre, 1989). This
system includes the ventral tegmental area (VTA), which projects to limbic (e.g., nucleus
accumbens, amygdala, hippocampus) and cortical (e.g., prefrontal cortex, orbitofrontal
cortex, cingulate) regions that subserve different aspects of reward processing (Hikosaka
et al., 2008; Kalivas & Volkow, 2005; Koob & Nestler, 1997). The VTA harbors neurons
that release dopamine (DA), GABA, glutamate, or combinations of neurotransmitters
(Morales & Margolis, 2017). Drugs of abuse share an ability to enhance DA
neurotransmission in the mesocorticolimbic system, via engagement with various
molecular and cellular targets (Uhl et al., 2019; Nora D. Volkow et al., 2011). Alterations
in VTA DA transmission have been linked to a variety of neuropsychological diseases and
disorders such as addiction, depression, schizophrenia, and Parkinson’s Disease (Kalivas
& Volkow, 2005; Wise & Rompre, 1989).

VTA DA neurotransmission is negatively regulated by inhibitory G protein signaling
pathways (Hearing et al., 2012; Marron Fernandez de Velasco, McCall, & Wickman, 2015;
Steketee, Striplin, Murray, & Kalivas, 1992), including pathways controlled by D-
dopamine (D:R) and GABAgs (GABAgR) receptors (Erhardt et al., 2002; Christopher P
Ford, 2014; Mercuri et al., 1997). Activation of these signaling pathways in VTA DA
neurons limits acute behavioral responses to drugs of abuse (Liu et al., 2020; Solecki et
al., 2020; Valyear et al., 2020). Moreover, in vivo exposure to psychostimulants can
transiently suppress these inhibitory G protein signaling pathways, suggesting that
plasticity of inhibitory G protein signaling in VTA DA neurons contributes to some of the
physiological and behavioral consequences associated with drug experience (Arora et al.,

2011; Munoz et al., 2016).
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D;R and GABAgR-dependent signaling is mediated by the inhibitory (Gaipo)
subclass of heterotrimeric G proteins (Steketee et al., 1992). The kinetics of G protein
signaling are controlled largely by the GTPase activity of Ga, which hydrolyzes GTP to
GDP, allowing the inactive heterotrimeric G protein complex to re-form (Gold et al., 1997).
Regulator of G protein Signaling (RGS) proteins exert catalytic influence on this process,
enhancing the GTPase activity of Ga subunits and, consequently, accelerating the
termination of G protein-dependent signaling (Lomazzi et al., 2008). At least 30 different
subtypes of RGS proteins have been characterized and they can be grouped into
subfamilies based on structural and/or functional distinctions (G. R. Anderson et al., 2009;
Gold et al., 1997). The R7 subfamily of RGS proteins, which exhibits a strong substrate
preference for Go, G proteins (Hooks et al., 2003; Masuho et al.,, 2020), negatively
regulates inhibitory G protein signaling pathways in multiple neuron populations (G. R.
Anderson et al., 2010; Z. Rahman et al., 2003; Stewart et al., 2015; Zachariou et al., 2003),
as well as the heart (A. Anderson et al., 2020; Wydeven, Posokhova, Xia, Martemyanov,
& Wickman, 2014). The R7 RGS sub-family consists of 4 members (RGS6, RGS7, RGS9,
RGS11), each containing an RGS catalytic domain and a module analogous to the G
protein Gy subunit (G-gamma-like or GGL domain) (Woodard et al., 2015). The GGL
domain promotes stable association with the atypical member of the G protein G family
(GB5), and this interaction is critical to the stability and function of R7 RGS proteins (G. R.
Anderson et al., 2009; C. K. Chen et al., 2003).

RGS6 has been implicated in inhibitory G protein-dependent signaling involving
GABAgR, 5-hydroxytryptamine 1A receptor (5HT1aR), and the mu opioid receptor (MOR)
in multiple brain regions (Garzén, Lopez-Fando, & Sanchez-Blazquez, 2003; Maity et al.,
2012; Stewart et al., 2014). Interestingly, constitutive RGS6™~ mice exhibit decreased

alcohol consumption and reward, phenotypes partially restored by systemic administration
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of GABA&R or D2R antagonists. While the anatomic and cellular basis for the influence of
RGS6 on alcohol consumption is unclear, voluntary alcohol consumption increased RGS6
expression in the VTA (Stewart et al., 2015). Moreover, RGS6 expressed in midbrain DA
neurons, including DA neurons in the VTA, has been documented in both newborn and
adult mice (Bifsha, Yang, Fisher, & Drouin, 2014; Stewart et al., 2015). At present, the
anatomic and cellular basis underpinning the influence of RGS6 in alcohol consumption
is unknown, and the functional and behavioral relevance of RGS6 in VTA DA neurons is
unclear. The goal of this study was to address whether inhibitory G protein-dependent
signaling pathways in VTA DA neurons are negatively regulated by RGS6, and whether
this regulatory mode impacts voluntary alcohol consumption. Our findings reveal that
RGS6 modulates the dynamics of GABAgR- and D:R-dependent signaling in VTA DA
neurons, in discrete GPCR-dependent fashion, and that loss of this regulatory influence

in VTA DA neurons suppresses binge alcohol consumption in female but not male mice.

3.3 Materials and Methods

3.3.1 Animals.

All studies were approved by the Institutional Animal Care and Use Committee at
the University of Minnesota. The generation of RGS6™~ mice was described previously
(Posokhova, Wydeven, Allen, Wickman, & Martemyanov, 2010). C57BL/6J mice, bred on
site or purchased from The Jackson Laboratory, were used as wild-type (WT) controls for
studies when noted; all other mice were bred in-house. B6.SJL-Slc6a3™*®)Bkm/ 3 mice
(stock #006660, The Jackson Laboratory; Bar Harbor, ME), hereafter referred to as
DATCre(+) mice, were used in viral overexpression electrophysiological assessments.
DATCre(+) mice were also crossed with a Cre-dependent Cas9GFP knock-in line

(B6;129-Gt(ROSA)26SormL(CAG-cas*-EGFPIFezh/ 3 The Jackson Laboratory, stock #026179),
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to generate DATCre(+) subjects homozygous for the Cas9GFP(+) mutation; these mice
are referred to throughout as DATCre(+):Cas9GFP(+) mice and were used in all
CRISPR/Cas9 ablation studies (DeBaker, Marron Fernandez de Velasco, McCall, Lee, &
Wickman, 2021). All mice were group-housed until the start of behavioral experiments,
after which they were individually housed to monitor drinking. Mice were maintained on a
14:10 h light/dark cycle and were provided ad libitum access to food and water.
3.3.2 Reagents & Viral Vectors

Baclofen, quinpirole, sulpiride, kynurenic acid, and picrotoxin were purchased from
Sigma (St. Louis, MO), and CGP54626 was purchased from Tocris (Bristol, UK). Adeno-
associated viruses (AAVs) used in this study were packaged in AAV8 serotype unless
noted; the University of Minnesota Viral Vector and Cloning Core provided all but one
vector used in this study, at titers ranging from 0.7-4 x 10! genocopies/mL. AAV9-
CaMKlIla-hChR2(H134R)-mCherry was a gift from Karl Deisseroth (Addgene viral prep #
26975-AAV9), for use in ex vivo optogenetic experiments. Packaging plasmids (pRC8 and
pHelper) were obtained from the University of Pennsylvania Vector Core. For
CRISPR/Cas9 experiments, the pAAV-U6-gRNA-hSyn-NLSmCherry was generated
using the backbone of the plasmid pAAV-U6-gRNA-hSyn-Cre-2A-EGFP-KASH (Platt et
al., 2014) (Addgene plasmid #60231) that was a gift from Dr. Feng Zhang. Guide RNA
(JRNA) sequences targeting RGS6, Go,, and LacZ were as follows: RGS6 -
TGTAGCCCTGGGCGGCAATA, Goao, — GTCGCCCCAGAGTCGCATCA, Lacz -
TGCGAATACGCCCACGCGAT. For RGS6 overexpression experiments, AAV8-hSyn-
DIO-RGS6-IRES-GFP was used to overexpress RGS6 in a Cre-dependent manner, and

AAV8-hSyn-DIO-hSyn-GFP served as control.
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3.3.3 Fluorescent in situ hybridization.

To examine expression of RGS6 in the VTA, adult male and female WT mice were
sacrificed and brains were removed, snap frozen in isopentane, and sectioned by cryostat
(16 um). Sections were adhered to Superfrost® Plus slides, kept at —20 C for 60 min to
dry, and stored at —80 C until use. Sections were fixed with 4% paraformaldehyde for 1 h
and processed for multichannel fluorescent in situ hybridization (RNAScope) according to
manufacturer instructions (Advanced Cell Diagnostics/ACD; Newark, CA). Sections were
counterstained with DAPI for 20 s at room temperature, cover-slipped with Prolong Gold
Antifade (ThermoFisher Scientific), and stored at 4 C. Probes for detection of specific
targets (DAT, GB5, and RGS6) were purchased from ACD, and fluorescent Opal dyes
(Opal 520, 620, 690) for detection of specific probes were purchased from Akoya
Biosciences (Marlborough, MA). Sections containing the VTA were imaged on a Keyence
BZ-X810 epifluorescent microscope at 20x magnification (Keyence; Itasca, IL). Images for
each channel were obtained from multiple focus planes and stitched using Keyence BZ-
X800 analysis software; all images were acquired and processed in the same manner.
Multichannel images, including DAPI, were overlaid.

3-4 mice per group per sex were analyzed, with 2-4 images analyzed
independently from each mouse. For each image, the region of interest (ROI) was
selected using the Computer Vision Toolbox in MATLAB (MathWorks; Natick, MA). The
ROls for the VTA consisted of a rectangle capturing the medial and lateral VTA. ROI
images were exported from MATLAB to CellProfiler (Carpenter et al., 2006; Kamentsky et
al., 2011; McQuin et al., 2018; Stirling et al., 2021) (www.cellprofiler.org). Background
fluorescence was subtracted, intensity information was removed, and images were
converted to grayscale. CellProfiler was used to identify the cell area and the probe puncta

within the cell. The background probe expression in areas defined as non-cell was
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calculated and compared with probe expression within each defined cell using MATLAB.
Cells were considered positive for that probe if the puncta expression was statistically
different from background expression using a binomial distribution test with a Bonferroni
correction for the number of cells. The percent of cells per ROI that were positive for the
target probe(s) was calculated.

3.3.4 Slice electrophysiology.

Electrophysiological properties of VTA DA neurons were evaluated in behaviorally
naive mice (35-93 d). Horizontal slices (225 mm) containing the VTA were prepared in
ice-cold sucrose substituted ACSF and allowed to recover at room temperature in ASCF
containing (in mM): 125 NaCl, 2.5 KClI, 1.25 NaH,PO., 25 NaHCO3, 11 Glucose, 1 MgCly,
and 2 CaCly, pH 7.4, for at least 1 h, as described (DeBaker et al., 2021; McCall et al.,
2017). Neurons in the lateral VTA were targeted for analysis as this sub-region of the VTA
receives prominent GABAgR-dependent feedback (Edwards et al., 2017) and correlates
well with traditional DA neuron markers including DAT, In and D2R-dependent inhibition
(Arora et al., 2010; Lammel et al., 2014). In studies involving RGS6™~ or WT mice, putative
dopaminergic neurons were selected based on morphology, size (apparent capacitance
>40 pF), In current (>80 pA), and spontaneous activity (<5 Hz) (Table 1).

Whole-cell data were acquired using a Multiclamp 700A amplifier and
pCLAMPv.9.2 software (Molecular Devices, LLC; San Jose, CA), using recording
conditions described in previous publications (McCall et al., 2017). Input/membrane
resistance (Rwv) and apparent capacitance (Cw) were determined using a 5 mV/10 ms
voltage-step, with current responses filtered at 5 Hz. Immediately after establishing whole-
cell access, In conductance was measured using a 200-ms voltage step to -120 mV; the
difference in current from beginning to end of the -120-mV step was taken as I, amplitude.

Subsequently, spontaneous activity was measured in current-clamp mode (I=0) for 1 min.
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Neurons exhibiting no spontaneous activity were not evaluated. For rheobase
assessments, cells were held in current-clamp mode at -80 pA to prevent spontaneous
activity, and then given 1-s current pulses, beginning at -100 pA, and progressing in 20
pA increments. Rheobase was defined as the minimum current step that evoked one or
more action potentials. Somatodendritic outward currents evoked by an ECso dose of
baclofen (10 uM baclofen; (Cruz et al., 2004; Labouébe et al., 2007)) or quinpirole (60 nM
quinpirole; (Bowery, Rothwell, & Seabrook, 1994)) and a saturating concentration of
baclofen (200 uM) or quinpirole (20 uM) were measured within the same cell for each
drug. Response to the saturating concentration of drug was considered the maximal
current amplitude. Changes in agonist sensitivity were assessed using the ratio of ECso
dose response divided by the maximal response to the same drug in the same cell times
100% (ECs0% of total). Series and input resistances were tracked throughout the
experiment. If series resistance was unstable or exceeded 20 MQ, the experiment was
excluded from analysis.

For optogenetic experiments, hChR2(H134R)-mCherry expression was assessed
in the NAc, the injection site, prior to recording from VTA containing slices. The
superfusion medium contained kynurenic acid (2 mM) and picrotoxin (100 pM) to block
responses mediated by glutamate and GABAA. receptors, respectively. Optical stimulation
was provided via a 200 ym fiber aimed above the entire slice through a 4x objective.
Optically evoked GABAgR-dependent responses were obtained with a 1-s stimulation
protocol containing 20 pulses of 473-nm wavelength light (2-5 mW, 3 ms pulse width) as
this protocol has been shown to induce GABAgR-dependent inhibitory postsynaptic
currents in VTA DA neurons (Edwards et al., 2017). The GABAgR antagonist CGP54626
(2 uM) was applied to assess the GABAsR-dependence of optically evoked responses. All

command potentials factored in a junction potential of -15 mV predicted using JPCalc
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software (Molecular Devices, LLC). Separate single-term exponential fits were assigned
to the activation and deactivation phases of the optically evoked GABAgR responses in
ClampFit (Molecular Devices, LLC; San Jose, CA).

3.3.5 Intracranial manipulations.

Mice (245 d) were placed in a stereotaxic frame (David Kopf Instruments; Tujunga,
CA) under isoflurane anesthesia. Microinjectors, made by affixing a 33-gauge stainless
steel hypodermic tube within a shorter 26-gauge stainless steel hypodermic tube, were
attached to polyethylene-20 tubing affixed to 10 uL Hamilton syringes, and were lowered
through burr holes in the skull to the VTA (from bregma: -2.75 mm A/P, £0.55 mm M/L, -5
mm D/V); 400 nL of virus per side was injected at a rate of 100 nL/min. The optimized
coordinates and viral load ensured full coverage of the VTA along anterior/posterior and
rostral-caudal axes, with minimal spread into the adjacent substantia nigra pars compacta.
For slice electrophysiological experiments utilizing optogenetics, microinjectors were
lowered to the NAc (from bregma: +1.7 mm A/P, £ 1.7 M/L, -4.65 mm D/V); 400 nL of virus
per side was injected at a rate of 100 nL/min. Microinjectors were left in place for 10 min
following infusion to reduce solution backflow along the infusion track. Slice
electrophysiology and behavioral experiments were performed 5-6 wk after viral infusion
for CRISPR experiments, and 3-4 wk after viral infusion for all others.

3.3.6 Behavior.

Mice (=53 d) were singly housed before the start of the procedure to facilitate
measurement of individual intake. Unsweetened alcohol (ethanol) (Decon Labs, King of
Prussia, PA) was mixed with tap water to 20% (v/v) for each experiment. The water bottle
was replaced with an alcohol bottle for 2 h on Days 1 to 3, and 4 h on Day 4, beginning 2
h after the start of the dark cycle. Consumption was measured by bottle weights before

and after each drinking session, with drippage and evaporation accounted for using control
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bottles in an empty cage. Mice had free access to water at all other times. In studies
involving intracranial viral manipulations, the scope and accuracy of viral targeting was
assessed by fluorescence microscopy after behavioral testing; 225 mm horizontal slices
of the midbrain were obtained using a vibratome and images were acquired on a Keyence
microscope. Only data from animals with bilateral viral-driven fluorescence, where the
majority of fluorescence was confined to VTA (with minimal spread to the adjacent
substantia nigra), were included in the final analysis.

3.3.7 Statistical analysis.

Data are presented throughout as the meantSEM. Statistical analyses were
performed using Prism v.9 (GraphPad Software, La Jolla, CA). All studies involved
balanced groups of male and female mice, and data were analyzed first for sex effects. If
no sex differences were observed, data from male and female subjects were pooled. If
any data point fell outside the range of 2 standard deviations from the mean, it was

excluded as an outlier. Differences were considered significant if p < 0.05.

3.4 Results

3.4.1 VTA DA neurons in adult mice express Gp5 and RGS6

We used fluorescent in situ hybridization to determine if RGS6 is expressed in
adult mouse VTA cells expressing the dopamine transporter (DAT), a commonly used DA
neuron-specific marker (Backman et al., 2006; Morales & Margolis, 2017). As RGS6 and
other R7 RGS proteins form stable complexes with GB5, we also evaluated the expression
of GB5 in the VTA. Analysis of sections from adult male and female C57BL/6J mice
revealed that RGS6 and GB5 were expressed throughout the VTA, in both DAT-positive
and DAT-negative cells. Notably, RGS6 and GB5 expression was detected in the vast
majority (>95%) of DAT-positive cells (Fig. 3.1A-C). These data are consistent with prior
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reports that RGS6 is expressed in midbrain DA neurons (Bifsha et al., 2014; Stewart et
al., 2015) and suggest that RGS6 might regulate inhibitory G protein signaling in VTA DA

neurons.
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Figure 3.1. Expression of GB5 and RGS6 in VTA DA neurons

(A) Example image of fluorescent in situ hybridization used to detect GB5 (red) transcript
in cells of the VTA that express the dopamine transporter (DAT, green) in WT mice;

20x magnification, scale bar: 20 pum.
(B) Summary of coded analysis of images indicating that 99% of DAT expressing cells

also expressed Gf35.
(C) Example image of fluorescent in situ hybridization used to detect RGS6 (red)

transcript in cells of the VTA that express the dopamine transporter (DAT, green) in

WT mice; 20x magnification, scale bar: 20 pum.
(D) Summary of coded analysis of images indicating that 95% of DAT expressing cells

also expressed RGS6.
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3.4.2 Impact of Gao in VTA DA neurons on GPCR-dependent signaling

R7 RGS/GB5 complexes exhibit a strong substrate preference for Ga, over Ga; (A.
Anderson et al., 2020; Hooks et al., 2003; Masuho et al., 2020) and as such, are predicted
to exert stronger negative regulatory influence on signaling pathways mediated by Ga.
Little is known regarding the specific Ga isoforms used by GABAgR and D2R to regulate
intracellular signaling pathways in neurons. To establish whether the inhibitory influence
of GABA&R and DzR in VTA DA neurons is mediated by Go,, we employed a VTA DA
neuron-specific viral CRISPR/Cas9 ablation approach (Fig. 3.2A), as described
previously (DeBaker et al., 2021). DATCre(+):Cas9GFP(+) mice received intra-VTA
infusions of AAV vectors harboring a Gao-specific or control (LacZ) guide RNA (gRNA).
Subsequently (5-6 wk later), we used slice electrophysiological methods to extract
baseline neuronal excitability measures (spontaneous activity and rheobase), and to
measure D;R- and GABA&sR-dependent somatodendritic currents, in VTA DA neurons
(Fig. 3.2B).

VTA DA neurons from control or Gao gRNA-treated mice did not differ in terms of
spontaneous activity or rheobase, nor were differences detected in other physiological
properties (Table 3.1). In VTA DA neurons from mice treated with Ga, gRNA, however,
somatodendritic currents evoked by the D2;sR agonist quinpirole were lower than those
measured in LacZ control-treated mice (Fig. 3.2E; unpaired Welch’s t test; t196=3.010;
P=0.0070; n=13-14/group). Similarly, somatodendritic currents evoked by the GABA&R
agonist baclofen were lower in VTA DA neurons from Ga, gRNA-treated mice (Fig. 3.2D;
unpaired Welch’s t test; t20.2,=6.845; P<0.0001; n=13-14/group). Thus, Ga, contributes to
the somatodendritic inhibitory influence of D,R and GABAgR activation on VTA DA

neurons.
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Figure 3.2. G protein isoform dependence of GABAgR and D:R

(A) DATCre(+):Cas9GFP(+) mice were treated with intra-VTA AAV8-U6-gRNA-hSyn-
NLSmCherry. Following viral injection (5 w), mice were processed for slice
electrophysiology.

(B) Example of viral targeting in a DATCre(+):Cas9GFP(+) mouse; GFP fluorescence
(green) denotes the Cre-dependent expression of Cas9GFP in midbrain DA neurons
of the VTA and substantia nigra, and nucleus-localized mCherry fluorescence (red)
highlights the anatomic scope of viral targeting. Abbreviations: MT - medial terminal
nucleus of the accessory optic tract, PBP - parabrachial pigmented nucleus of the
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VTA, SNc¢ - substantia nigra pars compacta, SNr - substantia nigra pars reticulata,
VTAR - rostral part of the VTA. Scale bar: 400 um.

(C) Somatodendritic inhibitory currents (Vhaa =-60 mV) evoked by sequential bath
application of quinpirole (quin, 20 yM) and then baclofen (bac, 200 uM) in VTA DA
neurons from DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-gLacZ-hSyn-
NLSmCherry control or AAV8-U6-gGao,-hSyn-NLSmCherry. Currents were reversed
by sulpiride (sulp, 5 yM) and CGP54626 (CGP, 2 uM).

(D) Summary of currents evoked by quinpirole (applied first) in VTA DA neurons from
DATCre(+):Cas9GFP(+) mice treated with AAV8-U6- gGa, -hSyn-NLSmCherry or
AAV8-U6-gLacZ-hSyn-NLSmCherry control (t1961=3.010; P=0.0070; unpaired Welch’s
t test; n=13-14/group). Symbol: *P<0.01.

(E) Summary of currents evoked by baclofen, measured after quinpirole/sulpiride
application (D), in VTA DA neurons from DATCre(+):Cas9GFP(+) mice treated with
AAV8-U6- gGa, -hSyn-NLSmCherry or AAV8-U6-gLacZ-hSyn-NLSmCherry control
(t2022=6.845; P<0.0001; unpaired Welch’s t test). Symbol: ***P<0.001.
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Treatment

LacZ gRNA

N/n

Ih (PA)

Frequency

Rheoba

7114 62+2 213+ 25 316 £ 49 16+0.2 -19+4
Gao, gRNA 7/13 70+4 177 £ 13 382 £ 56 16+0.3 -11+4
t106=1.781 | t1060=1.281 | t2423=0.8928 | 11821=0.0291 | t25=1.26
P=0.0904 P=0.2150 P=0.3808 P=0.9771 P=0.2183
WT 12/24 72+3 200 £ 19 413 + 38 1.7+£0.2 -24 + 3
RGS67- 11/25 65+3 216 £ 17 433 + 52 19+0.2 -22+4
147=1.850 | t4593=0.6398 | t4336=0.3178 t45.2=0.666 | ta6.60=0.372
P=0.0707 P=0.5258 P=0.7522 P=0.5091 P=0.7115
LacZ gRNA | 18/25 65+3 185+ 12 341+31 1.3+0.2 -12+3
RGS6 gRNA | 16/24 67+2 189 + 18 287 + 27 15+0.2 -18+ 3
146.4=0.3164 | 144.13=0.1817 | ta6.36=1.318 | 14483=0.522 | ts6.98=1.50
P=0.7531 P=0.8566 P=0.1939 P=0.6041 P=0.1412
GFP 6/12 63+3 205+ 23 301 =47 1.3+0.2 -15+4
RGS6(GFP) 9/14 61+3 200 £ 15 292 +£43 16+0.2 -17+5
t235=0.5474 | 11948=0.1824 | t2327=0.1300 t23.01=1.21 | t21.30=0.313
P=0.5893 P=0.8572 P=0.8977 P=0.2393 P=0.7573

Table 3.1. Electrophysiological properties of VTA DA neurons.

Data extracted from whole-cell recordings of VTA DA neurons from male and female
DATCre(+):Cas9GFP(+) mice treated with intra-VTA control (LacZ), Ga,, or RGS6 gRNA
vectors; WT or constitutive RGS6—/— mice; or DATCre(+) mice treated with intra-VTA
control (GFP) or RGS6(GFP) overexpression. Abbreviations: N/n - number of mice and
individual experiments, Cy — apparent capacitance, Ry — input/membrane resistance, In
— hyperpolarization-activated current.
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3.4.3 VTA DA neuron D2R- and GABAgR-dependent signaling in RGS6~-
mice

We next examined the impact of RGS6 ablation on the kinetics and sensitivity of
inhibitory G protein-dependent signaling mediated by DR and GABAgR in VTA DA
neurons, using slices from RGS67~ and control mice. Baseline electrophysiological
properties did not differ in VTA DA neurons from RGS67~ and control mice, indicating that
RGS6 does not regulate the baseline excitability of VTA DA neurons (Table 3.1). D2R-
and GABAgR-dependent somatodendritic currents were measured (Fig. 3.3B, E).
Consistent with previous studies (DeBaker et al.,, 2021; McCall et al.,, 2019), no sex
differences were observed in baclofen-induced somatodendritic currents, so the data from
male and female subjects were combined. No difference in maximal baclofen-induced
current (Fig. 3.3D; unpaired Welch’s t test; t2026=0.1525; P=0.8803; n=12/group) or
sensitivity (Fig. 3.3C; unpaired Welch’s t test; t21.99=0.2519; P=0.8035) was observed in
VTA DA neurons from RGS6~~ and WT mice. There was also no difference in sensitivity
to quinpirole in VTA DA neurons from RGS67~ and WT mice (Fig. 3.3F; unpaired Welch’s
t test; t2012=1.896, P=0.0724; n=11-13/group). Maximal quinpirole-induced currents, in
contrast, were larger in VTA DA neurons from RGS6™" mice (Fig. 3.3G; 2-way ANOVA,;
Fi1, 21= 8.845, P=0.0072; n=6-7/group). In addition, VTA DA neurons from females
exhibited larger maximal quinpirole-induced currents as compared to males of the same
genotype (F1, 1= 5.098, P=0.0347), consistent with previous reports (DeBaker et al.,
2021). There was no interaction between sex and genotype (F1, 2= 0.1029, P=0.7515).
Thus, RGS6 regulates the amplitude of D.R-dependent somatodendritic signaling in VTA
DA neurons, but not GABAgR.

As R7 RGS/GB5 complexes accelerate the kinetics of GABAgR-dependent

signaling in some neurons (Maity et al.,, 2012; Ostrovskaya et al., 2014), we used an
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optogenetic approach to determine whether RGS6 ablation impacts the kinetics of
synaptically evoked GABAsR-dependent currents in VTA DA neurons. Synaptic GABAgR-
dependent responses were evoked by optogenetic stimulation of GABAergic release from
NAc terminals in the VTA (Edwards et al., 2017)(Fig. 3.3H,l). While the activation rate of
optically evoked GABAgR-dependent responses in VTA DA neurons from RGS6™ mice
did not differ from the rate measured in WT controls (Fig. 3.3J; unpaired Welch’s t test;
t2218=1.355, P=0.1890; n=12-13/group), there was an interaction between sex and
genotype for deactivation rate. Optically evoked GABAgR-dependent responses were
significantly prolonged in VTA DA neurons from RGS6™~ mice in slices from male
(P=0.0419) and female (P<0.0001) mice (Fig. 3.3K). Thus, RGS6 negatively regulates
discrete aspects of D2R- and GABAgR-dependent somatodendritic signaling dynamics in

VTA DA neurons.
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(A) WT mice were processed for slice electrophysiology, targeting putative VTA DA
neurons medial to the medial terminal nucleus of the accessory optic tract (MT).

(B) Somatodendritic inhibitory currents (Vhoa =-60 mV) evoked by ECso dose (Bacso, 10
pM) followed by maximal dose (Bacmax, 200 uM) of baclofen recorded from putative
DA neurons in VTA slices from WT and RGS6—/— mice. Currents were reversed by
CGP54626 (CGP, 2 uM).

(C) Summary of sensitivity ratio of currents evoked by ECs, and maximal dose of
baclofen in putative DA neurons in VTA slices from WT and RGS6—/— mice
(t21.99=0.2519, P=0.8035; unpaired Welch'’s t test; n=12/group).

(D) Ssummary of maximal currents evoked by baclofen in putative DA neurons in VTA
slices from WT and RGS6—/— mice (t20.2s=0.1525; P=0.8803; unpaired Welch’s t test;
n=12/group).

(E) Somatodendritic inhibitory currents (Vhoa =-60 mV) evoked by ECso dose (Quinsg, 60
nM) followed by maximal dose (Quinmax, 20 uM) of quinpirole recorded from putative
DA neurons in VTA slices from C57BL/6J (WT) and RGS6—/— mice. Currents were
reversed by sulpiride (Sulp, 5 pM).

(F) Summary of sensitivity ratio of currents evoked by ECso and maximal dose of
guinpirole in putative DA neurons in VTA slices from WT and RGS6—/— mice
(t20.12=1.896, P=0.0724; unpaired Welch'’s t test; n=11-13/group).

(G) Summary of maximal currents evoked by quinpirole in putative DA neurons in VTA
slices from WT and RGS6—/— mice. Main effect of genotype (F1, 1= 8.845, P=0.0072;
2-way ANOVA; n=6-7/group) and sex (F1, 21= 5.098, P=0.0347) but no interaction (F,
21= 0.1029, P=0.7515). Symbol: *P< 0.05; **P<0.01 (main effect).

(H) WT and RGS6—/- mice were treated with intra-NAc AAV8-CaMKlla-hChR2(H134R)-
mCherry. Example of viral targeting; mCherry fluorescence (red) highlights the
anatomic scope of viral targeting. Abbreviations: NAcC — Nucleus Accumbens core,
NACcS — Nucleus Accumbens shell, AC — anterior commisure. Scale bar: 250 um.

() Somatodendritic inhibitory GABAsR-dependent currents (Vhoa =-60 mV) evoked by
light stimulation of NAc terminals, recorded from putative DA neurons in VTA slices
from WT and RGS6—/— mice.

(J) Summary of activation tau calculated from light-evoked GABAsR-dependent currents
in putative VTA DA neurons from WT and RGS6—/— mice (t22.15=1.355, P=0.1890;
unpaired Welch'’s t test; n=11-12/group).

(K) Summary of deactivation tau calculated from light-evoked GABAgR-dependent
currents in putative VTA DA neurons from WT and RGS6—/— mice. Main effect of
genotype (F1,20= 41.42, P<0.0001; 2-way ANOVA,; n=5-7/group), no main effect of
sex (F1,20= 0.9083, P=0.3519) but a significant interaction (F1, 20= 10.29, P=0.0044).
Sidak’s multiple comparisons test revealed differences between WT and RGS6—/—
mice both for males (P=0.0419) and females (P<0.0001). Symbol: *P< 0.05;
***P<(0.0001.
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3.4.4 Selective manipulation of RGS6 expression in VTA DA neurons

As constitutive RGS6 ablation may provoke compensatory and/or developmental
adaptations that could impact or obscure the role of RGS6 in VTA DA neurons, and
because RGS6 is expressed in DAT-positive and DAT-negative neurons in the VTA, we
used the VTA DA neuron-specific CRISPR/Cas9 approach to ablate RGS6 selectively in
adult VTA DA neurons (Fig. 3.4A). Following infusion of vectors harboring either RGS6 or
control gRNA into the VTA of adult DATCre(+):Cas9GFP(+) mice, we observed no impact
of viral treatment on spontaneous activity, rheobase, or other parameters of VTA DA
neurons (Table 3.1). Consistent with observations in VTA DA neurons from constitutive
RGS6™ mice, VTA DA neurons from mice treated with RGS6 gRNA exhibited larger
maximal quinpirole-induced currents than LacZ control-treated subjects (Fig. 3.4D;
unpaired Welch’s t test; 14,7=2.429; P=0.0192; n=24-25/group) with no effect on quinpirole
sensitivity (Fig. 3.4C; unpaired Welch’s t test; ts6.75=1.472; P=0.1478; n=24-25/group).

We also tested whether viral overexpression of RGS6 in VTA DA neurons exerted
an opposite influence on D;R-dependent somatodendritic signaling. Cre-dependent RGS6
overexpression or control AAV vector was infused into the VTA of adult male and female
DATCre(+) mice (Fig. 3.5A,B). No differences in in VTA DA neuron parameters were
observed across viral treatment groups (Table 3.1). Maximal somatodendritic currents
evoked by bath application of quinpirole were smaller for mice treated with RGS6
overexpression compared to controls (Fig. 3.5E; 2-way ANOVA,; F1,»,=8.082, P=0.0095;
n=6-7/group). We also saw a main effect of sex (F1, »2=7.186, P=0.0137), consistent with
constitutive RGS67", but no interaction (Fi, 2=0.6404, P=0.4321). Sensitivity was the
same for mice treated with RGS6 overexpression or control (Fig. 3.5D; unpaired Welch’s
t test; t2146=0.8972, P=0.3796; n=12-14/group). Thus, RGS6 expression is negatively

correlated with strength of D2R-dependent somatodendritic signaling in VTA DA neurons.
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Figure 3.4. CRISPR/Cas9 ablation of RGS6 in VTA DA neurons

(A) DATCre(+):Cas9GFP(+) mice were treated with intra-VTA AAV8-U6-gRNA-hSyn-
NLSmCherry. Following viral injection (5 w), mice were processed for slice
electrophysiology.

(B) Somatodendritic inhibitory currents (Vhog =-60 mV) evoked by ECso dose (Quinsg, 60
nM) followed by maximal dose (Quinmax, 20 uM) of quinpirole recorded in VTA DA
neurons from DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-gLacZ-hSyn-
NLSmCherry control or AAV8-U6-gRGS6-hSyn-NLSmCherry. Currents were reversed
by sulpiride (Sulp, 5 uM).

(C) Summary of sensitivity ratio of currents evoked by ECso and maximal dose of
quinpirole in VTA DA from DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-
gLacZ-hSyn-NLSmCherry control or AAV8-U6-gRGS6-hSyn-NLSmCherry
(tse.75=1.472; P=0.1478; unpaired Welch'’s t test; n=24-25/group).

(D) Summary of maximal currents evoked by quinpirole in VTA DA from
DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-gLacZ-hSyn-NLSmCherry
control or AAV8-U6-gRGS6-hSyn-NLSmCherry (t47=2.429; P=0.0192; unpaired
Welch’s t test; n=24-25/group). Symbol: *P<0.05.
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Figure 3.5. Overexpression of RGS6 in VTA DA neurons

(A) DATCre(+) mice were treated with intra-VTA AAV8-DIO-hSyn-RGS6-IRES-GFP or
AAV8-DIO-hSyn-GFP control. Following viral injection (3 w), mice were processed for
slice electrophysiology.

(B) Example of viral targeting; GFP fluorescence (green) denotes the Cre-dependent
expression of viral targeting. Abbreviations: MT - medial terminal nucleus of the
accessory optic tract, PBP - parabrachial pigmented nucleus of the VTA, SNc¢ -
substantia nigra pars compacta, SNg - substantia nigra pars reticulata, mL - medial
lemniscus. Scale bar: 400 pm.
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(C) Somatodendritic inhibitory currents (Vhod =-60 mV) evoked by ECso dose (Quinsg, 60
nM) followed by maximal dose (Quinmax, 20 uM) of quinpirole recorded in VTA DA
neurons from DATCre(+) mice treated with AAV8-DIO-hSyn-GFP control AAV8-DIO-
hSyn-RGS6-IRES-GFP. Currents were reversed by sulpiride (Sulp, 5 uM).

(D) Summary of sensitivity ratio of currents evoked by ECsy and maximal dose of
quinpirole in VTA DA neurons from DATCre(+) mice treated with AAV8-DIO-hSyn-
GFP control AAV8-DIO-hSyn-RGS6-IRES-GFP (t21.46=0.8972, P=0.3796; unpaired
Welch’s t test; n=12-14/group).

(E) Summary of maximal currents evoked by quinpirole in VTA DA neurons from
DATCre(+) mice treated with AAV8-DIO-hSyn-GFP control AAV8-DIO-hSyn-RGS6-
IRES-GFP. There was a main effect of genotype (Fi 22=8.082, P=0.0095; 2-way
ANOVA; n=6-7/group) and sex (Fi, 2»=7.186, P=0.0137), but no interaction (Fi,
2=0.6404, P=0.4321). Symbol: *P< 0.05; *P<0.01 (main effect).
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3.4.5 Impact of RGS6 ablation on binge alcohol consumption

RGS67~ mice were reported to consume less alcohol in a 4 wk long, 24-h access
alcohol consumption paradigm (Stewart et al., 2015). To assess if RGS6 ablation also
impacts acute binge alcohol consumption, we utilized a well-established “drinking in the
dark” (DID) model (Fritz & Boehm, 2016; Rhodes, Best, Belknap, Finn, & Crabbe, 2005;
Thiele & Navarro, 2014). This model mimics human binge drinking, as mice can achieve
blood alcohol concentrations of 0.08 g% or higher (Crabbe et al., 2017), a level considered
to be intoxicating for humans (NIAAA, 2004). Briefly, alcohol consumption was measured
during a limited timeframe over a total of 4 days, with day 4 considered as the “binge” day
(Fig. 3.6A). During the day 4 binge session, RGS6™ mice drank significantly less than
WT counterparts (Fig. 3.6B; 2-way ANOVA,; Fq, 43= 12.79, P=0.0009; n=11-12/group).
While females drank significantly more than males during this session (Fi, 43= 5.841,
P=0.0200), there was no interaction between sex and genotype (F1,43= 0.2097, P=0.6493).
Male RGS6™mice also drank significantly less than WT counterparts on all 3 days leading
up to the binge session (Fig. 3.6C; 2-way repeated measures ANOVA; F1,:=4.530,
P=0.0453; n=11-12/group) while females did not (Fig. 3.6D; 2-way repeated measures
ANOVA; F1,:=0.3356, P=0.5686).

We next examined the impact of VTA DA neuron-specific ablation of RGS6 on
binge alcohol consumption in male and female DATCre(+):Cas9GFP(+) mice following
intra-VTA infusion of RGS6 or LacZ control gRNA vectors. When comparing alcohol
consumed during the day 4 binge session, mice that received RGS6 gRNA drank
significantly less than LacZ gRNA controls (Fig. 3.6F; 2-way ANOVA; F14.=5.096,
P=0.0290; n=11-13/group). Females again drank significantly more than males
(F1,24=38.52, P<0.0001), and an interaction between sex and viral treatment was observed

(F1,44=4.238, P=0.0455). Further analysis revealed a significant difference of viral
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treatment in females only (P=0.0077). There was no main effect of virus on the 3 days
leading up to the binge session for either males (Fig. 3.6G; 2-way repeated measures
ANOVA; F;, 2= 0.08891, P=0.7684; n=11-13/group) or females (Fig. 3.6H; 2-way
repeated measures ANOVA; Fi1, 2=0.3508, P=0.5597; n=11-13/group). Thus, while
constitutive ablation of RGS6 affects alcohol consumption in both male and female mice,

loss of RGS6 in VTA DA neurons affects alcohol consumption only in females.
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Figure 3.6. Behavioral analysis of mice lacking RGS6

(A) WT and RGS6™~ mice underwent an acute binge drinking paradigm that lasted 4 days.
Mice received access to alcohol for 2 h on days 1-3 and 4 h on day 4.

(B) Summary of WT and RGS6™~ mouse alcohol consumption during the day 4, 4 h binge
session. Main effect of genotype (Fi, 43= 12.79, P=0.0009; 2-way ANOVA; n=11-
12/group) and sex (Fi, s3= 5.841, P=0.0200), with no interaction (Fi, s3= 0.2097,
P=0.6493). Symbol: *P< 0.05; ***P<0.0001 (main effect).

(C) Alcohol consumption of male WT and RGS6™~ mice across the first 3 days of the
procedure. There was a main effect based on procedure day (Fisse, 3863=9.658,
P<0.001; 2-way repeated measures ANOVA; n=11-12/group) and a main effect of
genotype (F121=4.530, P=0.0453), but no interaction (F.4,=0.5244, P=0.5957).
Symbol: *P< 0.05 (main effect).

(D) Alcohol consumption of female WT and RGS6—/— mice across the first 3 days of the
procedure. There was a main effect based on procedure day (Fi.9e94134=18.32,
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P<0.0001; 2-way repeated measures ANOVA, n=11-12/group), but no main effect of
genotype (F1,21=0.3356, P=0.5686) or interaction (F2,4,=0.02837, P=0.9721).

(E) DATCre(+):Cas9GFP(+) mice were treated with intra-VTA AAV8-U6-gRNA-hSyn-
NLSmCherry. Following viral injection (5 w), mice underwent acute binge drinking.

(F) Summary of alcohol consumption of DATCre(+):Cas9GFP(+) mice treated with AAV8-
U6-gLacZ-hSyn-NLSmCherry control or AAV8-U6-gRGS6-hSyn-NLSmCherry during
the day 4, 4 h binge session. Main effect of genotype (F1, 44=5.096, P=0.0290; 2-way
ANOVA; n=11-13/group) and sex (F1,44=38.52, P<0.0001), in addition to a significant
interaction (F1, 44=4.238, P=0.0455). Sidak’s multiple comparisons test revealed a
significant difference between female LacZ gRNA and RGS6 gRNA mice (P=0.0077).
Symbol: **P<0.01 (main effect).

(G) Alcohol consumption of male DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-
gLacZ-hSyn-NLSmCherry control or AAV8-U6-gRGS6-hSyn-NLSmCherry across first
3 days of the procedure. There was no main effect based on procedure day (Fis72,
41.10=1.603, P=0.2145; 2-way repeated measures ANOVA; n=11-13/group), genotype
(F1,22= 0.08891, P=0.7684), or interaction (F2,44=0.06039, P=0.9415).

(H) Alcohol consumption of female DATCre(+):Cas9GFP(+) mice treated with AAV8-U6-
gLacZ-hSyn-NLSmCherry control or AAV8-U6-gRGS6-hSyn-NLSmCherry across first
3 days of the procedure. There was no main effect based on procedure day (Fi.9s2,
43.16=2.753, P=0.0759; 2-way repeated measures ANOVA; n=11-13/group), genotype
(F1,22=0.3508, P=0.5597), or interaction (F244=1.232, P=0.3017).
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3.5 Discussion

Here, we examined the influence of RGS6 in the regulation of inhibitory G protein
signaling in VTA DA neurons and on binge alcohol consumption. Relatively little is known
about contribution of individual Gai, isoforms to inhibitory signaling in neurons. Previous
reports have characterized GPCR-specific profiles of G protein engagement in cell lines
(Masuho et al., 2020; Masuho, Martemyanov, & Lambert, 2015; Masuho, Ostrovskaya, et
al., 2015). While Ga signaling preferences for GABAgR have not been reported, D2R can
signal effectively through all Ga,, Gai and Ga; isoforms with the greatest response elicited
through Ga, (Masuho, Ostrovskaya, et al., 2015). Our data suggest that Ga, contributes
in part to the somatodendritic inhibitory effects evoked by GABA&R and DzR activation in
VTA DA neurons. Due to the reported preference of D2R for Ga, (Masuho, Ostrovskaya,
et al., 2015), the large residual current after loss of Ga, is somewhat surprising. Given the
G, substrate preference of R7 RGS proteins (Hooks et al., 2003; Masuho et al., 2020),
the relatively large residual current D;R- and GABA&gR-dependent currents seen following
Ga, ablation might suggest that a large proportion of inhibitory signaling mediated by these
receptors is not subject to negative regulation by R7 RGS proteins. It is possible, however,
that under normal conditions these receptors preferentially recruit Ga, but that under Ga,
deficient conditions they are forced to compensate by recruiting other Ga. isoforms such
as Go,or Ga.

R7 RGS proteins are known to impact inhibitory G protein-dependent signaling in
neurons. For example, RGS9 is important for accelerating the activation and deactivation
kinetics of D.R-dependent signaling in the striatum (Z. Rahman et al., 2003). RGS7, but
not RGS6, has been implicated in the kinetics and sensitivity of GABAsR-dependent

signaling in hippocampal pyramidal neurons. For example, cultured hippocampal neurons
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from RGS77~ (and Gb57) mice display prolonged deactivation of baclofen-induced
currents and increased sensitivity to baclofen (Ostrovskaya et al., 2014). Additionally,
RGS6 regulates deactivation of GABAsR-dependent signaling in cerebellar granule
neurons (Maity et al., 2012), adenylyl cyclase activation by 5-hydroxytryptamine 1A
receptor (5HT1aR) in cortical and hippocampal pyramidal neurons (Stewart et al., 2014),
and MOR-dependent signaling in multiple regions including the hypothalamus and cortex
(Garzoén et al.,, 2003). We show here that constitutive loss of RGS6 correlates with
increased amplitude but not sensitivity of D-R-dependent signaling, an effect recapitulated
in a VTA DA neuron-specific RGS6 ablation model. While the amplitude of GABA&R-
dependent somatodendritic currents was not impacted by constitutive RGS6 ablation, the
deactivation rate of evoked/synaptic GABAgR-dependent currents was significantly
prolonged in VTA DA neurons from RGS6~~ mice. These data suggest that RGS6 impacts
discrete aspects of inhibitory G protein signaling dynamics in a receptor-dependent
manner.

A GPCR-dependent influence of RGS6 on inhibitory G protein signaling was also
reported in sinoatrial nodal cells (A. Anderson et al., 2020; Wydeven et al., 2014). The
amplitude of A: adenosine receptor-mediated currents was higher in SAN cells from
RGS67 mice, as compared to WT controls. In contrast, only the deactivation rate of M
muscarinic receptor-mediated signaling was impacted by RGS6 ablation (A. Anderson et
al., 2020). Our observations in VTA DA neurons were similar; DoR-dependent currents
were larger in RGS67~ mice, whereas loss of RGS6 only impacted GABAgR-dependent
signaling kinetics. All G protein-dependent signaling is limited by receptor, G protein,
and/or effector availability. It is possible that GABAgR-dependent signaling is limited by
effector availability whereas D;R-dependent signaling is limited by receptor or G protein

availability. While the inhibitory effect of DR and GABAgR activation in VTA DA neurons
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is mediated by multiple somatodendritic effectors, most (>80%) of the currents measured
under the conditions used in this study reflect the activation of G protein-gated inwardly
rectifying K* (GIRK/Kir3) channels(Arora et al., 2010; Bettler et al., 2004; Labouebe et al.,
2007; Steketee et al., 1992). The loss of RGS6 may lead to an increased pool of activated
G proteins, allowing the opening of GIRK channels that are available but not typically
utilized by D2R activation, thereby yielding a larger current amplitude. GABAsR-dependent
signaling, on the other hand, normally produces a larger inhibitory current amplitude
compared to D;R-dependent signaling and may already be opening all available GIRK
channels even with RGS6 intact. Consistent with this idea, overexpression of GIRK2, the
subunit responsible for trafficking of functional GIRK channels, in VTA DA neurons did not
significantly increase maximal amplitude of D,R-dependent currents but it did increase
maximal amplitude of GABAgR-dependent currents (McCall et al., 2019). This suggests
that availability of GIRK is the limiting agent of GABAsR-dependent signaling but another
factor, such as G protein or receptor availability, is limiting the activation of GIRK channels
in D2R-dependent signaling. Further, GABAgR in the brain often interact with KCTD
proteins, which may facilitate the anchoring of proteins and effectors, such as GIRK
channels, which may be responsible for allowing easier activation of GIRK channels by
GABA&R (Rose & Wickman, 2022).

Several lines of evidence support the contention that modulation of inhibitory
signaling within VTA DA neurons plays a role in response to drugs of abuse, including
alcohol (Liu et al., 2020; Solecki et al., 2020; Valyear et al., 2020). Here, we report that
mice constitutively lacking RGS6 displayed enhanced GABAgR- and D.R-mediated
signaling in VTA DA neurons in addition to decreased binge alcohol consumption. This
decreased binge consumption is recapitulated in female mice lacking RGS6 exclusively in

VTA DA neurons. Further, VTA DA neuron-specific ablation and upregulation of RGS6
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revealed a negative correlation between RGS6 and D;R-dependent current amplitude,
highlighting the role of RGS6 in negatively regulating VTA DA neuron inhibitory GPCR-
dependent signaling. Previous studies have reported that intra-VTA infusions of the
GABA&R agonist baclofen decrease binge alcohol consumption in mice, but it is unclear
whether this effect was mediated by DA neurons or other cells (Moore & Boehm, 2009).
Additionally, systemic injections of the DR agonist quinpirole have been reported to
decrease alcohol sensitivity, but this effect was not localized (Cohen, Perrault, & Sanger,
1997). Our results suggest that loss of RGS6, which enhances VTA DA neuron GABAgR-
and D-R-dependent signaling, can reduce binge alcohol consumption. It is possible that
RGS6 is upregulated as a form of plasticity after repeated drug administration to
counteract activation of inhibitory GPCR-dependent signaling. Indeed, a previous study
suggests that VTA RGS6 levels were increased after chronic alcohol consumption
(Stewart et al., 2015).

We reported larger D;R-dependent current amplitudes in females compared to
males, as was reported previously (DeBaker et al.,, 2021), in our electrophysiological
assessments of constitutive RGS6™ and RGS6 overexpression. There was no sex
difference in D;R-dependent signaling amplitude in RGS6 gRNA studies. It is possible that
this discrepancy is due to the high amount of variability in expression levels of D;R across
the heterogeneous population of VTA DA neurons (Morales & Margolis, 2017). We also
report a sex difference in deactivation of GABAgR-dependent signaling in RGS6-deficient
VTA DA neurons, with female RGS67~ having more prolonged deactivation than males.

Our behavioral assessments reveal novel insights about potential sex effects
related to RGS6 loss on alcohol consumption, as male and female mice were combined
in previous reports analyzing alcohol consumption in constitutive RGS6~~ mice (Stewart

et al., 2015). Male and female constitutive RGS6~ mice both showed decreased alcohol
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consumption compared to WT during the binge session. There was also a main effect of
sex, consistent with previous reports that female rodents tend to consume more alcohol
than males (Cunningham & Shields, 2018; Li & Lumeng, 1984; Yoneyama et al., 2008).
We saw a sex-specific impact of VTA DA neuron-specific RGS6 ablation on alcohol
consumption. Females had decreased alcohol consumption on day 4, similar to
constitutive RGS67", while males did not decrease consumption compared to control on
any day of the procedure. Our results suggest that VTA DA neuron specific manipulations
of RGS6 exert a greater impact in female behaviors compared to males. This could be
due in part to the higher proportion of VTA DA neurons that have been reported in female
rodents compared to males (McArthur, McHale, & Gillies, 2007), resulting in a greater
number of DA neurons being impacted in females relative to males. Females may also be
more affected by loss of RGS6 in VTA DA neurons due to the larger amplitude of D2R-
dependent currents reported in females, together with the stronger effect of RGS6 on
GABAgR-dependent signaling kinetics in females compared to males. GABAgR-
dependent signaling may be more heavily moderated by RGS6 in females compared to
males, therefore precluding effects of GABAgR activation on drug-related behaviors in
females with RGS6 intact. Loss of RGS6 could then permit the inhibitory effects of
GABAgR-dependent signaling to exert effects on behavior. Indeed, our previous work has
shown that loss of VTA DA neuron D;R-dependent signaling increases cocaine sensitivity
in both males and females, but loss of GABAgR-dependent signaling only affects cocaine
sensitivity in males, suggesting a limited role of GABAgR-dependent signaling in
modulating drug-related behavior in females (DeBaker et al., 2021). Additionally, alcohol
may be more reliant on GABAsR-dependent signaling to exert reward-related behaviors
compared to cocaine, as alcohol is known to play a role in modulating GABA transmission

(Domi et al., 2021; Nora D. Volkow et al., 2011).
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The female-specific reduction in alcohol consumption after intra-VTA RGS6
ablation may also be an artifact of the animals and timeframe employed in these
experiments. It is important to note that VTA DA neuron-specific RGS6™ mice were older
than constitutive RGS6™~ mice at the time of behavioral assessment due to the viral
injection and incubation period. It is possible that older male mice consume less alcohol
relative to younger males whereas females do not differ based on age. It is not well
understood whether age plays a large role in levels of alcohol consumption, or if this is a
sex-dependent phenomenon, but studies suggest that older male rodents may be more
sensitive to the negative effects of alcohol compared to younger males (Ott, Hunter, &
Walker, 1985; Squeglia, Boissoneault, Van Skike, Nixon, & Matthews, 2014). Consistent
with this premise, we saw that older male mice drank significantly less than younger males,
but there was no age-related alcohol consumption difference for females (Supplementary
Fig. 3.7). Thus, age may play a role in the lower alcohol consumption observed in the
male VTA DA neuron-specific RGS6™~ mice, potentially limiting the ability to see any small
decreases in consumption after loss of RGS6.

Taken together, our results show that loss of RGS6 in VTA DA neurons enhances
inhibitory GPCR-dependent signaling, decreasing alcohol consumption in a sex-
dependent manner. This work highlights novel insights about cellular and molecular
mechanisms in the brain that regulate alcohol consumption and reward. The knowledge
gained about RGS6 involvement in alcohol consumption may guide the identification of
potential risk factors associated with AUD, as RGS6 levels were significantly associated
with alcohol dependence symptom count, a quantitative measure of AUD, in a human
Genome Wide Association Study (G. Chen et al., 2017). In addition, insights from these
studies could inform investigations into new or improved therapeutic strategies for more

targeted treatment of AUD.
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Figure 3.7. Comparison of age in alcohol consumption

(A) Summary of alcohol consumption of male 8 wk and 13 wk old WT mice during the 4 h
binge session (t1519=2.306; P=0.0356; unpaired Welch’s t test; n=10/group). Symbol:
*P< 0.05.

(B) Summary of alcohol consumption of female 8 wk and 13 wk old WT mice during the 4
h binge session (t1575=1.634; P=0.1220; unpaired Welch’s t test; n=9-10/group).
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Chapter 4 : Unequal interactions between alcohol and

nicotine co-consumption: Suppression and enhancement of

concurrent drug intake
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4.1 Synopsis

Rationale Alcohol and nicotine addiction are prevalent conditions that co-occur.
Despite the prevalence of co-use, factors that influence the suppression and enhancement
of concurrent alcohol and nicotine intake are largely unknown.

Objectives Our goals were to assess how nicotine abstinence and availability
influenced concurrent alcohol consumption, and to determine the impact of quinine
adulteration of alcohol on aversion resistant alcohol consumption and concurrent nicotine
consumption.

Methods Male and female C57BL/6J mice voluntarily consumed unsweetened
alcohol, nicotine and water in a chronic 3-bottle choice procedure. In Experiment 1,
nicotine access was removed for 1 week and re-introduced the following week, while the
alcohol and water bottles remained available at all times. In Experiment 2, quinine (100-
1000 uM) was added to the 20% alcohol bottle, while the nicotine and water bottles
remained unaltered.

Results In Experiment 1, we found that alcohol consumption and preference were
unaffected by the presence or absence of nicotine access in both male and female mice.
In Experiment 2a, we found that quinine temporarily suppressed alcohol intake and
enhanced concurrent nicotine, but not water, preference in both male and female mice. In
Experiment 2b, chronic quinine suppression of alcohol intake increased nicotine
consumption and preference in female mice without affecting water preference, whereas
it increased water and nicotine preference in male mice.

Conclusions Quinine suppression of alcohol consumption enhanced the preference
for concurrent nicotine preference in male and female mice, suggesting that mice

compensate for the quinine adulteration of alcohol by increasing their nicotine preference.
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4.2 Introduction

Alcohol and nicotine are the two most commonly abused addictive drugs and the
majority of alcohol dependent individuals are also dependent on nicotine (Batel, Pessione,
Maitre, & Rueff, 1995; Falk, Yi, & Hiller-Sturmhdéfel, 2006; Miller & Gold, 1998). Persons
co-dependent on alcohol and nicotine have more severe drug dependence symptoms
such as greater craving and withdrawal signs, higher drug consumption, increased
difficulty maintaining abstinence, and have higher mortality compared with persons
dependent on alcohol or nicotine alone (Heffner, Mingione, Blom, & Anthenelli, 2011; Hurt,
1996; King, McNamara, Conrad, & Cao, 2009; Leeman et al.,, 2008; Marks, Hill,
Pomerleau, Mudd, & Blow, 1997). Despite the high prevalence and increased health
consequences of alcohol and nicotine co-dependence, there are currently no FDA-
approved drugs for the treatment of alcohol and nicotine co-dependence. In human
studies, it is difficult to dissect the effects of alcohol and nicotine from the genetic and
environmental influences that also contribute to overall drug taking. Several reviews have
highlighted key knowledge gaps that have limited the development of new drugs, such as
the need to better understand the neurobiology of co-dependence and the need for
identification of drug targets that mediate both alcohol and nicotine dependence (Tarren
& Bartlett, 2017; Van Skike et al., 2016). To achieve this, the development of a greater
variety of animal models that reflect alcohol and nicotine co-use is necessary, as this will
enable the identification how alcohol and nicotine influence co-consumption while
controlling for genetics and environment.

Many animal models of alcohol and nicotine co-dependence utilize investigator
administered drugs (Blomgvist, Gelernter, & Kranzler, 2000; Hendrickson, Zhao-Shea, &
Tapper, 2009; Lé et al., 2000; L&, Wang, Harding, Juzytsch, & Shaham, 2003; Smith,

Kelly, & Chen, 2002), and although these models allow for control of dose and timing, they
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do not permit the animal to voluntarily consume both drugs. A limited number of studies in
rats have examined voluntary alcohol and nicotine intake using several routes of
administration, such as intravenous self-administration (IVSA) of nicotine with operant oral
consumption of alcohol (L&, Funk, Lo, & Coen, 2014; Lé et al., 2010), IVSA nicotine with
oral alcohol consumption in a 2-bottle choice procedure (Maggio et al., 2018), operant
intra-cranial self-administration of nicotine with operant alcohol consumption (Deehan et
al., 2015), or operant intra-cranial self-administration of a mixture of alcohol and nicotine
(Truitt et al., 2015). These studies provide valuable information, yet the procedures involve
significant training as well as technical and surgical requirements. In contrast, 2-bottle
choice studies are frequently used in rats and mice to assess alcohol or nicotine
consumption (A. M. Lee & Messing, 2011; A. M. Lee et al., 2014; Locklear, McDonald,
Smith, & Fryxell, 2012; Meliska, Bartke, McGlacken, & Jensen, 1995; Powers, Broderick,
Drenan, & Chester, 2013; Simms et al., 2008). In these studies, the animals are
individually housed with two fluid bottles, one containing drug and one water, and the
animals are free to consume from both bottles. These bottle choice studies are less
technically challenging and are more high-throughput compared with operant
administration studies.

We have previously developed a novel 3-bottle choice co-consumption model
where mice voluntarily consume unsweetened alcohol, unsweetened nicotine, and water
from 3 separate drinking bottles (DeBaker, Robinson, Moen, Wickman, & Lee, 2020;
O’Rourke, Touchette, Hartell, Bade, & Lee, 2016; Touchette, Maertens, Mason, O’'Rourke,
& Lee, 2018). Using this model, we investigated the effects of forced alcohol abstinence
and intermittent drug access, and the impact of pre-clinical drug treatment on concurrent
alcohol and nicotine consumption in male and female C57BL/6J mice (O’'Rourke et al.,

2016; Touchette et al., 2018). We reported that after 3 weeks of chronically co-consuming
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alcohol and nicotine, forced alcohol abstinence resulted in an increase in concurrent
nicotine consumption and preference in male and female C57BL/6J mice, suggesting that
the mice compensated for the absence of alcohol by increasing their consumption of
nicotine (O’'Rourke et al., 2016). It is unclear if the reciprocal relationship between alcohol
and nicotine is true, and in the current study one of our goals was to determine whether
forced nicotine abstinence enhanced concurrent alcohol consumption in this model.

A prominent feature of alcohol use disorders (AUDSs) in humans is consumption of
alcohol despite adverse legal, health, economic, and societal consequences. The
continued consumption of alcohol despite the addition of the bitter tastant quinine has
been frequently used as a model of compulsive alcohol intake or aversion-resistant alcohol
consumption in both rats and mice (F. Woodward Hopf & Lesscher, 2014; Frederic
Woodward Hopf, Chang, Sparta, Bowers, & Bonci, 2010; Lei, Wegner, Yu, Simms, & Hopf,
2016; Sneddon, White, & Radke, 2018; Spanagel, Zieglgansberger, & Hundt, 1996). Our
second goal was to determine whether the alcohol-abstinence induced elevation of
nicotine consumption that we previously reported in O’Rourke et al, 2016 could be
produced by suppressing alcohol consumption instead of removing alcohol access.
Moreover, quinine suppression of alcohol consumption has not yet been evaluated in a
voluntary alcohol and nicotine co-consumption model.

Here, we report an unequal interaction between alcohol and nicotine, where
alcohol consumption is unaffected by the presence or absence of nicotine access. In
contrast, the addition of quinine temporarily suppressed alcohol preference and enhanced
concurrent nicotine preference in both sexes. Chronic suppression of alcohol consumption
with quinine produced a long-term enhancement of concurrent nicotine, but not water,
preference in female mice, and enhanced both nicotine and water preference in male

mice.
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4.3 Materials and Methods

4.3.1 Animals and Reagents

12 male and 12 female C57BL/6J mice from The Jackson Laboratory
(Sacramento, CA) acclimated to our facility for at least six days before beginning
behavioral experiments at 55 days old. All mice underwent both experimental procedures.
Mice were group housed in standard cages under a 12-h light/dark cycle until the start of
behavioral experiments, after which they were individually housed. Food and water were
freely available at all times. All animal procedures were in accordance with the Institutional
Animal Care and Use Committee at the University of Minnesota, and conformed to NIH
guidelines.

Alcohol (ethanol) (Decon Labs, King of Prussia, PA), and nicotine tartrate salt
(Acros Organics, Thermo Fisher Scientific, Chicago, IL) were mixed with tap water to the
concentrations reported for each experiment. The concentrations of nicotine are reported
as free base, and nicotine solutions were not filtered or pH adjusted. The alcohol, nicotine
and water bottles were unsweetened at all times. Quinine hydrochloride (Spectrum
Chemical Manufacturing Corp, Gardena, CA) was added to the 20% alcohol bottle at
concentrations of 100, 200, 500 and 1000 uM in Experiment 2.

4.3.2 Experiment 1: Effects of nicotine abstinence on concurrent alcohol
consumption.

Mice were singly housed in custom cages that accommodated three drinking
bottles (Ancare, Bellmore, NY) containing water, nicotine or alcohol at different
concentrations. The concentrations for the first week consisted of 3% alcohol (v/v) in one
bottle, 5 pug/mL nicotine in the second bottle and water in the third bottle. The

concentrations for the second week were 10% alcohol and 15 pg/mL nicotine, and were

20% alcohol and 30 pug/mL nicotine for the third week. During the fourth week, the nicotine
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bottle was removed and the 20% alcohol and water bottles remained available. During the
fifth week, all three bottles were again presented at the 20% alcohol and 30 pg/mL nicotine
concentrations. Food was freely available and the mice were not fluid restricted at any
time. The bottles were weighed every other day and the solutions refreshed every 3-4
days. The positions of the bottles were alternated after each weighing to account for side
preferences. Mice were weighed once a week. Fluid evaporation and potential dripping
were accounted for by the presence of a set of alcohol, nicotine and water bottles on an
empty control cage. The weight of fluid loss from these bottles was subtracted from all
bottle weights throughout the study.
4.3.3 Experiment 2: The impact of quinine adulteration on concurrent
alcohol and nicotine consumption.

Immediately after completion of Experiment 1, the mice proceeded to Experiment
2 without a break in alcohol or nicotine consumption. In Experiment 2a, quinine (100 uM)
was added to the 20% alcohol bottle for 3 days (acute phase), while the water and 30
ug/mL nicotine bottles remained unaltered. In Experiment 2b, the quinine concentration in
the 20% alcohol bottle was increased to 200, 500 and 1000 uM, with each concentration
presented for 6 days (chronic phase). The 0 quinine concentrations reported were the
average consumption and preference of 20% alcohol and 30 pg/mL nicotine during the
prior week (Week 5 of Experiment 1). The bottles were weighed and rotated every day
and the mice were weighed once a week. Fluid evaporation and bottle dripping were
controlled for by the presence of a set of bottles on an empty control cage. The weight of
fluid loss from these bottles was subtracted from all bottles throughout the study.
4.3.4 Statistical Analysis

The average daily alcohol (g/kg) and nicotine consumption (mg/kg) for each drug

concentration was calculated based on the weight of the fluid consumed from the bottles,
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the density of the solution (for alcohol only), and the weight of the individual mouse. The
percent preference for alcohol, nicotine, and water bottles was calculated as the weight of
the fluid consumed from the bottle of interest, divided by the summed weight of fluid
consumed from all three bottles, multiplied by 100. All analyses were calculated using
Prism 8.0 (GraphPad, La Jolla, CA). Data were tested for normality and variance.

For all experiments, data were analyzed by repeated measures (RM) 2-way
ANOVA, followed by Sidak’s multiple comparisons tests to examine the effect of sex and
time. For all experiments, sex differences in the average consumption of alcohol (g/kg)
and nicotine (mg/kg), and in the average preference for the alcohol, nicotine and water
bottles are described first, followed by the time effects of forced nicotine abstinence

(Experiment 1) or of quinine adulteration of alcohol (Experiment 2).

4.4 Results

4.4.1 Experiment 1: Effect of forced nicotine abstinence on concurrent
alcohol consumption.

A schematic outline of our experiments is shown in Figure 4.1. In Experiment 1,
we evaluated the effect of forced nicotine abstinence on concurrent alcohol consumption
and preference. Male and female C57BL/6J mice had continuous access to alcohol (v/v),
nicotine (ng/mL) and water for 3 weeks in a 3-bottle choice procedure, with drug
concentrations of 3% alcohol and 5 ug/mL nicotine presented during Week 1, 10% alcohol
and 15 pg/mL nicotine during Week 2 and 20% alcohol and 30 pug/mL nicotine presented
during Week 3. During Week 4, the nicotine bottle was removed and mice had access to
the 20% alcohol and water bottles. The nicotine bottle was re-introduced in Week 5. Drug
consumption and preference data for the entire experiment (Weeks 1-5) was analyzed
using RM 2-way ANOVA comparisons followed by Sidak’s multiple comparisons tests.
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We first examined the data for sex differences between male and female mice. For
alcohol consumption, we found a significant sex by time interaction, a main effect of time
and a main effect of sex (Fsexxime(4,88)=6.6061, P=0.0002; Fscx(1,22)=14.49, P=0.001,
Fime(4,88)=26.39, P<0.0001). Multiple comparisons tests showed that female mice
consumed more average alcohol (g/kg/day) compared with male mice during Weeks 3-5
(Figure 4.2A). Female mice also consumed more nicotine (mg/kg/day) compared with
male mice during Weeks 3 and 5 (Fsexxime(3,66)=3.070, P=0.03; Fsex(1,22)=8.776,
P=0.007; Fime(3,66)=98.28, P<0.0001, Figure 4.2B). For alcohol preference, we found a
significant sex by time interaction, no main effect of sex and a main effect of time
(Fsexxtime(4,88)=2.928, P=0.03; Fsex(1,22)=0.4167, P=0.52; Fime(4,88)=19.84, P<0.0001);
however, multiple comparisons tests did not identify a difference between male and female
alcohol preference at any week (Figure 4.2C). For nicotine preference, we found a main
effect of time and no main effect of sex or a sex by time interaction (Fsexxtime(3,66)=1.408,
P=0.25; Fsex(1,22)=0.689, P=0.42; Fime(3,66)=7.631, P<0.001, Figure 4.2D). Finally, for
water preference we found main effects of sex and time without an interaction between
sex and time (Fsexxime(4,88)=1.597, P=0.18; Fsex(1,22)=4.365, P=0.049; Fime(4,88)=78.26,
P<0.0001, Figure 4.2E).

We then examined the effect of forced nicotine abstinence during Week 4 on the
consumption of 20% alcohol and 30 ug/mL nicotine, and the preference for each of the
three bottles using Sidak’s multiple comparisons tests, since we found main effects of time
or interactions between sex and time. For alcohol consumption, we found that male mice
had no significant differences in 20% alcohol consumption across Weeks 3-5, indicating
that removal of the nicotine bottle had no effect on alcohol consumption (Figure 4.3A).
Forced nicotine abstinence during Week 4 also did not affect 30 pg/mL nicotine

consumption in male mice as the level of nicotine consumption for Weeks 3 and 5 were
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not significantly different, indicating that no compensatory increase in nicotine
consumption occurred after forced abstinence (Figure 4.3A). We found similar results in
female mice, with no significant differences in 20% alcohol consumption across Weeks 3-
5, and no significant differences in 30 pg/mL nicotine consumption across Weeks 3 and 5
(Figure 4.3B). For alcohol preference, we found no significant changes in alcohol
preference across Weeks 3-5 in male mice (Figure 4.3C), or in female mice (Figure 4.3D).
The preference for the 30 ug/mL nicotine bottle not significantly different across Weeks 3
and 5 for male (Figure 4.3C) or female mice (Figure 4.3D). Examining the water
preference showed that the preference for the water bottle during Week 4 was significantly
higher than during Weeks 3 or 5 in both males and females, suggesting that removal of
the nicotine bottle elevated only water preference in both sexes (Figure 4.3C-D). Overall,
Experiment 1 showed that female mice consumed more alcohol and nicotine than male
mice, and forced nicotine abstinence during Week 4 had no effect on 20% alcohol or 30
ug/mL nicotine consumption or preference, but increased only the preference for the water

bottle during Week 4 in both male and female mice.
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Expt 1 Expt 2
Time | Week1 | Week2 | Week 3 | Week 4 | Week5 ||  3d 6d | 6d 6d
A%: 3 | 10 | 20 20 20 || 20+100 Q| 20+200 Q| 20+500 Q | 20+1000 Q|
Nug/mL| & 15 30 30 | 30 30 30 30
Water: W W W W W W W W W

Figure 4.1. Schematic of experimental procedures.

Unsweetened alcohol % (A, v/v), nicotine (N, ug/mL) and water were presented in a 3-

bottle choice consumption procedure. Quinine (Q, uM) was added to the 20% alcohol
bottle in Experiment 2.
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Figure 4.2. Female mice consume more alcohol and nicotine compared with male

mice in Experiment 1 - effects of nicotine abstinence on concurrent alcohol
consumption.

(A) Alcohol and (B) nicotine consumption by weight in male and female mice. (C) Alcohol,
(D) nicotine and (E) water preference over time in male and female mice. Sidak’s post-
hoc test between male and female mice for the same week *P<0.01, ***P<0.001,
****P<0.0001. n=12 per sex, mean + SEM.
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Figure 4.3. Nicotine forced abstinence increases concurrent water preference, and
not alcohol preference, in male and female mice.

Average alcohol (g/kg) and nicotine (mg/kg) consumption in (A) male and (B) female mice.
Preference for the alcohol, nicotine and water bottles for (C) male and (D) female mice.
Removal of the nicotine bottle during Week 4 increased the preference for the water bottle
but not the alcohol bottle in (C) male and (D) female mice. Sidak’s post-hoc test
**++P<0.0001 between Weeks 3 and 4, and between Weeks 4 and 5. n=12 per sex, mean
+ SEM.
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4.4.2 Experiment 2a: The impact of quinine adulteration on concurrent
alcohol and nicotine consumption.

We tested the effect of quinine adulteration of 20% alcohol on concurrent alcohol
and nicotine consumption in male and female C57BL/6J mice. Quinine (100 uM) was
added to the 20% alcohol bottle for 3 days, and the average daily consumption of alcohol
and nicotine during quinine adulteration was compared with the average daily
consumption during the prior week when no quinine was present (Week 5 of Experiment
1). We first examined consumption and preference across sex as in Experiment 1. For
alcohol consumption, we found a significant sex by time interaction, a main effect of sex
and a main effect of time (Fsexxime(3,66)=4.142, P=0.009; Fsex(1,22)=9.280, P=0.006;
Fime(3,66)=36.37, P<0.0001). Multiple comparisons testing showed that female mice
consumed more alcohol compared with male mice for all time points except for Day 1
(Figure 4.4A). For nicotine consumption, there were main effects of sex and time without
a significant interaction, with females consuming more nicotine compared with males
(Fsexxiime(3,66)=0.2655, P=0.85; Fime(3,66)=3.367, P=0.02; Fsex(1,22)=8.908, P=0.007,
Figure 4.4B). For both alcohol and nicotine preference, there were main effects of time
with no main effects of sex, or sex by time interactions (alcohol preference:
Fsexxime(3,66)=2.415, P=0.07; Fime(3,66)=35.99, P<0.0001; Fsex(1,22)=0.87, P=0.36;
nicotine preference: Fsexxime(3,66)=0.088, P=0.97; Fime(3,66)=17.03, P<0.0001;
Fsex(1,22)=0.2834, P=0.60). For water preference, we found no main effect of sex or time,
and no interaction between sex and time (Fsexxime(3,66)=1.450, P=0.24; Fimne(3,66)=0.05,
P=0.98; Fsx(1,22)=1.846, P=0.19, preference data for all three bottles are shown
separately by sex on Figure 4.5C and 4.5D).

We then examined alcohol and nicotine consumption, and preference for each

bottle over time, since we observed main effects of time or interactions between sex and
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time. We found that 100 uM quinine temporarily suppressed alcohol consumption and
alcohol preference in male mice (Figure 4.5A and 4.5C) and in female mice (Figure 4.5B
and 4.5D) on Day 1. As female mice consumed more alcohol compared with male mice,
we compared the magnitude of the quinine-adulterated alcohol suppression on Day 1 as
a percent decrease from 0O levels, and found no significant difference between sexes
(male: 74.5 + 11.1% decrease; female: 76.7 + 12.0% decrease, t=0.130, P=0.90). Quinine
suppression of alcohol consumption and preference was temporary in both sexes, as both
male and female mice overcame the 100 uM quinine suppression on Day 2. For
concurrent nicotine preference, we found that the addition of 100 uM quinine to the 20%
alcohol bottle produced a temporary increase in nicotine preference on Day 1 in male and
female mice (Figure 4.5C and 4.5D). There was no significant increase in nicotine
consumption on Day 1 in either sex. As there were no main effects of sex or time on water
preference, as described above, the overall effect of 100 uM quinine adulteration of 20%
alcohol was to reduce alcohol consumption and preference, and increase nicotine but not

water preference in male and female mice.
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Figure 4.4. Female mice consume more alcohol and nicotine compared with male
mice in Experiment 2a — effects of acute quinine adulteration of alcohol.

(A) Alcohol consumption by weight in male and female mice. Sidak’s post-hoc test
between male and female mice for the same time point *P<0.05, **P<0.01.

(B) Nicotine consumption by weight in male and female mice. There was a main effect of
sex on nicotine consumption. n=12 per sex, mean + SEM
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increase in concurrent nicotine preference.
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compared to the average alcohol consumption at the 0 quinine concentration. Sidak’s
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suppressed alcohol preference and increased nicotine preference on Day 1 in (C) male
mice and (D) female mice. Sidak’s multiple comparisons test ***P<0.0001, ****P<0.0001
for Day 1 compared with the 0 quinine concentration for alcohol and nicotine preference.
n=12 per sex, mean + SEM
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4.4.3 Experiment 2b: The impact of chronic quinine adulteration on
concurrent alcohol and nicotine consumption.

To determine the effect of chronic quinine adulteration of alcohol consumption on
concurrent alcohol and nicotine intake, the quinine concentration in the 20% alcohol bottle
was increased to 200, 500 and 1000 uM, with each concentration presented for 6 days.
We first examined average daily drug consumption and preference across sex as in
Experiment 1. For alcohol consumption, we found a significant interaction between sex
and concentration, a main effect of sex and a main effect of concentration
(Fsexxconcentration(4,88)=3.602, P=0.009; Fsex(1,22)=14.01, P=0.001; Fconcentration(4,88)=47.13,
P<0.0001). Multiple comparisons tests showed that female mice consumed more alcohol
compared with male mice at the 0, 100 and 200 uM quinine concentrations (Figure 4.6A).
For 30 png/mL nicotine consumption, we found a significant interaction between sex and
concentration, a main effect of sex and a main effect of concentration
(Fsexxconcentration(4,88)=5.156, P=0.0009; Fsex(1,22)=14.37, P=0.001,;
Fconcentration(4,88)=8.044, P<0.0001). Multiple comparisons tests showed that female mice
consumed more nicotine compared with male mice at the 200, 500 and 1000 uM quinine
concentrations (Figure 4.6B). For alcohol preference, we found a main effect of
concentration with no main effect of sex, or a sex by concentration interaction
(Fsexxconcentration(4,88)=0.958, P=0.43; Fconcentration(4,88)=52.54, P<0.0001; Fsex(1,22)=1.318,
P=0.26, alcohol preference for each sex is shown separately in Figure 4.6F and 4.6G).
For nicotine preference, we found a significant interaction between sex and concentration,
a main effect of concentration and no main effect of sex (Fsexxconcentratiion(4,88)=2.835,
P=0.03; Fsex(1,22)=1.704, P=0.21; Fconcentration(4,88)=13.76, P<0.0001); however, multiple
comparisons tests did not reveal a significant difference in nicotine preference between

sex at any concentration (Figure 4.6F and 4.6G). We also found main effects of sex and
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concentration with no interaction between sex and concentration for water preference,
with male mice having an overall greater preference for water compared with female mice
(Fsexxconcentration(4,88)=0.893, P=0.47; Fconcentration(4,88)=8.695, P<0.0001; Fsex(1,22)=5.033,
P=0.04; Figure 4.6F and 4.6G).

We then examined alcohol and nicotine consumption, and preference for each
bottle over the increasing quinine concentrations, since we observed main effects of
quinine concentration or interactions between sex and quinine concentration. We found
that the average daily consumption and preference of 20% alcohol was significantly
suppressed at all quinine concentrations in both male (Figure 4.6D and 4.6F) and female
mice (Figure 4.6E and 4.6G). As female mice consumed more alcohol compared with
male mice, we calculated the quinine-induced alcohol suppression as a percent of
baseline alcohol consumption at the 0 quinine level. We found no significant difference in
the magnitude of quinine-induced suppression between sexes over the increasing quinine
concentrations, suggesting that quinine suppressed alcohol consumption to the same
proportion in males and females, even though female mice consume more g/kg alcohol
(Fsexxconcentration(3,66)=0.05,  P=0.99;  Fsex(1,22)=0.397, P=0.53, Fime(3,66)=31.99,
P<0.0001, Figure 4.6C).

Chronic quinine adulteration of alcohol did not alter nicotine consumption at any
time point in male mice (Figure 4.6D), whereas female mice increased their nicotine
consumption at the 200, 500 and 1000 uM quinine concentrations compared with the 0
quinine concentration (Figure 4.6E). In male mice, we found that nicotine preference
significantly increased when 100 and 1000 uM quinine was added to the 20% alcohol
bottle, and water preference was significantly increased when 500 and 1000 uM quinine
was added to the 20% alcohol bottle (Figure 4.6F). In female mice, the preference for the

nicotine bottle was increased at all quinine concentrations, whereas water preference was
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not significantly changed at any quinine concentration (Figure 4.6G). Overall, these data
showed that quinine suppressed alcohol consumption and preference equally in male and
female mice, but female mice responded to chronic quinine adulteration of alcohol by
increasing the consumption and preference of nicotine without changing water preference,

whereas male mice increased both nicotine and water preference.
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Figure 4.6. Chronic suppression of alcohol intake by quinine increases nicotine
consumption and preference.

(A) Female mice consume more alcohol and (B) more nicotine compared with male mice.
Sidak’s post-hoc test between male and female mice at the same concentration *P<0.05,
*P<0.01, ***P<0.0001. (C) Male and female mice have the same percent decrease in
alcohol consumption over increasing quinine concentrations. (D) In male mice, increasing
concentrations of quinine suppressed alcohol consumption without increasing nicotine
consumption, whereas (E) in female mice, increasing concentrations of quinine
suppressed alcohol consumption and increased concurrent nicotine consumption. Sidak’s
multiple comparisons tests **P<0.01, ***P<0.001, ***P<0.0001 compared with the 0
quinine level within drug. (F) In male mice, increasing concentrations of quinine reduced
alcohol preference, and increased nicotine and water preference, whereas (G) in female
mice, increasing concentrations of quinine reduced alcohol preference and increased
nicotine, but not water, preference. Sidak’s post-hoc test *P<0.05, **P<0.01, **P<0.001,
****P<(0.0001 compared with the 0 quinine level within each bottle. n=12 per sex, mean +
SEM.
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4.5 Discussion

In this study, we used a 3-bottle choice procedure that allows for voluntary, chronic
co-consumption of alcohol and nicotine to investigate the suppression and enhancement
of concurrent drug intake in male and female C57BL/6J mice. We and others have
published data showing that female mice consume significantly more drug compared with
male mice (Hwa et al., 2011; Kamens, Andersen, & Picciotto, 2010; Kamens, Hoft, Cox,
Miyamoto, & Ehringer, 2012; O’Rourke et al., 2016; Touchette et al., 2018), and here we
also report significant sex differences in alcohol and nicotine consumption in all our
experiments. When we examined the impact of forced nicotine abstinence in Experiment
1, we found that alcohol consumption and preference is unaffected by forced nicotine
abstinence or the re-introduction of nicotine access in both male and female C57BL/6J
mice. In Experiment 2a, we found that addition of 100 uM quinine to the 20% alcohol bottle
temporarily suppressed alcohol consumption and preference, while increasing concurrent
nicotine preference in both male and female mice. In Experiment 2b, we found that chronic
suppression of alcohol consumption with increasing concentrations of quinine increased
both nicotine and water preference in male mice, and increased nicotine preference
without affecting water preference in female mice. Our previous study showed that forced
alcohol abstinence produced an enhancement in concurrent nicotine consumption and
preference in male and female C57BL/6J mice (O’'Rourke et al., 2016). Together with this
study, our work showed that alcohol intake is unresponsive to the presence or absence of
the nicotine bottle, but nicotine intake is influenced by the absence of alcohol consumption
or by the adulteration of the alcohol bottle with quinine. In both studies, we used a 1-week
forced abstinence period and it is possible that changes in concurrent alcohol consumption

may require a longer abstinence duration.
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One characteristic of AUD is the continued consumption of alcohol despite adverse
consequences. Quinine adulteration of alcohol consumption in rodents has been
frequently used to model aversion-resistant alcohol intake using quinine concentrations
ranging from 25-500 uM (F. Woodward Hopf & Lesscher, 2014; Frederic Woodward Hopf
et al., 2010; Lei et al., 2016; Lesscher, Van Kerkhof, & Vanderschuren, 2010; Sneddon et
al., 2018; Spanagel et al., 1996). Quinine adulteration of alcohol consumption had not
been previously examined in conjunction with concurrent nicotine consumption. In this
study, we found that addition of 100 uM quinine to the alcohol bottle temporarily
suppressed alcohol consumption and preference in both male and female mice.
Interestingly, the suppression of alcohol intake was associated with increased preference
for the nicotine bottle and not the water bottle. These data suggest that the mice
compensate for the reduction in quinine-adulterated alcohol intake by selectively
increasing preference for the unsweetened nicotine bottle, even though the water bottle is
readily available. These results support our previous findings that nicotine consumption
and preference is enhanced during forced alcohol abstinence (O’'Rourke et al., 2016), and
show that suppression of alcohol consumption, either by removing access to the alcohol
bottle or reducing the palatability of alcohol, produces an enhancement of concurrent
nicotine consumption.

The suppression of alcohol intake with 100 uM quinine was transient, as male and
female mice overcame the aversion within one day. Our mice had been co-consuming
alcohol and nicotine for 5 weeks prior to the introduction of quinine. A prior study in male
C57BL/6J mice required 8 weeks of intermittent access consumption of 15% alcohol
before resistance to 100 and 250 uM quinine develops (Lesscher et al., 2010). In addition,
prior studies in rats have required a minimum of 3 months of intermittent alcohol

consumption before the development of aversion resistant alcohol consumption to 0.1 g/L
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quinine (277 uM) in 5-20% alcohol concentrations (Frederic Woodward Hopf et al., 2010;
Spanagel et al., 1996). However, a recent study by Lei and colleagues (2016) shows that
a single session of unadulterated alcohol consumption is sufficient to produce aversion-
resistant alcohol consumption to 100 uM quinine in 15% alcohol in male C57BL/6J mice
(Lei et al., 2016), suggesting the duration of alcohol consumption required to achieve
guinine resistance may be days, rather than weeks.

We increased the concentration of quinine in the alcohol bottle to determine the
effect of long-term suppression of alcohol consumption on concurrent nicotine intake. We
found that alcohol consumption was suppressed in a concentration-dependent manner in
both male and female mice. Male mice showed increased preference for the nicotine and
water bottles as the quinine concentration increased, suggesting that male mice
compensated for the long-term suppression of alcohol intake by increasing their nicotine
and water preference. In contrast, female mice showed increased nicotine consumption
and preference as the quinine concentration increased, and did not show any increase in
water preference. Thus, our data suggest that female mice compensated for the long-term
suppression of alcohol intake by increasing their nicotine intake. These data illustrate an
important sex difference in compensatory drug consumption and highlight the need to
continue investigating both sexes to identify important differences that can influence
addiction-related behaviors and potential treatment strategies. Nearly all of the prior
research on aversion-resistant drinking has focused on male animals. One recent study
by Sneddon and colleagues (2019) shows no sex difference in the proportion of 100 or
250 uM quinine-suppression of alcohol drinking in male and female C57BL/6J mice, even
though female mice consume more 15% alcohol than males (Sneddon et al., 2018). Our
data supports this finding, as male and female mice showed similar percent suppression

of alcohol consumption as a result of increasing concentrations of quinine.

109



One limitation of our study is the lack of blood alcohol and nicotine levels. Since
the mice are receiving access to the alcohol and nicotine bottles 24 hours a day, the
consumption of alcohol and nicotine is spread out over time. Measuring blood alcohol and
nicotine concentrations at an arbitrary time point is difficult due to the unsynchronized drug
consumption and the fast metabolism of alcohol and nicotine in mice.

Alcohol and nicotine addiction are heritable disorders that share common genetic
factors (Swan, Carmelli, & Cardon, 1996, 1997; True et al., 1999). The majority of tobacco
smokers also use alcohol, yet smoking cessation trials frequently incorporate alcohol-
related exclusion criteria and do not track co-use of alcohol in their subjects (Leeman,
Huffman, & O’Malley, 2007), thus data on the treatment of co-users are lacking. Nearly
one quarter of smokers report hazardous alcohol consumption patterns as defined by the
NIAAA (Toll et al., 2012). These individuals have lower smoking cessation rates compared
with moderate alcohol drinkers, highlighting that some co-users are less likely to
successfully quit alcohol and nicotine use compared with other co-users (Toll et al., 2012).
Varenicline (an a4p2 nicotinic acetylcholine receptor (nAChR) partial agonist) is approved
for smoking cessation (Rollema et al.,, 2010), and naltrexone (an opioid receptor
antagonist) and acamprosate (an NMDA receptor antagonist) are approved for alcohol
use disorder in the United States (Franck & Jayaram-Lindstrém, 2013). Studies in alcohol-
preferring female rats shows that varenicline reduces nicotine self-administration but has
no effect on concurrent alcohol intake, and naltrexone reduces alcohol intake but has no
effect on concurrent nicotine self-administration (Maggio et al., 2018; Waeiss et al., 2019),
suggesting that monotherapy may be ineffective for combination alcohol and nicotine use
disorder. Indeed, varenicline has shown mixed results in reducing alcohol consumption in
human studies (de Bejczy et al., 2015; Litten et al., 2013; Mitchell, Teague, Kayser,

Bartlett, & Fields, 2012; O’'Malley et al., 2018; Plebani et al., 2013), and naltrexone and
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acamprosate fail to reduce cigarette smoking (Fucito et al., 2012; Kahler et al., 2017). Dual
pharmacological treatment, such as combining naltrexone with nicotine replacement
therapy, has been incorporated in trials to enhance the likelihood of successful alcohol
and smoking abstinence (Kahler et al., 2017; Toll et al., 2010).

Pre-clinical research on combination alcohol and nicotine consumption will be
necessary to understand the complex relationship between alcohol and nicotine co-use to
help identify novel drug targets and strategies that may be more helpful in treating human
co-use. Our mouse model can assist in the investigation of alcohol and nicotine
interactions and optimization of treatment strategies, as it enables us identify how alcohol
and nicotine influence co-consumption while controlling for environment, experience and
genetics. Our previous work using this 3-bottle choice model showed that forced alcohol
abstinence increased nicotine consumption, and resumption of alcohol access produced
a compensatory increase in alcohol consumption (O’'Rourke et al., 2016). In this study, we
find that forced nicotine abstinence does not affect alcohol consumption, and there is no
compensatory increase in nicotine consumption after nicotine access has resumed.
Together, our work demonstrates that in mice, alcohol intake is unresponsive to the
presence or absence of the nicotine bottle, but nicotine intake is influenced by the absence
of alcohol consumption or by the adulteration of the alcohol bottle with quinine. Our data
suggest that if alcohol and nicotine cessation cannot occur simultaneously, then nicotine
cessation, rather than alcohol cessation, should occur first so that the increased nicotine
consumption due to alcohol unavailability can be avoided. In summary, our data highlight
a complex interaction between alcohol and nicotine co-consumption. Further behavioral
and molecular dissection of these interactions will provide a better understanding of the

neurobiology underlying alcohol and nicotine co-use.
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Chapter 5 : Discussion

5.1 General Summary

Substance Use disorder accounts for a substantial proportion of healthcare costs,
negative health outcomes and deaths in America each year. Effective treatments for SUD
are currently lacking, highlighting the need to gain a greater understanding of brain
mechanisms underlying SUD and resulting drug use patterns in order to better inform
targets for medications and other treatment strategies. Although mechanisms underlying
SUD are not well understood, DA neurons in the VTA have been implicated in numerous
drug-related behaviors, and therefore serve as a promising node to be assessed.

This dissertation contains information discussing how drugs of abuse are known to
increase DA levels in the VTA and downstream regions in order to exert their effects.
Chapters 2 and 3 have a particular focus on regulation of VTA DA neurons, and how
disruptions in this regulatory system can lead to adverse outcomes. In addition to
discussing how changes in regulation of neural circuits can affect drug-related behaviors,
this dissertation work also discusses how consumption of one drug of abuse can affect
the consumption of another drug of abuse in Chapter 4. The conclusions from this work
provide insights that are beneficial to inform further research into pharmacotherapies and
other treatment strategies for patients with SUD.

5.1.1 VTA DA neurons affect sensitivity to and consumption of drugs

Drugs of abuse are typically studied in isolation, as it gives a clearer picture of how
the drug is acting in the brain and how changes in brain circuitry can affect this action. As
such, Chapters 2 and 3 discuss how manipulations of VTA DA neuron inhibitory signaling
affect the sensitivity to and consumption of 3 different drugs of abuse administered

independently. Previous work from our lab and others has shown that VTA DA Gi, coupled
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GPCR-dependent signaling plays a critical role in dug sensitivity, but the relative influence
of individual GPCRs was not assessed (Kotecki et al., 2015; McCall et al., 2019). Work in
Chapter 2 addresses this question, as it describes how loss of either GABA&R or D2R in
VTA DA neurons affects cocaine and morphine sensitivity (Fig. 2.3, 2.4, 2.5). Results
show that individual GPCR ablation leads to increased cocaine sensitivity but has no effect
on morphine sensitivity (Fig. 2.3, 2.5). This is in line with previous studies that showed the
importance of D;R- and GABAgR-dependent signaling in cocaine sensitivity, but that
GABAgR-dependent signaling didn’t seem to play a role in morphine sensitivity (De Jong
et al.,, 2015; Edwards et al., 2017). Our manipulations provide the added benefit of
producing a complete ablation of GPCR-dependent currents, as the previous studies
mentioned only reported partial GPCR knock-down. In addition, our approach allows direct
comparison between GABA&R or DR manipulations, as the same mice and behavior are
used for all conditions.

Further, our results show that there is a sex difference in the relative influence of D2R-
and GABAgsR-dependent signaling on VTA DA neuron inhibition and cocaine sensitivity.
D.R-dependent somatodendritic currents in VTA DA neurons were significantly larger in
drug-naive females compared to males (Fig. 2.2), suggesting a greater influence of D;R-
dependent signaling in the somatodendritic compartment of VTA DA neurons in females.
Female control animals also displayed a different cocaine-induced activity pattern
compared to males; females had a rapid increase in activity followed by a fairly rapid
decrease after the peak, whereas males had a slower increase followed by a plateau and
a gradual decrease (Fig. 2.4). Additionally, loss of D;R-dependent inhibitory signaling
significantly increased cocaine sensitivity in both males and females, but loss of GABA&sR-
dependent inhibitory signaling only significantly increased cocaine sensitivity in males

(Fig. 2.3). Together these data suggest that D;R- but not GABAsR-dependent inhibition
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of VTA DA neurons plays an important role in modulating response to cocaine in females,
whereas both D2R- and GABAgR-dependent inhibition of VTA DA neurons modulates
response to cocaine in males. It is possible that the D2R plays a more important role in the
somatodendritic region in females and the terminal region in males, therefore mediating
larger amplitude of somatodendritic D-R-dependent currents in females compared to
males, and locomotor activity pattern differences in male and female control mice. In
further support of this, loss of VTA DA neuron D2R normalized the sex difference in males
and females, suggesting that this receptor plays an important role in mediating sex-
dependent differences in drug response. These results highlight sex differences in the
underlying inhibitory architecture moderating VTA DA neurons, which plays an important
role in drug-related behaviors.

Work in Chapter 3 expands upon the idea that GPCR-dependent inhibition of VTA
DA neurons is critical to modulate drug-related behaviors. We utilized an RGS protein,
which is a regulator of GPCR-dependent signaling, to enhance and diminish VTA DA
neuron GPCR-dependent signaling. The R7 family of RGS proteins plays a critical role in
promoting the deactivation of Gy, coupled GPCRs, therefore loss of R7 RGS proteins
results in the enhancement of GPCR dependent inhibition. The effects of R7 RGS proteins
on GPCR-dependent currents have been reported in various cell populations, but data in
VTA DA neurons had not previously been explored. Experiments in Chapter 3 address
how loss of the R7 RGS protein RGS6 affects VTA DA neuron D:R- and GABAgR-
dependent signaling and alcohol consumption. Results indicate that loss of RGS6
produces enhanced amplitude of D;R-dependent signaling and prolonged deactivation of
GABAgR-dependent signaling (Fig. 3.3, 3.4). Additionally, manipulations overexpressing
RGS6 in VTA DA neurons produced diminished amplitude of D.R-dependent currents,

suggesting a negative regulatory role for RGS6 in D;R-dependent inhibition (Fig. 3.5).
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These changes in current dynamics are consistent with previous reports assessing R7
RGS proteins in other cell types, as RGS proteins have been reported to modulate both
signaling amplitude and kinetics in a cell type- and GPCR-specific manner (A. Anderson
et al., 2020; Maity et al., 2012; Ostrovskaya et al., 2014; Z. Rahman et al., 2003).

We also tested how loss of RGS6 in VTA DA neurons affects binge alcohol
consumption. We first tested constitutive RGS67~ mice and saw that both male and female
RGS6™~ mice consumed less alcohol compared to WT, mirroring previous studies
assessing constitutive RGS6™" in a continuous-access alcohol consumption paradigm
(Stewart et al., 2015). Similar to constitutive RGS67", female mice lacking RGS6
specifically in VTA DA neurons consumed less alcohol compared to controls (Fig. 3.6).
Male mice lacking RGS6 specifically in VTA DA neurons, on the other hand, consumed
the same amount of alcohol compared to controls (Fig. 3.6). These data suggest that
RGS6 is important for modulating alcohol consumption in both male and female mice, as
constitutive RGS6~~ mice of both sexes consume less alcohol, but this effect may only be
mediated by VTA DA neurons in females. This is not completely surprising, as humerous
sexually dimorphic brain circuits have been reported, resulting in distinct behavioral
patterns between males and females (Anker & Carroll, 2011; Becker & Koob, 2016;
Fattore et al., 2008). The sex effect reported here may also be due to confounding
variables, such as age or weight of the mice, resulting in very low levels of alcohol
consumption in males resulting in a possible floor effect (Fig. 3.6, 3.7). Together, work in
Chapter 3 characterizes RGS6 as an important modulator of GPCR-dependent inhibition
of VTA DA neurons and alcohol consumption.

As a whole, work in Chapter 2 and 3 expand the understanding of how different
aspects of GPCR-dependent inhibition play similar yet distinct roles in modulating VTA DA

neuron signaling and drug-related behavior. This enhanced understanding of

116



mesocorticolimbic communication may provide insights into potential drug targets to
exploit for pharmacotherapies to treat SUD. Drug treatments that enhance inhibitory
signaling in the mesocorticolimbic system have been an enticing avenue of research, but
many of these substances come with mixed efficacy for various SUDs and are
accompanied by many negative side effects such as sedation and anhedonia (Chan et al.,
2019; Kampman, 2019; K Witkiewitz et al., 2019). One such drug, the GABAsR agonist
baclofen, has been approved for treatment for AUD in Europe. Baclofen has shown some
promise in reducing harmful alcohol consumption, withdrawal symptoms, and relapse, but
only in certain patient populations (De Beaurepaire, Sinclair, et al., 2019). The dosing for
baclofen is especially difficult, as there are many GABAgRs expressed throughout the
brain being affected by this drug therapy and therefore many negative off-target effects.
Finding a way to target specific elements of GPCR-dependent signaling within VTA DA
neurons may be one way to take advantage of the positive outcomes from baclofen
treatment while reducing the unwanted side effects. A greater understanding of the GPCR-
dependent signaling architecture within VTA DA neurons would provide a critical
steppingstone in this endeavor.
5.1.2 Patterns of concurrent drug consumption

As humans tend to have multiple co-occurring substance use and/or mental health
disorders, assessing drugs administered together as well as individually could provide
insights into potential synergies that affect behavioral or neural processes differently than
when used in isolation. Although studying concurrent use of drugs could make it difficult
to understand mechanistic insights, it is important to assess the effects drugs might have
on one another in order to adequately address the human condition. In this vein, work in
Chapter 4 delves into behavioral differences when drugs are consumed both alone and

together. Previously our lab developed a 3-bottle choice oral consumption paradigm where

117



mice had concurrent access to alcohol, nicotine and water (O’Rourke et al., 2016). After
3 weeks of continuous access to 3 separate solutions of alcohol, nicotine and water, the
alcohol bottle was removed for one week to assess nicotine consumption during forced
alcohol abstinence. Mice increased the amount of nicotine that they consumed during
alcohol abstinence, suggesting that mice compensated for the lack of alcohol with excess
nicotine consumption. The work in Chapter 4 addresses the reciprocal question; after 3
weeks of access to 3 separate solutions of alcohol, nicotine and water, the nicotine bottle
was removed for one week to assess alcohol consumption during forced nicotine
abstinence. Interestingly, during the period of nicotine abstinence the mice did not change
the level of alcohol consumed to compensate for the absence of nicotine (Fig. 4.3). This
discrepancy points out a key difference in consumption patterns of alcohol and nicotine
and provides interesting insights about how abstaining from one substance may affect
seeking/taking of another.

Chapter 4 also assesses outcomes of a more “voluntary” decrease in alcohol
consumption on concurrent nicotine consumption. The same 3-bottle choice paradigm
was used but rather than forcing abstinence by removing the alcohol bottle, increasing
concentrations of quinine, a bitter tastant, were added to the alcohol bottle. Quinine adds
an aversive taste, resulting in mice choosing to drink less of the alcohol solution. Drug
dependent rodents have been shown to continue seeking and taking drug despite negative
consequences such as the addition of quinine or administration of a foot-shock (Domi et
al., 2021; F. Woodward Hopf & Lesscher, 2014; Frederic Woodward Hopf et al., 2010; Lei
et al., 2016; Lesscher et al., 2010; Sneddon et al., 2018; Spanagel et al., 1996). The
addition of quinine to the alcohol solution allowed the assessment of whether mice
continue to drink alcohol despite the aversive taste, or if they decrease alcohol

consumption and compensate with nicotine as seen with forced alcohol abstinence in
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O’Rourke et al. 2016. We saw that similar to the previous study, mice initially decrease
their alcohol consumption and compensate with increased nicotine consumption (Fig.
4.5). After chronically increasing the amount of quinine in the alcohol solution, we
observed a sex difference in levels of compensatory nicotine consumption; females
tended to escalate their nicotine intake and males tended to escalate their water intake to
a greater degree than nicotine (Fig. 4.6). This sex difference further emphasizes the
necessity to gain a greater understanding of the underlying circuitry driving alcohol and
nicotine co-consumption in order to develop more personalized treatment strategies.
Although mice are different from humans in many ways, this model of alcohol vs.
nicotine compensation can provide insights into potential patterns and interactions of drug
consumption, as attempting to discontinue drug use is frequently a chosen behavior rather
than forced. Human clinical data is still inconclusive as there is a lot of heterogeneity in
patient populations, but many people with alcohol and nicotine dependence who choose
to abstain from alcohol report smoking to cope with urges to drink alcohol (O’Malley et al.,
2018). Conversely, studies report that there is not a significant increase in binge alcohol
consumption during smoking cessation treatment (Hammett et al., 2019; Verplaetse &
McKee, 2017). Our results along with these human reports suggest that quitting nicotine
use before quitting alcohol use may provide better patient outcomes for certain

populations, as it could result in less drug compensation.

5.2 Future Directions

The work presented in this dissertation provides novel insights into how elements of
the natural reward circuitry play a role in drug-related behaviors, and how patterns of

behavior vary based on sex and drug(s) of abuse available. These insights provide the
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groundwork for future studies to build a more complete framework of understanding
around the biological substrates underlying SUD.
5.2.1 Specific Neuron Populations

The VTA consists of a wide variety of neurons, with the largest proportion being DA
neurons. VTA DA neurons, once considered to be a homogeneous population of neurons,
are actually diverse in electrical properties, expression profiles, morphology, location,
inputs, and outputs (De Jong et al., 2022). Classically, DA neurons have been defined as
neurons that express TH, DAT, VMAT2, and D;R, in addition to having specific electrical
properties such as slow pacemaker activity and presence of an I, (Lammel et al., 2014;
Morales & Margolis, 2017). The electrophysiological experiments discussed in this
dissertation used DAT as a fluorescent dopamine marker when possible, and/or classical
electrical properties in order to identify lateral VTA DA neurons. As other researchers have
found that DA neurons in the lateral portion of the VTA that display these classical
characteristics tend to project mainly to the NAc lateral shell, electrophysiological
measurements reported here are likely suggestive of this neuronal projection. Viral
infusions for behavioral studies reported here, on the other hand, cover most of the VTA
and rely on DAT-driven viral infection. DAT-expressing neurons are enriched in the lateral
VTA, but they also exist in more medial regions, suggesting that the neurons targeted for
electrophysiology are likely within the group of neurons targeted for behavior but do not
make up the entire population of VTA DA neurons (Morales & Margolis, 2017).

Using a viral manipulation that could more specifically target the sub-population of
VTA DA neurons that project to the NAc lateral shell would allow a more homogeneous
assessment of neuron functional relevance in electrophysiological recordings and
behavior. Other labs have performed experiments utilizing dual-virus approaches or

neuronal tracers that target specific sub-populations within VTA DA neurons based on
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both projection inputs and projection outputs (Beier et al., 2019; Lammel et al., 2012).
Future studies could use a dual-virus approach to alter GPCR function as outlined in
Chapters 2 and 3 exclusively in a specific VTA DA neuron sub-population based on output
target. This assessment would greatly enhance the understanding of how projection-
specific cellular communication in the mesocorticolimbic system affects drug-related
behaviors.

Another important factor to consider when assessing DA neuron output is that DA
levels released in target regions may be controlled independently from DA neuron cell
body firing (Collins & Saunders, 2020; De Jong et al., 2022; Mohebi et al., 2019). That
means that an increase or decrease in GPCR-dependent inhibition, as reported in
Chapter 2 and 3, may change somatodendritic DA neuron activity but may not lead to an
accompanying change of DA release in the terminal. One way to address whether DA
release is actually altered in these manipulations would be to use fiber photometry to
measure DA levels in projection targets. Since electrophysiological manipulations
discussed in these projects were likely enriched with DA neurons projecting to the NAc
lateral shell, measuring DA levels in this area during drug administration would provide
further insights about VTA DA neuron to NAc communication. It would be expected that
loss of inhibitory GPCRs in VTA DA neurons would augment DA release in the NAc, and
enhanced GPCR-dependent signaling due to loss of RGS6 would diminish DA release in
the NAc.

5.2.2 Further Behavioral Assessments

Animal behavioral models are a great way to translate what is happening on the
cellular and molecular level in the brain into a concrete output. While no single animal
model can truly embody the human condition, different behavioral models are useful for

evaluating specific aspects of the process leading from drug use to SUD. Each animal
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model can be used only to address very specific questions, and therefore testing a
multitude of animal behaviors can be beneficial to parse out nuances in behavioral
attributes related to drugs of abuse. In Chapter 2, our behavioral model assesses drug
sensitivity whereas in Chapters 3 and 4 our behavioral models address voluntary drug
consumption.

The model used to assess drug sensitivity in Chapter 2 utilized a passive injection of
cocaine or morphine followed by measurement of drug-induced locomotor stimulation. It
has been shown that locomotor stimulation is a relatively simple way to measure behavior
resulting from increased VTA DA output (Di Chiara & Imperato, 1988). While this model
provides important insights about the way brain circuitry is affected by drugs of abuse, it
does not provide us with answers about the voluntary components of drug use. One way
to expand on this data would be to evaluate how viral ablation of D;R- or GABAgR-
dependent signaling affects self-administration of cocaine and morphine. Itis possible that
the enhanced locomotor stimulating effects of cocaine due to loss of GPCR-dependent
signaling do not lead to enhanced drug consumption, but rather mice with heightened
sensitivity to cocaine may actually need to consume less drug to receive the same amount
of reward reinforcement. It is also possible that although loss of GPCR-dependent
signaling has no effect on morphine-induced locomotor stimulation at the particular dose
tested, it still enhances sensitivity to morphine and could alter morphine self-
administration. Indeed, low doses of morphine have been shown to produce locomotor
stimulation, while higher doses of morphine produce an initial decreases in locomotor
stimulation followed by an increase (Vezina, Kalivas, & Stewart, 1987). Increased
sensitivity to morphine, therefore, could mimic effects of a higher dose of morphine and

actually result in no overall difference in measured locomotor stimulation.
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Another model of behavior that would provide valuable insights about how brain
circuits affect drug reward is the conditioned place preference assay. This assay
repeatedly pairs one context with a drug of abuse and another context with a neutral
stimulus, and then tests which context is preferred by the animal. Animals typically display
greater approach behavior to the drug-paired context because it is associated with positive
reward reinforcement. Future studies could use this assay to provide insights into whether
or not the loss of VTA DA neuron GPCR-dependent inhibition in Chapter 2 that increased
cocaine locomotor stimulation (Fig. 2.3) also increases cocaine reward. Additionally, CPP
could provide insights into whether the decreased alcohol consumption (Fig. 3.6) reported
in females after loss of VTA DA neuron RGS6 in Chapter 3 is due to an increase or
decrease in the reward reinforcing aspect of alcohol. It is expected that VTA DA neuron
specific loss of RGS6 decreases alcohol reward resulting in decreased consumption, as
previous studies using constitutive RGS6™ mice reported decreased time spent in the
alcohol-paired context during a CPP assay (Stewart et al., 2015). It is possible, however,
that the decrease in alcohol reward reported in Stewart et al., 2015 is mediated by a
different brain region, and that loss of RGS6 in VTA DA neurons actually produces an
increase in reward which results in less alcohol consumption necessary to achieve the
same reward reinforcement. Testing alcohol reward may also provide further insights into
the sex difference reported in RGS6 gRNA treated mice (Fig. 3.6). It is possible that the
age and weight of mice obscures differences in alcohol consumption between male RGS6
gRNA and LacZ control treated mice, but that differences would be revealed when testing
alcohol reward.

Manipulations in Chapters 2 and 3 assess different aspects of VTA DA neuron
inhibitory signaling, and they both support the idea that this signaling is critical for drug-

related behaviors. Decreased GPCR-dependent inhibitory signaling in Chapter 2 results
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in increased cocaine sensitivity (Fig. 2.3) and enhanced GPCR-dependent inhibitory
signaling in Chapter 3 results in decreased alcohol consumption (Fig. 3.6). Future work
could expand on these insights by assessing whether manipulations in Chapter 2 affect
alcohol consumption and whether manipulations in Chapter 3 affect cocaine sensitivity,
in addition to testing whether and how each of these manipulations modulate the co-
consumption patterns of alcohol and nicotine discussed in Chapter 4. These experiments
would provide a greater understanding about how VTA DA neurons modulate behaviors
in a drug-specific manner.
5.2.3 Other R7 RGS proteins in VTA DA neurons

The work in Chapter 3 addresses the role of RGS6 in negatively regulating GPCR-
dependent signaling in VTA DA neurons. RGS6 is a member of the R7 family of RGS
proteins, which also contains RGS7, RGS9, and RGS11. RGS9 and RGS11 have been
most strongly associated with activity in the visual system, and RGS9 in the brain is
thought to be highly localized to the striatum (G. R. Anderson et al., 2009; Z. Rahman et
al., 2003). RGS7, on the other hand, has been implicated in GPCR-dependent signaling
in multiple brain regions. Deactivation of GABAgR-mediated currents in hippocampal
neurons from RGS77~ or Gp57 mice is prolonged relative to wild-type controls
(Ostrovskaya et al., 2014; Xie et al., 2010). Additionally, RGS7 knockdown in the striatum
leads to enhanced cocaine-induced locomotor stimulation and stress induced
reinstatement of cocaine seeking (G. R. Anderson et al., 2010; Sutton, Khalatyan, Savas,
& Martemyanov, 2021). Therefore, it would be advantageous to assess if RGS7 also plays
a role in regulating GPCR-dependent signaling in VTA DA neurons, and if this regulation
in turn modulates drug-related behaviors.

Studies from our lab have already begun to assess the role of RGS7 in VTA DA

neurons, as in situ hybridization studies in WT mice have revealed RGS7 mRNA co-
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localization with DAT expressing neurons (Fig. 5.1A, B). In mice constitutively lacking
RGS7, amplitude of D.R-dependent signaling was increased while amplitude of GABAgR-
dependent signaling was unaffected (Fig. 5.1C, D). Further, deactivation tau of GABAsR-
dependent signaling was enhanced (Fig. 5.1E). Together these data suggest that GPCR-
dependent currents in VTA DA neurons are enhanced in the absence of RGS7, mimicking
the GPCR-dependent effects reported in Chapter 3 from mice constitutively lacking RGS6
(Fig. 3.3). It is interesting that RGS6 and RGS7 seem to be playing a similar role in
regulating D2R- and GABAgR-dependent signaling, but this is not the first instance where
multiple R7 RGS family members play a regulatory role in the same cell and receptor
populations (Masuho et al., 2013; Wydeven et al., 2014). It is possible that RGS6 and
RGS7 have more nuanced differences that are missed by our electrophysiological
measurements, or that are muddled due to the lack of differentiation between VTA DA
neuron sub-populations. Indeed, a large proportion of VTA DA neurons express both
RGS6 and RGS?7, but there is also a population that only expresses one of these proteins
(Fig. 5.1A, B). Projection specific assessments of R7 RGS expression patterns and
inhibitory current modulation in VTA DA neurons could provide additional insights about
differences in RGS6 and RGS7 regulation. Itis also important to note that these recordings
are from mice constitutively lacking RGS7, which could result in confounding variables
such as compensation of other regulatory elements and effects in other brain regions or
cell types. Future studies measuring effects of VTA DA neuron specific RGS7 loss using
our CRISPR/Cas9 ablation technique described in Chapters 2 and 3 would allow a more
refined assessment of the effects of RGS7 on inhibitory GPCR-dependent signaling
exclusively in VTA DA neurons. Furthermore, assessing whether drug-related behaviors
differ between VTA DA neuron specific RGS67 and RGS7~~ mice will further enlighten

our understanding of how modulation by these proteins may be redundant or disparate.
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Figure 5.1. RGS77- and GPCR-dependent current modulation in VTA DA neurons

(A) Example image of fluorescent in situ hybridization used to detect RGS6 (red) and
RGS7 (cyan) transcript in cells of the VTA that express the dopamine transporter
(DAT, green) in WT mice; 20x magnification, scale bar: 50 um.

(B) Summary of coded analysis of images indicating that 89% of DAT expressing cells
also expressed RGS6, 89% express RGS7, and 82% express both RGS6 and RGS7.

(C) Summary of maximal currents evoked by quinpirole baclofen in putative DA neurons
in VTA slices from WT and RGS7~~ mice (t23.77=3.324; P=0.0029; unpaired Welch’s t
test; n=12-14/group). Symbol: **P<0.01.

(D) Summary of maximal currents evoked by baclofen in putative DA neurons in VTA
slices from WT and RGS77~ mice (t2197=0.5992; P=0.5552; unpaired Welch'’s t test;
n=12/group).

(E) Summary of deactivation tau calculated from light-evoked GABAgR-dependent
currents in putative VTA DA neurons from WT and RGS77 mice (t15.15=3.522;
P=0.0030; unpaired Welch’s t test; n=13/group). Symbol: **P<0.01.
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5.3 Conclusion

In conclusion, the work discussed here provides insights into numerous ways that
sensitivity to and consumption of drugs of abuse can be altered. Decreased inhibitory
GPCR-dependent signaling in VTA DA neurons increases the sensitivity to cocaine in a
receptor and sex-dependent manner (Chapter 2) but does not increase the sensitivity to
morphine. Increased inhibitory GPCR-dependent signaling in VTA DA neurons via loss of
RGS6 regulation decreases alcohol consumption in females but not males (Chapter 3).
In addition, the method of RGS6 modulation of GPCR-dependent signaling differs for D2R-
and GABAgR-dependent currents; RGS6 modulates amplitude of D2R-dependent currents
and deactivation kinetics of GABAgR-dependent currents. Co-consumption of alcohol and
nicotine also tempers drug consumption in a drug dependent manner; both forced and
aversion-induced abstinence from alcohol increases nicotine consumption, whereas
abstinence from nicotine has no effect on alcohol consumption (Chapter 4). Together,
these studies provide insights into the complex circuits and behavior underlying substance
use and abuse and inform further studies to identify potential drug targets and treatment

strategies for people with SUD.
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