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Abstract

Drugs of abuse share the ability to enhance dopamine (DA) release in the
mesocorticolimbic system. This increase in DA is thought to drive persistent adaptations
in the brain and behavior that contribute to the progression of addiction. One such
adaptation is a cocaine exposure-induced suppression of G protein-dependent inhibitory
signaling in DA neurons of the ventral tegmental area (VTA), a cell population important
for reward-related behavior. This cocaine-induced adaptation involves the internalization
of G protein-gated inwardly rectifying K* (GIRK/Kir3) channels, a key contributor to
inhibitory G protein pathways that normally temper DA neurotransmission in the
mesocorticolimbic system. Dopamine 2 receptor (D:R) activation mediates this
adaptation. While methamphetamine, another psychostimulant, can induce a similar
adaptation in inhibitory G protein signaling, other drugs of abuse, i.e. morphine, are
unable to induce a GIRK channel adaptation. Thus, inhibitory G protein signaling in VTA
DA neurons could be important for tempering the behavioral response to cocaine, and
could represent an inhibitory “barrier” to addiction. The goal of this thesis research is to
understand the impact of GIRK channel activity signhaling on behavioral sensitivity to
cocaine. The work in this thesis tests the hypothesis that the strength of inhibitory G
protein signaling in VTA DA neurons is inversely related to behavioral sensitivity to
cocaine.

This hypothesis predicts decreasing GIRK channel activity in DA neurons will
increase behavioral sensitivity to cocaine. To test this, a genetic strategy was employed,
to ablate GIRK channels in DA neurons using DATCre(+):Girk2"" mice. The strength of
two significant G protein receptor-dependent signaling dependent on GIRK channels

were significantly reduced in a dopamine neuron-specific manner. DATCre(+):Girk2""



mice displayed increased locomotor responding to both acute and repeated cocaine, as
well as increased responding for, and intake of, cocaine in intravenous self-
administration. The DATCre(+):Girk2"™ manipulation parallels the cocaine-induced
suppression of GIRK-dependent signaling in VTA DA neurons, and suggests the GIRK
channel in DA neurons temper behavioral sensitivity to cocaine.

This hypothesis was further tested in a VTA-specific manner using a Cre-
dependent viral approach, overexpressing GIRK channels with opposing functional
roles. The overexpression of GIRK2 increased inhibitory G protein signaling and
decreased cocaine-induced locomotion, while conversely, overexpression of GIRKS
decreased inhibitory G protein signaling and increased cocaine-induced locomation.
Overall, this supports the hypothesis GIRK channel activity in VTA DA neurons tempers
behavioral sensitivity to drugs of abuse.

In addition to addiction, VTA DA neurons have been implicated in negative
affective behaviors, notably following stress. Interestingly, manipulating GIRK channel
activity did not alter depression- and anxiety-related behavior, suggests that inhibitory
signaling in VTA DA neurons mediated by GIRK channels plays a minimal role in
negative affective behaviors, at least in non-stress conditions. However, footshock, a
more severe form of stress, elicited adaptations in GIRK channel activity in VTA DA
neurons, suggesting that GIRK channel activity could influence behavior following stress.

Taken together, the work in this thesis suggests the GIRK channel present in
VTA DA neurons contributes to the behavioral effects of cocaine, and could represent a

promising therapeutic target for psychostimulant addiction.
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Chapter 1

Introduction

1.1 Reward: behavior and circuitry

This thesis describes the contribution of inhibitory G protein signaling in ventral
tegmental area dopamine neurons, a cell population important for reward and behavioral
sensitivity to the addictive drug cocaine. To provide context for this work, reward
behavior is explored, with an emphasis on the role of ventral tegmental area dopamine
neurons and their interaction with other brain regions.

1.1.1 What is reward behavior?

The concept of reward is complex and multifaceted. These hedonic feature of
reward, also described as “pleasure” or “liking,” are defined by positive affective
reactions to stimuli and are key for the rewarding properties of “reinforcing” stimuli
(Berridge et al., 2009; Volkow et al., 2017). Reward also encompasses the motivation to
pursue rewarding stimuli, a facet described as “wanting” or “incentive salience”
(Berridge, 2007; Berridge et al., 2009). The goal-directed actions to approach or pursue
rewarding stimuli link motor activity and arousal to reward (Berridge and Robinson,
1998). Another key feature of reward behavior is its close interaction with learning
(Hyman, 2005), as motivation for intrinsically reinforcing stimuli (e.g., palatable food) can
be transferred to associated context or cues, “conditioned reinforcement” (Schultz, 1998;
Wise, 2004; Berridge et al., 2009; Volkow et al., 2017). Additionally, reward also involves
behavioral economic computation and value (Flagel et al., 2009; Salamone and Correa,
2012). Together, these theories provide a broad overview of what “reward” means in

neuroscience.



As with other aspects of biology, reward behavior generally takes place within a
functional, homeostatic range. Rewarding stimuli, e.g., food, are often necessary for
survival. This often means the pursuit of rewarding stimuli, and the brain circuits
underling this behavior, increases an individual’s fitness and survival. However, when
rewarding stimuli are pursued regardless of negative consequences, the function of
brain regions associated with rewarding behavior is no longer advantageous. Indeed, the
pursuit of rewarding stimuli, e.g., drugs, despite negative consequences is a
fundamental and debilitating feature of addiction. In this way, addiction can be
conceptualized as a pathological extension of natural reward behavior. Additionally,
many of the brain regions implicated in reward behavior have also been implicated in
negative affective disorders, such as anxiety and depression. Negative affective
disorders can be conceptualized as another disorder of reward circuitry. Overall, reward
behavior exists on a spectrum, and pathological or disadvantageous behavior is found

outside of the “ideal” middle range.

1.1.2 Anatomy of reward behaviors

Reward is complex and multifaceted; therefore, it follows that many brain regions
are involved in the production and promotion of reward-related behaviors (Figure 1.1).
Classically, reward behaviors are thought to be mediated primarily by the
mesocorticlimbic system, which consists of the ventral tegmental area (VTA) — “meso” —
and its reciprocal connections with the prefrontal cortex (PFC) — “cortico” — and the
nucleus accumbens (NAc) — “limbic” (Luscher and Malenka, 2011). However, a number
of brain regions beyond the VTA, NAc, and PFC contribute to reward processing (Figure
1.1). In addition to striatal input, prominent projections to the VTA include the lateral
hypothalamus (LH), which is involved in driving feeding behavior, and the dorsal raphe

nucleus (DRN) (Qi et al., 2014; Castro et al., 2015; Nieh et al., 2015; Faget et al., 2016).
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The ventral pallidum (VP), a common path for limbic output to the brainstem, also
functions as a “hedonic hot-spot” and can promote drug seeking behavior and mediate
aversion (Berridge et al., 2009; Root et al., 2015; Wulff et al., 2018). Other brain regions
associated with positively modulating reward behaviors include the laterodorsal
tegmental nucleus (LDT) (Carr and Sesack, 2000; Omelchenko and Sesack, 2005;
Lammel et al., 2012) and the substantia nigra (SN; A9). The SN is a largely
dopaminergic (~90%) (Margolis et al., 2006a) structure with reciprocal connections to the
dorsal striatum (Watabe-Uchida et al., 2012) and is involved in movement control (Wise,
2009).

Other brain regions play a role in regulating the context- and state-dependent
aspect of reward behavior. The locus coeruleus (LC), a brainstem nucleus containing
norepinephrine (NE) and other neuropeptides, modulates a number of behaviors,
including sleep cycles, attention, cognition, and stress responsiveness, which can
influence reward-related behavior (Schwarz and Luo, 2015; Hurtubise and Howland,
2017). The hippocampus (HPC) receives dopaminergic input from the VTA and is
involved in the representation of cues and context, as well as learning and memory
(Lisman and Grace, 2005; McNamara et al., 2014), which can influence the learning
aspect of reward. Similarly, the pedunculopontine tegmental nucleus (PPTg), an
interface between the basal ganglia and motor systems, regulates environment-
dependent arousal (Charara et al.,, 1996; Garzo'n et al.,, 1999; Mena-Segovia and
Bolam, 2017), which can influence the perception of and response to rewarding stimuli.

Brain regions associated with negative valence impact reward seeking behavior
are activated by aversive and fear- and stress-inducing stimuli. The amygdala, which
consists of the central amygdala (CeA), the basolateral amygdala (BLA), and

intercalated cells between the CeA and BLA, plays a key role in negative affective

3



behaviors, learning, fear, feeding, and emotion, and has been implicated in stress-
induced reward seeking behavior (Janak and Tye, 2015). The bed nucleus of the stria
terminalis (BNST) plays a key role in the integration of stress and anxiety and impacts
reward (Avery et al., 2016). The lateral habenula (LHb) activates the rostral medial
tegmental nucleus (RMTQ), also referred to as the tail of the VTA, in response to
aversive stimuli. RMTg activation provides inhibitory control over brain regions and cell
types that promote reward-seeking, notably VTA neurons (Jhou et al.,, 2009;
Omelchenko et al., 2009; Kaufling et al., 2010; Lecca et al., 2012). The periaqueductal
gray (PAG) also promotes aversion and plays a role in analgesia, fear, and anxiety
(Behbehani, 1995; Vander Weele et al., 2018).

Recent advances in tool development, e.g., optogenetics (Kim et al., 2017),
chemogenetics (Roth, 2016), and viral and genetic approaches allowing for cell type and
brain region specificity, have facilitated a better understanding of the contribution of
these brain regions and their connections to distinct aspects of reward behavior. The
remainder of Section 1.1.2 focuses on the VTA, with particular emphasis on dopamine
(DA) neurons, as they are the experimental target of all studies in this thesis, and
touches on the interaction between the NAc and PFC, the other classical components of

the mesocorticolimbic system (LUscher and Malenka, 2011), and the VTA.

Ventral Tegmental Area

The VTA, located in the medial, ventral, posterior part of the brain (Figures 1.1
and 1.2), contains dopaminergic (~55-65%), GABAergic (~30%), and glutamatergic
neurons (~5%) (Hearing et al., 2012; Polter and Kauer, 2014; Pignatelli and Bonci,
2015). These VTA neuronal populations receive input from many of these same brain

regions (Faget et al., 2016) and communicate with each other. The dopamine (DA)



neurons of the VTA generally play a central, but complicated role in the reinforcing

effects of reward, while GABAergic neurons appear to oppose this function.

Figure 1.1. Brain regions implicated in reward-related behaviors.

Cartoon of sagittal brain section, depicting brain regions implicated in reward-related
behavior, adapted from the Allen Brain Atlas (atlas.brain-map.org).

BLA (basolateral amygdala); BNST (bed nucleus of the stria terminalis); CeA (central
amygdala); DRN (dorsal raphe nucleus); LDT (laterodorsal tegmental nucleus); LH
(lateral hypothalamus); LHb (lateral habenula); HPC (hippocampus, dorsal and ventral);
NAc (nucleus accumbens); PAG (periaqueductal grey); PFC (prefrontal cortex); PPTg
(pedunculopontine tegmental nucleus); RMTg (rostromedial tegmental nucleus); dStr
(dorsal striatum); SN (substantia nigra); VP (ventral pallidum); VTA (ventral tegmental
area)

Horizontal Sections

Figure 1.2. Detail of VTA subregions.

SNCD PBP

& Horizontal sections of the VTA, adapted from The Mouse
U@ Brain in Stereotaxic Coordinates, 3 edition (Franklin and
Paxinos, 2008). Subregions considered part of the VTA

include: PBP, parabrachial pigmented nucleus of the VTA;
PIF, parainterfasicular nucleus of the VTA; PN, paranigral
nucleus of the VTA; VTAR, ventral tegmental area, rostral
part. Other landmarks include: MT, medial terminal
-444mm  nucleus of the accessory optic tract; SNC, substantia

NG S OMAR nigra, compact part; SNCD, substantia nigra, compact
& o o :
= % part, dorsal tier; SNR, substantia nigra, reticular part.
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Dopamine neurons

Dopamine (DA) neurons of the VTA, also known as nucleus Al10 cells, are the
most prevalent cell type in the VTA (~55%) (Margolis et al., 2006b, 2010; Nair-Roberts et
al., 2008). DA neurons can be identified by the presence of tyrosine hydroxylase (TH),
Pitx3, and the dopamine transporter (DAT). TH is an enzyme involved in catecholamine
synthesis (Daubner et al., 2011), and antibodies against TH, THeGFP(+) mice, and
THCre(+) mice are used to identify and manipulate DA neurons in the VTA (Lammel et
al., 2015; Stuber et al., 2015). DA neurons also express the homeobox transcription
factor Pitx3, which is important for the development and maintenance of DA neurons,
and Pitx3eGFP(+) and Pitx3Cre(+) mice are also used to identify and manipulate DA
neurons (Zhao et al., 2004; Smidt et al., 2012). DAT pumps DA from the synaptic cleft
into the cytosol of DA neurons. DATCre(+) mice are also widely used to manipulate DA
neurons (Lammel et al., 2015; Stuber et al., 2015).

VTA DA neurons have classically been described as a homogeneous neuron
population with well-defined electrophysiological properties and behavioral roles.
Putative DA neurons were identified by the presence of I, currents, which are mediated
by hyperpolarization-activated cyclic nucleotide—gated (HCN) inwardly rectifying non-
specific cation channels (Margolis et al., 2006b); a slower spontaneous firing rate; a
larger size compared to surrounding putative GABAergic neurons’ and inhibition by
activators of dopamine 2 receptors (D2Rs) (Margolis et al., 2012). These “classical’” DA
neurons were thought to be excited by reward and reward-related cues and inhibited by
aversive cues (Schultz et al., 1997).

A rich body of recent work has revealed that DA neurons have diverse
electrophysiological properties and broad influences on behavior (Lammel et al., 2014;

Holly and Miczek, 2016; Juarez and Han, 2016; Morales and Margolis, 2017) (Table
6



1.1). The classic putative DA neurons are likely a single subpopulation of DA neurons: a
lateral VTA population that projects to the lateral shell of NAc (Lammel et al., 2008).
Indeed, DA neurons with other projection targets possess different electrophysiological
properties. More medial DA neurons lack prominent I, currents and project to the core
and medial shell aspects of the NAc as well as the BLA and PFC. In particular, the PFC-
projecting VTA DA neurons appear to have distinct electrophysiological properties, such
as a lack of D;R-mediated inhibition (Lammel et al., 2008). Additionally some VTA DA
neuron subpopulations, including those projecting to the HPC and VP (Table 1.1) have
not been electrophysiologically characterized. Further adding to the diversity of VTA DA
neuron function is the wide variety of local and afferent input (Watabe-Uchida et al.,
2012; Faget et al., 2016) (Table 1.2). The most prominent afferent inputs are from the
striatum, DRN, and LH (Faget et al., 2016), but a variety of regions and
neurotransmitters influence the excitability of, and behavior modulated by, VTA DA
neurons.

There are a number of hypotheses about the role DA plays in reward behavior.
Attempts to determine the meaning of DA have relied on lesioning or inhibiting DA
neurons, or infusing DA receptor antagonists to determine the behavioral functions for
which DA is necessary, and exciting DA neurons or infusing DA receptor agonists to
determine the behavioral functions DA is sufficient to drive. Other studies observe DA
neuron activity or DA release during behavior, and use the correlation of physiology with
behavior to infer the role of DA. From these studies, it is clear that DA plays a role in
pleasure, motivation, learning, value, incentive salience, and reward prediction error
(Section 1.1.1). Indeed, the release of DA in the NAc appears to be linked to reward and
reward-predictive cues (Schultz, 1998; Phillips et al., 2003). DA also plays a role in

motor activity associated with the approach, attention, and arousal related to the pursuit
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of reward (Berridge and Robinson, 1998). While DA modulates these experiences, it is,
interestingly, not necessary for them. Indeed, rats with dopaminergic lesions display
typical liking reactions (Berridge and Robinson, 1998) and dopamine deficient mice are
able to learn (Hnasko et al., 2005). Additionally, while aversive stimuli elicit inhibition in
some DA neurons, other midbrain DA neurons are activated by aversive and stressful
events (Brischoux et al., 2009; Bromberg-Martin et al., 2010; Zweifel et al., 2011; Cohen
et al.,, 2012; Schultz, 2013). Together, this constellation of data suggests the valence
and behaviors associated with DA are likely brain region- and DA neuron subpopulation-

dependent.



Table 1.1. VTA DA neuron electrophysiological and behavioral diversity,
based on projection target.

Description

Location within
the VTA

Electrophysiological and

Behavior

molecular properties
“Classical” DA neuron

Ih > 100 pA Rewarding,
DA Lateral, primarily ~ Slower firing frequency ex vivo  promotes
VTAP* & NAc )
lateral shell PBP (Lammel et Lqrger neuron cell body _ reinforcement
al., 2008) Higher DAT, VMAT expression (Lammel et al.,
Respond to opioid receptor 2012)
activation (Ford et al., 2006)
DA
VTA™ S NAc Medial posterior, No I» (sag) current
core ) »
in the PN and Faster firing frequency Cocaine
VTAPA S NAC the most medial ~ Smaller neuron cell body _ increases A:N
: aspect of PBP Lower DAT, VMAT expression :
medial shell . ratio (Lammel et
(Lammel et al., Respond to opioid receptor al., 2011)
VTADA S BLA 2008) activation (Ford et al., 2006)
Medial posterior No I (sag) current Cocaine does not
) P ' Faster firing frequency change A:N ratio
in the PN and I Il bod
the most medial Sma er neuron cel body .
VTAPA 5> PFC Lack Girk2-coupled D2R Activated by
aspect of PBP )
autoreceptors (Lammel et al.,  formalin to
(Lammel et al., .
2008) 2008) hindpaw (Lammel
Lower DAT, VMAT expression et al., 2012)
Memory retention,
VTAPA 5> HPC novelty

(Scatton et al.,
1980; Gasbarri

(McNamara et al.,
2014;

et al., 1994) Duszkiewicz et
al., 2018)
VTAPAS> VP Reward, aversion
(Klitenick et al., (Wulff et al.,
1992) 2018)
Rewarding

VTAPA > LHb

Releases GABA (Stamatakis
et al., 2013)

(Stamatakis et al.,
2013)




Table 1.2. Summary of input to VTA DA neurons.

CRF, corticotrophin releasing factor; NE, norepinephrine, NT, neurotransmitter; Ref.,
references. * indicates input has been described for the VTA, but has not been not

confirmed to directly synapse onto VTA DA neurons.
Input NT Other details Ref.

Local, i.e., VTA
Other DA neurons DA ".‘h'b't other DA neurons (Beckstead et al., 2004)
via D2R autoreceptors
. Inhibit DA neurons, with
&fﬁﬁ:&?&%s GABA apparent preference for  (Edwards et al., 2017)
GABAAR
Glutamatergic .
NEUrons Glutamate (Dobi et al., 2010)
QOutside the VTA
Bed nucleus of Glutamate (Georges and Aston-
the stria terminalis CRF Jones, 2001)
GABA* (Korotkova et al., 2006;
Central amygdala CRE Watabe-Uchida et al.,
2012)
Dorsal raphe Glutamate Qlutamaterglc mlput . (Qi et al., 2014; Beier et
nucleus GABA increases DA release in al., 2015)
the NAC
Excites DA neurons (Lammel et al., 2012;
Lateral habenula Glutamate L Stamatakis and Stuber,
projecting to PFC 2012)
(Peyron et al., 1998;
Lateral Glutamate QABAerg_ic inlpgt Fadel and Deutch, 2002;
hypothalamus GABA mvol_ved in drlylng Korotkova et. al., 2003;
Orexin feeding behavior Watabe-Uchida et al.,
2012; Nieh et al., 2015)
Glutamate Glutamatergic input_ to
GABA DA neurons projecting (Carr and Sesack, 2000;
Laterodorsal Acetylchol to lateral NAc shell; Omelchenko and Sesack,
tegmentum . GABAergic input to DA 2005; Lammel et al.,
ine e
neurons projecting to 2012)
the PFC
LC NE neurons also
. have other peptides, (Mejias-Aponte et al.,
Locus coeruleus NE such as neuropeptide Y  2009)
and galanin
Nucleus In_hibits DA neurons,
Accumbens GABA with apparent (Edwards et al., 2017)
preference for GABAsR
Acetylchol (Charara et al., 1996;
Pedunculopontine ine Garzo'n et al., 1999;
tegmental nucleus Glutamate Mena-Segovia and
GABA* Bolam, 2017)
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(Omelchenko and Sesack,
2009; Ntamati et al.,
2018)

Periaqueductal Glutamate
gray GABA

Excites DA neurons

projecting to PFC (Carr and Sesack, 2000)

Prefrontal cortex Glutamate

Inhibits DA neurons,

Rostral medial (Lammel et al., 2012;

GABA with apparent
tegmental nucleus preference for GABAAR Edwards et al., 2017)
. Glutamate .
Ventral pallidum GABA (Hjelmstad et al., 2013)
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GABA neurons

GABAergic neurons in the VTA function as local interneurons and projection
neurons. Electrophysiological characteristics of VTA GABA neurons include small size,
often a lack of I, and fast firing frequencies (Lammel et al., 2014; Morales and Margolis,
2017). Because these electrophysiological characteristics overlap with those of “non-
classical” VTA DA neurons, GABA neuron specific reporter mice, such as vGATCre,
GADCre, GAD-eGFP, are useful for identifying these neurons. Local GABAergic
interneurons inhibit VTA DA neurons and in vivo stimulation of VTA GABA neurons is
aversive (Tan et al., 2012) and disrupts the consumption of reward (van Zessen et al.,
2012). Additionally, the inhibition of VTA GABA neurons excites VTA DA neurons,
known as “disinhibition,” which can be elicited by opioids in most, but not all, VTA GABA
neurons (Johnson and North, 1992; Margolis et al.,, 2012). Projection VTA GABA
neurons go to the NAc, where they inhibit cholinergic interneurons to enhance
associative learning (Brown et al., 2012), and to the LHb, where they inhibit
glutamatergic neurons (Root et al., 2014b).

VTA GABA neurons receive input from and are modulated by a number of
reward-related regions. VTA GABA neurons receive glutamatergic input from the lateral
habenula (Omelchenko et al., 2009), PFC (Carr and Sesack, 2000), PAG (Omelchenko
and Sesack, 2009), DRN (Beier et al., 2015); lateral hypothalamus (Nieh et al., 2015),
and BNST (Kudo et al., 2012). VTA GABA neurons receive GABAergic input from the
PAG (Omelchenko and Sesack, 2009), DRN (Beier et al., 2015); lateral hypothalamus
(Nieh et al., 2015), BNST (Kudo et al., 2012), and LDT (Faget et al., 2016). GABAergic
and glutamatergic projections innervate VTA GABA neurons that inhibit DA neurons

(Jennings et al., 2013). VTA GABA neurons appear to play a key role in tempering the
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excitability of VTA DA neurons, with the activity of VTA GABA neurons decreasing

reward-associated behaviors (Jennings et al., 2013).

Glutamatergic neurons

2-15% of neurons in the VTA are glutamatergic, i.e., express VGLUT2, a
vesicular glutamate transporter (Nair-Roberts et al., 2008). Glutamatergic neurons are
predominantly found in the medial VTA (Nair-Roberts et al., 2008) receive input from the
cortex (Faget et al., 2016), synapse onto local DA and non-DA neurons (Dobi et al.,
2010), and project to several different brain areas including the NAc, glutamatergic
neurons of the LHb, VP, amygdala, and PFC (Yamaguchi et al., 2007, 2015; Hnasko et
al., 2012; Root et al., 2014a; Faget et al., 2016). VTA glutamatergic neurons have small
to no In current and fast spontaneous firing rates (Hnasko et al., 2012). Glutamatergic
projections from the VTA to NAc parvalbumin GABAergic interneurons and to the LHb to
drive aversion (Root et al., 2014a; Qi et al., 2016). Conversely, stimulation of local VTA

glutamatergic neurons is rewarding and reinforcing (Wang et al., 2015).

Hybrid neurons of the VTA

Interestingly, some VTA neurons contain and release more than one
neurotransmitter (Root et al., 2014b; Zhang et al., 2015; Berrios et al., 2016). GABA/DA
neurons target NAc MSNs (Kim et al., 2015) and the lateral habenula, where GABAergic
signaling promotes reward (Stamatakis et al., 2013). GABA/glutamate neurons project to
the lateral habenula as well (Root et al., 2014b). DA/glutamate neurons target NAc
MSNs (Zhang et al., 2015), NAc cholinergic interneurons (Chuhma et al., 2014), and
PFC parvalbumin GABAergic interneurons (Kabanova et al., 2015). More work is
needed to understand the full extent of the behavioral roles of these hybrid VTA

neurons.
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Nucleus Accumbens

The NAc can be divided into several functional subregions: the core, the medial
shell, and the lateral shell. The NAc core is thought to play a larger part in motor function
related to reward, while the NAc shell is associated with positive reinforcement,
motivation, and incentive salience. The NAc core receives the majority of its prefrontal
input from the prelimbic PFC and lateral oribitofrontal cortex (OFC), and in turn projects
to the SN (Saddoris et al., 2013). The NAc shell receives input from the infralimbic cortex
and medial lateral OFC and in turn projects to the VTA (Saddoris et al., 2013). DA
release in the NAc has classically been associated with reward or the anticipation of
reward (Schultz, 1998; Phillips et al., 2003). Extensive work has implicated the NAc in
the wanting and liking aspects of reward. Interestingly, opioid receptors expressed in the
anterior and ventral to posterior and dorsal medial shell of the NAc appear to mediate a
gradient of pleasure to aversion, respectively (Castro and Berridge, 2014; Al-Hasani et
al., 2015).

In addition to regional diversity, the NAc has a number of cell types. Over 95% of
neurons in the NAc are D;R and D;R medium-sized spiny neurons (MSNs). MSNs
receive glutamatergic input from the BLA, PFC, and HPC (Saddoris et al., 2013). D:R
MSNs, also called direct pathway MSNs, express the neuropeptides dynorphin and
substance P. They are called the “direct” pathway because they project directly to the
globus pallidus internal and SN pars reticulata. D1R MSNs connect to and inhibit VTA
DA and GABA neurons (Bocklisch et al., 2013; Edwards et al., 2017). D.R MSNs, also
called indirect MSNs, express the neuropeptide encephalin and project to the globus
pallidus external. Other cell types in the NAc are parvalbumin and cholinergic
interneurons, the latter of which are reciprocally connected with the VTA (Brown et al.,

2012; Cachope et al., 2012; Chuhma et al., 2014). Changes in glutamatergic signaling in
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the NAc, particularly MSNs, have been observed following repeat exposure to drugs of
abuse, and these adaptations may partly underlie behavioral adaptations elicited by

repeated exposure to and withdrawal from drugs of abuse (Lischer and Malenka, 2011).

Prefrontal Cortex

The PFC, which includes the prelimbic cortex (PL), infralimbic cortex (IL), and
orbitofrontal cortex (OFC), is a layered cortical structure, with glutamatergic pyramidal
neurons in layers 2/3 and 5/6 making up the majority of neurons (Hearing et al., 2012).
Layer 5/6 pyramidal neurons project to other brain regions in the mesocorticolimbic
system, while GABAergic interneurons temper the excitability of PFC pyramidal neurons.
The glutamatergic pyramidal neurons in the PFC receive dopaminergic input from the
VTA; these PFC neurons in turn project to the NAc and VTA (Carr and Sesack, 1999;
Carr et al., 1999). VTA DA neurons and PFC glutamatergic neurons are reciprocally
connected and associated with aversion (Carr and Sesack, 2000; Omelchenko and
Sesack, 2005; Lammel et al., 2012; Watabe-Uchida et al., 2012). The IL is generally
thought to drive drug seeking behaviors, while the PL is through to drive extinction.
However, recent research suggests the role of PFC in drug addiction is more complex,

tying into its complex cognitive role (Moorman et al., 2015).

1.2 Addiction in human patients and animal models

1.2.1 Addiction: the human disease

In the United States, approximately 20-22 million people are addicted to drugs
(Volkow et al., 2016), and the lives of countless more people are affected indirectly by
having a loved one struggle with addiction. Substance-use disorder (SUD) is a complex,

chronic mental disorder characterized by compulsive, continued consumption of a
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substance in spite of negative consequences and the desire to stop consuming the
substance (Root et al., 2014a). The term “addiction” describes the most severe, chronic
stage of SUD. Current treatment options for SUD and addiction are not numerous, nor
are they completely effective. Awareness of individual and communal risk factors, such
adolescence, novelty seeking, impulsive traits, and socioeconomic status can aid in the
development and allocation of preventative treatments for addiction (Castellanos-Ryan
and Conrod, 2011). After SUD and addiction has developed, the goal of treatment is to
reduce withdrawal symptoms and prevent relapse. Generally, treatment consists of a
combination of behavioral changes, e.g., therapy and avoidance of drug-associated
cues, and medication. Medications are specific for the type of substance consumed:
opioid SUDs can be managed with methadone and buprenorphine (Bell, 2014); alcohol
dependence can be treated with disulfiram and naltrexone (Kranzler and Soyka, 2018);
and nicotine addiction can be managed with nicotine replacement products, bupropion,
and varenicline (Jackson et al.,, 2019). There are no medications for addiction to
psychostimulants, such as cocaine.

The pathological pattern of behaviors associated with SUD and addiction consist
of four main criteria: impaired control, social impairment, risky use, and pharmacological
criteria (American Psychiatric Association, 2013). Impaired control includes deficits in
decision making and craving, the intense urge to consume the substance (American
Psychiatric Association, 2013). Pharmacological criteria include “tolerance,” which is
characterized by requiring a large amount of drug to achieve the desired effect or
experiencing a smaller effect when a typical amount of drug is consumed. Another
pharmacologic criteria is “withdrawal,” which occurs when blood and tissue
concentrations of the substance decrease in a person who has maintained prolonged

heavy use and the accompanying negative emotional state and physical symptoms
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(American Psychiatric Association, 2013; Koob and Volkow, 2016). There is a great deal
of individual variability in SUD and addiction, as not all individuals who consume
addictive substances transition to becoming habitual users. SUD and addiction can
occur alongside other mental illnesses, such as anxiety, depression, or post-traumatic
stress disorder, and these illnesses can be worsened by environmental stimuli
associated with the consumed substance (Holly and Miczek, 2016).

Addiction can be conceptualized as three repeating stages, which incorporate the
defining criteria of this disease: binge and intoxication, withdrawal and negative affect,
and preoccupation and anticipation (i.e., craving) (American Psychiatric Association,
2013; Volkow and Koob, 2015; Koob and Volkow, 2016; Volkow et al., 2016). These
stages are characterized by different internal states, anatomical regions, and
neurotransmitter systems.

“Binge and intoxication” describes the reorientation of priorities of a person with

addiction toward the consumed substance, driven by the initial desire to feel good early
in addiction and to escape dysphoria as the disease progresses. This phase is
associated with a sharp increase in DA release in the ventral striatum, which
corresponds to the euphoric, “high” feeling associated with drugs of abuse (Koob and
Volkow, 2016). These feelings are initially associated with consumption of the
substance, but shift to become associated with environmental stimuli that precede, or
predict, the receipt of the substance through neuroplasticity within the mesocorticolimbic
reward circuitry (Lischer and Malenka, 2011; Schultz, 2013). These changes can lead to
exposure to cues associated with the substance promoting drug seeking and relapse.

Withdrawal and negative affect. As SUD and addiction progress, the

consumption of the same amount of substance leads to smaller increases in DA levels,

i.e., tolerance, making the brain less sensitive to substance and non-substance rewards
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(Koob and Volkow, 2016; Volkow et al., 2016). This can increase negative affect, such
as feelings of reduced energy, reduced excitement, depression, anxiety, and
restlessness (Koob and Le Moal, 2005). Repeated exposure to DA can lead to
adaptations in and increased activation of brain regions implicated in negative affect,
e.g., the extended amygdala, as well as in neurotransmitter systems involved in the
stress response, e.g., corticotrophin-releasing factor (CRF) and dynorphin (Polter and
Kauer, 2014). These changes can lead to a dysphoric state when the direct effects of the
consumed substance dissipate during withdrawal and generally due to the reduced
responsiveness of DA neurons. These symptoms can drive compulsive consumption in
an attempt to escape these negative feelings.

Preoccupation and anticipation. As addiction progresses, the PFC adapts and

contributes to impaired executive function, including impaired self-regulation, decision
making, flexibility choosing and completing actions, determining value, and monitoring
error (Goldstein and Volkow, 2011). Initial alterations in dopaminergic signaling
contribute to subsequent changes in glutamatergic signaling in prefrontal regions (Britt
and Bonci, 2013), which contribute to impaired decision making and obsessive desire for

the drug.

1.2.2 Preclinical models of addiction

The goal of preclinical (i.e., animal) models of addiction is to recapitulate one or
more of the hallmarks of human SUD and addiction. These features include craving,
impaired decision making, increased negative affective symptoms (i.e., withdrawal), the
association of environmental cues with the drug, cue-induced drug-seeking behavior
after a period without drug-seeking (i.e., relapse), repeated exposure to drug changing
the response to drug, and persistently taking drug despite negative consequences.

Preclinical models assist with our understanding of basic mechanisms underling SUD
18



and addiction. This basic knowledge is especially needed in the context of
psychostimulant addiction, where there is not yet an effective pharmacotherapy to pair

with behavioral treatment approaches for human patients.

Self-administration

The gold standard for studying drug addiction using rodent models is self-
administration, as it shares many features with human addiction. In this model, mice or
rats are implanted with an intravenous catheter and are trained to take drug by pressing
a lever or poking their nose into a port. This assay can allow one to observe the
acquisition of self-administration behavior, which provides insight into the early “binge
and intoxication” stage of addiction. Using different doses of drug to create dose
response curves can yield insight into sensitivity to drug and tolerance. Escalating
schedules of drug delivery can assess break point and provide a measure of motivation
to work for drug, or craving. The requirement for animals to approach and work for drug
resembles the pursuit feature of reward-related behaviors. Additionally, one can
extinguish drug seeking behavior (i.e., nose pokes, lever presses) akin to abstinence,
and subsequently reinstate drug use with drug-associated environmental cues (e.g., a
light) or stress (such as restraint or an injection of yohimbine, an a2-adenergic receptor
antagonist, which increases norepinephrine) to model relapse. Thus, this behavioral
paradigm aligns well with many features of human SUD and addiction. Recent iterations
of the self-administration task have incorporated foot shocks and other aversive stimuli
as a model of drug taking in the face of negative consequences, another hallmark of

addiction.
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Conditioned place preference

Conditioned place preference (CPP) relies upon the rewarding valence of a
substance becoming associated with the environment in which the substance is
consumed. In CPP, rodents are exposed to a behavioral chamber with two distinct
contexts, often distinguished by visual (e.qg., stripes on the wall), tactile (e.g., bar or wire
mesh flooring), and odorant (e.g., different bedding) cues. After a baseline preference
test, rodents are injected with vehicle and confined to one side of the chamber. Later in
the day or the next day, subjects are injected with drug and confined to the other side of
the chamber. After several pairings, rodents have free access to the entire chamber, and
the time spent in each side is recorded. Increased time in the drug-paired chamber,
compared with the initial preference, is indicative of the rewarding valence of the drug.
An optogenetic variant of this task is real time place preference, in which light pulses are
delivered on one chamber side.

CPP behavior engages the association of drug with environment, and is a way to
indirectly assess a substance’s hedonic component. While the administration of the
substance is non-contingent (i.e., the experiment administers a specific amount of drug,
rather than the subject choosing to take drug), the ability of mice to physically move to
indicate their preference models an aspect of drug seeking and approach in human
patients with SUDs. Additionally, this association can be extinguished through repeated
exposure to the drug-paired side without drug, and this preference can be reinstated by
exposure to drug or stress, which models relapse, similar to self-administration

reinstatement studies.

20



Locomotor activity and behavioral sensitization

When rodents are exposed to different classes of drugs of abuse, i.e.,
psychostimulants like cocaine or methamphetamine and opioids like morphine, they
increase their locomotor activity due to the increase of DA in the striatum. Subsequent
exposures to the substance leads to an enhancement of the locomotor response; this
phenomenon is termed “sensitization.” While humans do not have an explicit behavioral
correlate of this increased locomotor behavior following drug exposure (i.e., people with
SUD or addiction do not run around the room in which they take drug), the concept of
sensitization shares the same premise as tolerance, in which repeated drug exposure
causes a behavioral change in response to the drug. While this test lacks the volitional
aspect of drug taking, best modeled by self-administration, the ability to control the
amount of drug exposure allows for improved experimenter control and the
straightforward measurement of locomotor activity makes this a reliable, high-throughput

approach for assessing behavioral sensitivity to drugs of abuse.

1.2.3 Mechanisms of action of drugs of abuse

Drugs of abuse exert their behavioral effects via brain regions and
neurotransmitter systems that mediate natural reward. In general, the initial positive
effects of drug exposure are associated with increased DA, which can reinforce the
association of drug taking with cues, while later developing behaviors, result from
adaptations in glutamatergic signaling.

Psychostimulants, including cocaine, methamphetamine, and amphetamine,
increase DA by altering the function of DAT. Cocaine blocks the dopamine transporter
(DAT), which is necessary for the rewarding properties of cocaine; cocaine also blocks
the serotonin transporter (SERT) and the norepinephrine transporter (NET) (Rocha,

2003; Hall et al., 2004; Chen et al., 2006). As a result of blocking DAT, DA increases in
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brain regions receiving dopaminergic projections (e.g., NAc), and locally within the VTA
(Di Chiara and Imperato, 1988; Aragona et al., 2008). Human users consume cocaine
through multiple routes of administration, including intravenously, intranasally, and by
smoking “crack” cocaine. Cocaine metabolism differs among these routes of
administration. The duration and intensity of drug effects depends on the method of use;
injecting or smoking cocaine produces a quicker and stronger, but shorter-lasting, high
than snorting.

Opioids, including morphine, heroin, and fentanyl, act by binding to opioid
receptors, i.e., mu opioid receptors (MORSs), kappa opioid receptors, and delta opioid
receptors, and opioid receptors in the NAc and VTA are critical for the rewarding effects
of opioids (Fields and Margolis, 2015). Opioids are thought to increase DA release in the
NAc through the disinhibition of VTA DA neurons, wherein GABA neurons expressing
MORs and synapsing onto VTA DA neurons are inhibited (Johnson and North, 1992).
MORs on GABAergic input from the RMTg, VP, and VTA provide this disinhibition (Xia et

al., 2011; Hjelmstad et al., 2013; Matsui et al., 2014).

1.3 Inhibitory G protein receptor signaling

Reward behavior is orchestrated by chemical communication between the brain
regions and neuron types outlined in Section 1.1.2. Communication between neurons is
generally mediated by activity- and calcium-dependent release of neurotransmitters
usually from the presynaptic neuron axon terminal. Neurotransmitters are ligands for and
bind to channels or receptors, located on the dendrites and soma of the postsynaptic
neuron. Channels are ionotropic, directly opening when a ligand is bound to the channel
allowing for fast excitation or inhibition. Receptors are metabotropic, acting through G
protein signaling cascades to modulate cellular excitability over a longer time scale.

22



These receptors can presynaptic, allowing for the modulation of neurotransmitter
release, as changing the potential of a neuron changes the activation of voltage-gated
channels that regulate neurotransmitter release. While all of these cellular mechanisms
work in concert to regulate the excitability of neurons and thus control behavior, the
present thesis focuses on the contribution of inhibitory G protein signaling to behavior.
1.3.1 Inhibitory G protein coupled receptors

G protein coupled receptors (GPCRs) are a large family of 7 transmembrane
domain proteins play a vital role in regulating physiology, demonstrated by ~34% of all
drugs approved by the US Food and Drug Administration acting on GPCRs (Hauser et
al., 2017). GPCRs have an extracellular amino (N) terminus and an intracellular carboxyl
(C) terminus, and are activated by the extracellular binding of ligands, which can include
neurotransmitters, proteins, hormones, and lipids. GPCRs share the ability to transduce
the extracellular binding of ligands to intracellular responses through the activity of the
heterotrimeric G proteins Ga, G, and Gy. The binding of ligands to the extracellular
portion of the GPCR promotes the exchange of GTP for GDP and the dissociation of the
Ga and GBy (Figure 1.2). Activated Ga and Gy interact with and modulate a wide
range of intracellular effectors, including ion channels, cyclases and lipases. Several
different Ga, GB, and Gy subunits have been identified in the nervous system, further
contributing to the functional diversity of different receptor populations. GPCRs are
classified by sequence homology and functional similarity, as well as by the subfamily of
their associated Gao subunit. Go subunit families include Gas, Gai/o, Gag/ll, and
Gal12/13, which differ in sequence and in their modulatory effect on cellular excitability.

Gas and Gai/o both act on adenylyl cyclase (AC) to increase or decrease its function,
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respectively. Gag/ll acts on phospholipase C, which alters internal calcium stores,
among other effects.

GPCRs provide “gain control” for neuronal excitability, altering the likelihood of
an action potential, rather than producing a signal itself. GPCRs located presynaptically
influence neurotransmitter release liklihood, while postsynaptically located GPCRs
influence the liklihood of producing an action potential. The focus of the present thesis is
on signaling mediated by inhibitory GABAsR and DR GPCRs present in VTA DA

neurons.

1.3.2 Downstream effectors of inhibitory GPCRs

The activation of inhibitory GPCRs associated with Gai/o proteins generally leads
to the hyperpolarization of neurons. The function of these inhibitory GPCRs is blocked
by pertussis toxin (PTX), produced by the bacterium Bordetella pertussis, which keeps
the Gai/o protein in the GDP-bound state (Fields and Casey, 1997). Following activation
of inhibitory GPCRs, GDP on the Guai/o protein is exchanged for GTP, and Gai/o and
GBy dissociate and act on different downstream effectors (Figure 1.2). Gai/o-GTP
reduces the activity of AC, decreasing the amount of the kinase cyclic adenosine
monophosphate (CAMP), a second messenger that activates protein kinase A (PKA),
which then interacts with phosphorylation dependent mechanism. GBy blocks voltage
gated calcium channels (Ye et al., 1999; Kamp and Hell, 2000), which prevents
depolarization. GBy also binds to and open G protein-gated inwardly rectifying potassium
(K*; GIRK) channels, hyperpolarizing the neuron as K* leaves. Inhibitory GPCR function
is also mediated by blockade of the sodium leak channel, NALCN (Philippart and Khaliq,
2018). G protein signaling is terminated when GTP on Gai/o is hydrolyzed to GDP and
re-associates with GBy, a process hastened by regulator of G protein signhaling (RGS)
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proteins. The function GPCRs is also modulated by G protein coupled receptor kinases
(GRKSs), which phosphorylate GPCRs allowing for the binding of B-arrestin (BARR),
which blocks G protein signaling through internalization.

The focus of this thesis is on one of these downstream effectors of inhibitory G

protein signaling, the GIRK channel.
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Figure 1.3. Schematic depicting some of the mechanisms regulating
inhibitory G protein signaling in a VTA DA neuron.

In this example, when 1) the neurotransmitter GABA binds to GABAgR, 2) GDP is
exchanged for GTP on Gai/o, and Gai/o and Gy dissociate. 3) Activation of inhibitory
GPCRs block the function of a Na* leak channel. 4) Gai/o blocks the function of AC,
while 5) GBy blocks the function of Ca?" channels. 6) GBy binds to and opens GIRK
channels, which is PIP; dependent. 7) Internal Ca?* stores, 8) SNX27, and 9) KCTD
proteins negatively modulate GIRK channel activity. 10) The endogenous GTPase
activity of Gai/o hydrolyzes GTP, allowing Gai/o and Gy to re-associate. This process
can be hastened by the activity of RGS proteins 11) GRK can phosphorylate GPCRs,
allowing BARR to internalize these receptors, thereby negatively modulate G protein
signaling.
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1.3.3 GIRK channels

G protein-gated inwardly-rectifying potassium (K*; GIRK/Kir3) channels are
functionally coupled to PTX sensitive inhibitory GPCRs, including GABAgRs; dopamine
D;Rs, DsRs and DsRs; muscarinic acetylcholine receptors (mAChRs); group I
metabotropic glutamate receptors (mGIuR2 and mGIuR3); kappa, delta, and mu opioid
receptors (KORs; DORs; and MORSs); serotonin receptors (5-HT1Rs, 5-HT2eR, 5-HTsaR);
somatostatin receptors (SSTRs, 1-5); neuropeptide Y receptors (Y1R, Y2R); and
adenosine receptor A;R. GIRK channels hyperpolarize and decrease the excitability of
neurons, similar to other K* channels under physiological conditions. G protein-gated
refers to the role of GBy in opening GIRK channels (Liuscher and Slesinger, 2010).
However, GDP-bound Gai/o subunits can bind to sites on the C and N terminal domains
of GIRK1 and GIRK2, inhibiting the baseline activation of GIRK channels and GPCR-
GIRK channel coupling (Logothetis et al., 1987; Reuveny et al., 1994; Wickman et al.,
1994; Kofuji et al., 1995). Inward rectification refers to the presence of a more dramatic
slope in the current-voltage (I-V) relationship below the reversal potential (or equilibrium)
of K* where K* enters the neuron, than above the reversal potential of K* where K*
leaves the neuron. Inward rectification is due to the occlusion of the GIRK channel’s
central pore by intracellular Mg?* and polyamines above the equilibrium potential of K*
(Leaney and Tinker, 2000; Peleg et al., 2002; Clancy et al., 2005; Rubinstein et al.,
2009). Under physiological conditions, the resting membrane of a typical neuron,
including VTA DA neurons, is above the equilibrium potential for K*, making inwardly
rectification an interesting quality, but not a practical consideration when considering the

contribution of this channel to neuronal excitability.
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GIRK channel subunits

There are four GIRK channels subunits: GIRK1, GIRK2, GIRK3, and GIRK4
(Yamada et al., 1998; Hibino et al., 2010). They are encoded by the following genes,
respectively: Kcnj3, Kcnj6, Kcnj9, and Kncj5. These subunits have distinct structural
elements and domains, which influence expression patterns and channel function.
GIRK1, GIRK2, and GIRK3 are widely expressed in the central nervous system while
GIRK4 is generally lacking in the brain, with some exceptions (Karschin et al., 1996;

Wickman et al., 2000).

GIRK1

GIRK1 is thought to be part of the prototypical neuronal GIRK channel, as the
loss of GIRK1 decreases GIRK channel function in most neuron types tested, and
GIRK1 interacts with GBy (Huang et al., 1997; Hearing et al., 2013). However, GIRK1
cannot form homotetramers in vivo or in vitro (Lischer and Slesinger, 2010). GIRK1 has
splice variants (Karschin et al., 1996), but they have not been significantly investigated.
The C- and N-terminal domains of GIRK1 are able to associate with Gai/o, negatively
modulating the activity of GIRK channels at baseline (Nelson et al., 1997). GIRK1-
containing channels have ~5-fold higher sensitivity to activation by Gy, compared with
GIRK2/GIRK3 channels (Leaney and Tinker, 2000; Peleg et al., 2002; Clancy et al.,

2005; Rubinstein et al., 2009).

GIRK?2

GIRK2 is also considered part of the prototypical neuronal GIRK channel, as
mice lacking GIRK2 have profoundly decreased inhibitory GPCR currents in all cell types
that have been measured (Luscher et al., 1997; Slesinger et al., 1997; Jelacic et al.,

2000; Torrecilla et al., 2013, 2002, 2008; Cruz et al., 2004; Koyrakh et al., 2005; Marker
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et al., 2006; Kotecki et al., 2015; McCall et al., 2017). GIRK2 has an endoplasmic
reticulum export signal allowing GIRK2 to be able to form homotetramers (Ma et al.,
2002). Additionally, GIRK2 also has an internalization VL motif (Kofuji et al., 1995), so
GIRK2 could also play a more general role in channel activity. There are three splice
variants of GIRK2: GIRK2a, GIRK2b, and GIRK2c. GIRK2c¢ has a postsynaptic density-
95, discs large, zona occludens (PDZ) binding motif, which interacts with PDZ-containing
trafficking motifs of sorting nexin 27 (SNX27) (Ma et al., 2002). This interaction between
GIRK2c and SNX27 could facilitate both forward trafficking and internalization (Lunn et
al., 2007). GIRK2c displays an even distribution from soma to distal dendrites, while
GIRK2a is more localized to dendrites proximal to the cell body, suggesting a difference
in subcellular trafficking (Marron Fernandez de Velasco et al., 2017b). Additionally, a
Leu in the C-terminal domain of GIRK1 (L333) and GIRK2 (L344) channels appears to

have a critical role in the GBy-dependent activation of GIRK channels (He et al., 1999).

GIRK3

Interestingly, the loss of GIRK3 does not overtly impact the function of GIRK
channels, as the loss of GIRK3 does not usually alter the maximal GABAsR-GIRK
current (Finley et al., 2004; lvanina et al., 2004; Arora et al., 2010). However, the loss of
GIRK3 in VTA DA neurons, which lack GIRK1, decreases the ECso for the GABAgR
agonist baclofen, suggesting that GIRK3 has a subtle, negative modulatory role
(Labouébe et al., 2007; Hearing et al., 2013). RGS2 decreases GABAsR-GIRK coupling
in a GIRK3-dependent manner (Labouébe et al.,, 2007). GIRK3 has a PDZ binding
domain (Lesage et al., 1995), and a lysosomal targeting sequence YWSI (Lunn et al.,
2007); these features can promote the internalization of GIRK channels. There are no

reported splice variants for GIRK3, and GIRKS is unable to form homoteramers.
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GIRK4

GIRK4, like GIRK2, contains an endoplasmic reticulum export motif that allows
for forward trafficking and the potential formation of functional homotetrameric channels
(Ma et al., 2002). GIRK4 is expressed in cardiac pacemaker cells, where GIRK channels
(Ikacn) are functionally linked to muscarinic and adenosine receptors and regulate heart
rate (Kofuji et al., 1995; Slesinger et al., 1996; Wickman et al., 1998; Kennedy et al.,
1999; Ma et al., 2002). GIRK4 is sparsely expressed in the central nervous system, but
appears to have some a role in behavior. A notable exception is the population of
GIRK4* neurons in the hypothalamus, which links GIRK4-containing channels to energy
balance, as Girk4” mice display increased late-onset obesity (Perry et al., 2008). GIRK4
is also expressed in the hippocampus (Perry et al., 2008), and Girk4”™ mice have

impaired performance in the Morris water maze (Wickman et al., 2000).

Neuronal GIRK channel expression

GIRK channels are expressed widely throughout the brain (Karschin et al., 1996),
including VTA DA neurons (Kotecki et al., 2015; McCall et al., 2017), VTA GABA
neurons (Cruz et al., 2004; Kotecki et al., 2015), PFC pyramidal neurons (Hearing et al.,
2013), HPC pyramidal neurons (LUscher et al., 1997), substantia nigra DA neurons
(Koyrakh et al., 2005), cerebellar granular neurons (Slesinger et al., 1997), locus
coeruleus neurons (Torrecilla et al.,, 2002, 2008, 2013), and spinal cord lamina II
neurons (Marker et al., 2006). Interestingly, GIRK channels are not widely expressed in
the striatum, as evidenced by in situ hybridization studies (Karschin et al., 1996) and
electrophysiological characterization (Marcott et al., 2014). However, GIRK channels do
appear to be present in approximately 10% of MSNs neurons in the striatum (Marron

Fernandez de Velasco et al., 2017a).
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The prototypical neuronal GIRK channel likely consists of GIRK1 and GIRK2, as
the genetic ablation of either of these subunits significantly decreases the size of
somatodendritic GIRK currents in many neuron types, including pyramidal neurons of
the PFC (Hearing et al., 2013) and HPC (Luscher et al., 1997). Additionally, GIRK1 and
GIRK2 can be co-immunoprecipitated, and in regions where these subunits are co-
expressed, the disruption of GIRK2 expression significantly diminishes GIRK1
expression (Lujan et al., 2014). This suggests the expression of GIRK1 and GIRK2 are
linked, supporting the idea that the prototypical neuronal GIRK channel consists of
GIRK1 and GIRK2.

The cellular expression pattern of GIRK channels suggests they are
predominantly a postsynaptic inhibitory mechanism. Indeed, electroimmunomicroscopy
studies have found that GIRK channels are most prominently expressed in the
postsynaptic dendrite and cell body regions in many brain regions (Lujan et al., 2014).
These postsynaptic GIRK channels are usually located in extrasynaptic, also called
perisynaptic, regions outside of the postsynaptic density, suggesting their function
mediates the effects of inhibitory GPCRs activated by neurotransmitters overflowing
from the synapse. However, there do appear to be some instances in which GIRK

channels are found presynaptically (Koyrakh et al., 2005).

VTA DA neurons have a unigue GIRK channel

While the prototypical neuronal GIRK channel is thought to contain GIRK1 and
GIRK2, the GIRK channel present in VTA DA neurons appears to be GIRK1-lacking
(Liao et al., 1996). Indeed, GABAsR-GIRK somatodendritic currents in putative VTA DA
neurons are not altered in Girk1l” mice (Cruz et al., 2004; Labouebe et al., 2007; Arora et

al., 2010), and single cell multiplexed RT-PCR found that TH-expressing (DA) neurons
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of the VTA expressed GIRK2 and GIRKS3, but not GIRK1 (Arora et al., 2010). GIRK2c
(Arora et al., 2010), the splice variant expressed in VTA DA neurons, appears to be vital
for GIRK channel function, as genetically ablating Girk2 causes a profound decrease in
GABAgR-GIRK somatodendritic currents (Cruz et al., 2004). This is congruent with
GIRK2 being necessary for a functional GIRK channel, due to its endoplasmic reticulum
export signal (Ma et al., 2002). While putative DA neurons of the VTA in Girk3" mice
have normal maximal GABAsR-GIRK somatodendritic currents (Arora et al., 2010), their
ECso for baclofen is significantly reduced (Labouébe et al., 2007). This suggests that
GIRK3 has a subtle negative affect on the function of VTA DA neuron GIRK channels,
and that GIRK2 homotetramers are more sensitive to GABAgR activation. Interestingly,
another prominent dopaminergic population, SN DA neurons, only expresses GIRK2a

and GIRK2c (Inanobe et al., 1999).

Requlators of GIRK channel activity

The activity of GIRK channels is most profoundly regulated by the Gy subunits,
as their direct binding to GIRK channels opens GIRK channels (Slesinger et al., 1995).
Additionally, the interaction of PIP; with GIRK channels can activate GIRK channels and
is required for GBy binding to activate GIRK channels (Wickman et al., 1994; Huang et
al., 1995, 1997, 1998; Krapivinsky et al., 1995; Chan et al., 1997; Sui et al., 1998; Zhang
et al.,, 1999; Hibino et al., 2010; Whorton and MacKinnon, 2011, 2013). Ethanol can
directly activate GIRK1/GIRK2 and GIRK1/GIRK4 channels, via the hydrophobic pocket
formed by the N-terminal domain and BD-BE loop of one GIRK channel subunit and the
BL-BM loop of a neighboring subunit (Kobayashi et al., 1999; Lewohl et al., 1999; Aryal

et al.,, 2009). Sodium also activates GIRK channels (Sui et al., 1996; Ho and Murrell-
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Lagnado, 1999). Basal GIRK channel activity is suppressed by the binding of the Gai/o-
GDP subunit (Millner et al., 2000).

The strength of GIRK channel signaling is modulated by a number of
mechanisms. Phosphorylation mediated by PKA appears to increase channel function
(Leaney and Tinker, 2000; Peleg et al., 2002; Clancy et al., 2005; Rubinstein et al.,
2009), while the dephosphorylation of GIRK channels by protein phosphatase 2A
(PP2A) reduces G protein-mediated activation (Medina et al., 2000; Rusinova et al.,
2009). Conversely, GIRK channel currents are decreased by protein kinase C (PKC)
phosphorylation of GIRK1 (Leaney et al., 2001; Mullner et al., 2003; Mao et al., 2004;
Brown et al., 2005). The release of internal calcium stores via the activation of group |
MGIuRs also decreases GABAgR- and D;R-GIRK currents (Kramer and Williams, 2016).
GIRK channels and inhibitory GPCRs form macrocomplexes, allowing for
phosphorylation-dependent trafficking of receptors to influence GIRK channel function
(Lavine et al., 2002; Lober et al., 2006; Ciruela et al., 2010; Terunuma et al., 2010;
Padgett et al., 2012; Fajardo-Serrano et al., 2013; Hearing et al., 2013).

Potassium channel tetramerization domain-containing (KCTD) proteins 8, 12,
12b, and 16 associate with the C-terminal domain of GABA&2R (Guetg et al., 2010) and
regulate GIRK currents in a subtype-specific manner. KCTD12 reduces constitutive
receptor internalization and increases signaling at the cell surface (Schwenk et al.,
2010). However, GIRK currents induced by receptors associated with KCTD12 and 12b
have very pronounced desensitization, while KCTD8 and KCTD16 show very little
desensitization (lvankova et al., 2013), possibly due to differences in specific homology
domains in the various KCTD subtypes (Schwenk et al., 2010; Adelfinger et al., 2014;

Turecek et al.,, 2014). KCTD12 causes fast, reversible desensitization by binding to
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activated GBy subunits and preventing their interaction with GIRK channels (Seddik et
al., 2012).

SNX27, expressed throughout the brain, modulates GIRK channel activity in a
complex manner (Rifkin et al., 2017). Coexpression of SNX27 and GIRK channels in
HEK cells and hippocampal culture reduces inhibitory GPCR-GIRK currents (Lunn et al.,
2007; Balana et al., 2011). However, the genetic ablation of SNX27 from DA neurons
also reduces GABAgR-GIRK currents (Munoz and Slesinger, 2014; Rifkin et al., 2018).
This suggests SNX27 is involved in both the internalization and forward trafficking of
GIRK channels, suggesting that SNX27 could function as an adapter between GIRK
channels and a retromer complex (Munoz and Slesinger, 2014; Rifkin et al., 2017,
2018). Interestingly, GIRK2c and GIRK3 both contain a class | PDZ-binding motif in their
C-terminus (ESKV). This facilitates their interaction with the N-terminal PDZ domain on
SNX27 (Lunn et al., 2007). In addition to this PDZ domain, SNX27 contains two other
notable functional domains, a Phox homology (PX) domain and a
4.1/ezrin/radixin/moesin (FERM)-like domain. The PX domain binds phosphatidylinositol-
3-phosphate, which is enriched in early endosomes, targeting SNX27 to early
endosomes (Kaijii et al., 2003; Joubert et al., 2004). The FERM-like domain contains a
Ras-association domain, that is necessary for SNX27 regulation of GIRK channels (Lunn
et al., 2007; Balana et al., 2013).

RGS proteins negatively regulate G protein signaling through the interaction of
the “RGS box” or RH homology domain motif with Ga-GTP proteins. This interaction
increases the endogenous GTPase activity of the Ga subunit, accelerating its
inactivation, caused by GTP hydrolyzing to GDP (Neubig and Siderovski, 2002). Thus,
RGS proteins regulate cellular excitability by indirectly modulating the activation of GIRK

channels and inhibition of voltage-gated calcium channels (Doupnik et al., 1997; Chuang
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et al., 1998; Ross and Wilkie, 2000; Hollinger and Hepler, 2002; Traynor, 2010). RGS2
decreases coupling efficiency between GABAgR and GIRK channels in VTA DA
neurons, due to the interaction between RGS2 and GIRK3 in the unique GIRK2/GIRK3
channel (Labouébe et al., 2007). R7 family RGS proteins, which include RGS6, RGS7,
RGS9, and RGS11, contain the Gy-like domain allowing for an interaction with the
atypical member of the G protein family, G5, to make a complex similar to the Gy
dimer (Anderson et al., 2009, 2010). The RGS7/GB5 complex interacts with GIRK
channels in CA1 pyramidal neurons of the hippocampus (Anderson et al., 2009, 2010),
modulating GIRK channel function and spatial learning and memory (Fajardo-Serrano et
al., 2013; Ostrovskaya et al., 2014).

Finally, neuronal activity can bi-directionally modulate the strength of GIRK
channel activity. These adaptations are mediated by protein trafficking dependent upon
the PDZ domain present on GIRK2c and GIRK3 subunits (Lalive et al., 2014). The
potentiation of GIRK channel activity caused by increased neuronal activity requires
NMDAR activation, intracellular calcium, and CaMKIl activation (Lalive et al., 2014).
Additionally, activity-dependent dephosphorylation of GIRK2 at Ser-9 increases GIRK
channel activity through increased forward trafficking (Lalive et al., 2014). Drugs of
abuse likely usurp these mechanisms, leading to drug-dependent plasticity of GIRK

channel activity (Section 1.4.1).

1.3.4 GIRK channels in behavior

Inhibitory GPCRs are expressed throughout the brain and modulate a large
variety of behaviors. As a major downstream effector of inhibitory GPCRs, GIRK
channels are poised to influence behavior. The loss of GIRK channels globally and in
specific cell types leads to a variety of changes in behavior, including locomotion,

anxiety, depression, learning, memory, analgesia, and obesity (Table 1.3). Behavioral
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sensitivity to drugs of abuse is also altered by the loss of GIRK channels, a topic

explored in depth in this thesis.
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Table 1.3. Behavioral alterations in GIRK channel knockout mice.

Knockout Behavior Ref.

Girk1™” Hyperactivity (Pravetoni and Wickman,
lanxiety ({time in open arm of EPM)  2008; Arora et al., 2010)
Increased operant responding for
food

Girk2” Increased propensity for seizures (Signorini et al., 1997,
Hyperactivity Ikeda et al., 2000;
Hyperalgesia Blednov et al., 2002,
lanalgesia 2003, Marker et al., 2002,
lanxiety ({time in open arm of EPM) 2004, 2005; Pravetoni
Increased operant responding for and Wickman, 2008;
food Arora et al., 2010; Hablitz
Do not phase advance wheel-running €t al., 2015; Victoria et al.,
behavior in response to melatonin 2016)
Fear conditioning deficit

Girk3” Regular locomotor activity (Pravetoni and Wickman,
Regular anxiety 2008)

Girk4™* Impaired performance in Morris (Wickman et al., 1998;
water maze Perry et al., 2008)
Late onset obesity

Girk2”/Girk3”" Increased propensity for seizures (Jelacic et al., 2000)

CamKIlICre:Girk1f

Impaired chemogenetic induction of

associative learning

(Tipps et al., 2018)

CamKIICre:Girk 2/

Impaired contextual associative

learning

(Victoria et al., 2016)

GADCre:Girk2f

Regular cue and contextual

associative learning

(Victoria et al., 2016)

DATCre:Girk2fM

ldepressive-like behavior
({immobility in FST)

(Honda et al., 2018)
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1.4 Inhibitory G protein signaling in addiction

Experience-based plasticity of excitatory signaling, e.g., long term potentiation of
glutamatergic signaling, is a key feature of learning and other behavioral adaptations in
response to environmental stimuli. Interestingly, inhibitory G protein signaling mediated
by GIRK channel activity also changes following exposure to a variety of environmental
stimuli (Table 1.4). Indeed, stressful stimuli, such as footshock exposure or forced swim
stress, elicit adaptations in inhibitory G protein signaling mediated by GIRK channel in
LHb neurons and serotonin DRNs (Lemos et al., 2012; Lecca et al., 2016). Additionally,
changes in VTA DA neuron activity elicits adaptations in GIRK channel signaling (Lalive
et al., 2014). Thus, it follows that drugs of abuse, which alter the activity of VTA DA
neurons also elicit adaptations in GIRK channel activity which persist beyond acute drug

exposure.

1.4.1 Drugs of abuse alter inhibitory G protein signaling mediated by

GIRK channels

Psychostimulants and ethanol have been shown to alter GIRK channel activity
(Table 1.4), and the majority of these studies have focused on VTA DA neurons.
Putative DA neurons of the VTA have decreased GABAsR and D:R signaling 1 to 5 days
following the injection of 15 mg/kg cocaine (Arora et al., 2011). This adaptation is
dependent on DR activation and appears to be mediated by the internalization of GIRK
channels (Arora et al., 2011). Interestingly, this effect was not observed in putative DA
neurons of the neighboring SN (Arora et al., 2011). However in a similar study GIRK
channel activity in VTA DA neurons identified with the DA neuron marker line Pitx3-
eGFP did not change following cocaine exposure (Padgett et al., 2012). These findings

suggest a subpopulation of DA neurons experienced adaptation described in putative
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DA neurons, most likely the laterally located NAc lateral shell projecting population
(Lammel et al.,, 2008, 2012). Similarly, GIRK channel activity in VTA DA neurons is
decreased by exposure to methamphetamine (Padgett et al., 2012; Sharpe et al., 2015;
Munoz et al., 2016). Perhaps the psychostimulants cocaine and methamphetamine
share a common mechanism for decreasing GIRK channel activity. Since both drugs
increase extracellular DA concentrations which activate D;R to inhibit DA neurons
(Beckstead et al., 2004), they could work via an activity-dependent mechanism to
internalize GIRK channels (Lalive et al., 2014). In contrast to acute cocaine exposure,
prolonged exposure to methamphetamine reduces GIRK channel activity in SN DA
neurons as well (Sharpe et al.,, 2015). Interestingly, repeated exposure to EtOH
increases D;R-GIRK currents, but does not alter GABAsR-GIRK currents (Perra et al.,
2011). This adaptation can be mimicked by the attenuation of intracellular calcium (Perra
et al., 2011), congruent with the NMDAR- and CaMKII-dependent burst firing-induced
increase in GIRK channel activity in the same neuron population (Lalive et al., 2014), as
these mechanisms involve an increase in calcium. This suggests calcium-mediated
signaling could be a shared mechanism underlying adaptations in GIRK channel activity.

In addition to VTA DA neurons, GIRK channel activity is also reduced following
exposure to psychostimulants in other neuron populations. A single injection of cocaine
or methamphetamine decreases GIRK channel activity in VTA GABA neurons (Padgett
et al., 2012). GABAsR-GIRK signaling in prelimbic layer 5/6 PFC pyramidal neurons is
decreased following repeated exposure to cocaine (Hearing et al., 2013). GIRK channel
trafficking in these neurons appears to be mediated by a phosphorylation dependent
mechanism, as a protein phosphatase inhibitor rapidly reverses the effects of
psychostimulants on GIRK channel activity in PFC pyramidal neurons and VTA GABA

neurons (Padgett et al., 2012; Hearing et al., 2013).
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Table 1.4. Experience-based plasticity of GIRK channel activity.

Experience Cell population Effect on GIRK
channel
activity
Ex vivo manipulations
ex vivo
depolarization/burst VTA DA neurons ) (Lalive et
ex viva tonis fi al. 2014)
9 VTA DA neurons I
protocol
d uncouples
Hypothalamic POMC and DA uORs and (Kelly et
Estrogen (E2) neurons GABAgRs from al., 2003)
GIRK channels
. i (Nassirpour
ex vivo morphine, ~20 h CuIturer?etlr%r:]oScampal iLSA;;R et al.,
B 2010)
Non-drug experiences
(Lecca et
Footshock exposure Lateral habenula J al., 2016)
Repeated forced swim Dorsal raphe nucleus A (Lemos et
stress serotonergic neurons al., 2012)
Circadian cycle, during Suprachiasmatic nucleus ;rotcéli:?l;ﬁd (Hablitz et
the light cycle P P . al., 2014)
function
Cocaine
. Prelimbic PFC layer 5/6 (Hearing et
5d 15 mg/kg, i.p. pyramidal neurons v al., 2013)
: J, lasted up to
1d 15 mg/kg, i.p. VTA, putative DA neurons 54 ;f\r(;rglit)
SN, putative DA neurons n.c. v
. VTA DA neurons n.c. (Padgett et
1d 15 mg/kg, i.p. VTA GABA neurons 1 al., 2012)
Methamphetamine
1, observed at
1d2mglkg VTA DA neurons 1d, did not last (Padgett et
al., 2012)
to 7d
(Sharpe et
3d 2 mg/kg lateral VTA DA neurons J al., 2015)
(Sharpe et
14 d 2 mg/kg lateral VTA DA neurons J al., 2015)
5d 2 mg/kg, i.p.,ina (Sharpe et
novel environment lateral VTA DA neurons v al., 2015)
, {, lasted (Padgett et
1d 2 mg/kg, i.p. VTA GABA neurons through 7d al., 2012)

40




Self-administration for
20 —-444d,

VTA DA neurons J (Sharpe et

SN DA neurons N al., 2015)

Ethanol

2 g/kg, 3 times per day,
for 7 d

T D:R currents  (Rahman
VTA, putative DA neurons n.c. GABAsR etal.,
currents 2003)
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1.4.2 Inhibitory G protein signaling influences behavioral sensitivity

to drugs of abuse

Just as exposure to drugs of abuse can shift GIRK channel activity, genetic
manipulations of inhibitory signaling G protein signaling, GABAgRs, and D;Rs and GIRK
channels alter behavioral sensitivity to drugs of abuse (Table 1.5).

GABA&R appears to play a role in mediating the behavioral sensitivity to a range
of drugs of abuse. Behavioral, neurochemical, biochemical, and molecular alterations
induced by nicotine were prevented by the GABAgR agonist, while these alterations by
nicotine were potentiated by pretreatment with a GABAgR antagonist and in GABAg:R™”
knockout mice (Varani et al., 2018). Intra-VTA GABAgR agonist suppresses alcohol self-
administration in alcohol-preferring rats (Maccioni et al., 2018), decreases EtOH-induced
CPP (Bechtholt and Cunningham, 2005), reduces heroin self-administration (Xi and
Stein, 1999, 2000), blocks cocaine self-administration (Backes and Hemby, 2008), and
reduces amphetamine- or morphine-enhanced locomotion (Leite-Morris et al., 2004;
Zhou et al., 2005). Pretreatment with a novel positive allosteric modulators of GABA&gRS
decrease cocaine self-administration and ethanol drinking (de Miguel et al., 2018). The
loss of GABAg:R from dopamine neurons induces cocaine sensitivity in a mouse strain
that is unresponsive to cocaine, but does not appear to have altered behavioral
sensitivity to morphine (Edwards et al., 2017). Together, this suggests GABAgRS in the
VTA temper behavioral responses to drugs of abuse.

D:R has also been implicated in behavioral sensitivity to drugs of abuse. A
significant reduction in locomotor activity, likely due to the importance of D2R signaling in
the striatum, makes data from Drd2” mice challenging to interpret (Yamaguchi et al.,

1996). However, the loss of DoRs from DA neurons increases behavioral sensitivity to
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cocaine, in both CPP and locomotor behavior, and increases the acquisition of cocaine
self-administration and cue-induced reinstatement (Backman et al., 2006; Bello et al.,
2011; Holroyd et al., 2015). Additionally, the knockdown of DR in the VTA, where DA
neurons are the most prominent cell type, increase cocaine-induced locomotion and
enhanced cue-induced reinstatement (de Jong et al., 2015). DATCre(+):Drd2"" mice are
slower to reach a learning criterion and had difficulty sustaining a prolonged nose poke
response, phenotypes congruent with impaired behavioral inhibition (Linden et al.,
2018). These findings suggest D2R also decrease behavioral sensitivity to cocaine.

GIRK channels have also been implicated in behavioral sensitivity to drugs of
abuse. Girk2” mice display increased behavioral sensitivity to cocaine and morphine, as
measured in the acute locomotor activity assay (Arora et al., 2010; Kotecki et al., 2015).
Girk2",Girk3", and Girk2"/Girk3" mice also have altered cocaine self-administration
(Morgan et al., 2003). Girk3” have increased EtOH binge behavior (Herman et al.,
2015). GIRK channels expressed in the medulla, which functionally couple to MORs,
have been implicated in the respiratory depression aspect of the opioid fentanyl
(Montandon et al., 2016). Additionally, a recently developed GIRK1 channel activator
ML297 does not appear to have rewarding effects, measured with conditioned place
preference (Wydeven et al., 2014), possibly implicating neuronal populations lacking
GIRK1, i.e., VTA and SN DA neurons (Koyrakh et al., 2005; Arora et al., 2010), in
mediating these drug-related behaviors.

Other inhibitory G protein signaling modulators, such as SNX27 and RGS9-2
have been implicated in mediating behavioral sensitivity to drugs of abuse. The loss of
SNX27 from DA neurons, which decreases GABAsR and D;R function, results in
increased behavioral sensitivity to cocaine (Munoz and Slesinger, 2014; Rifkin et al.,

2018). RGS9-2 is highly expressed in the striatum (Anderson et al., 2010), and appears
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to accelerate the on and off kinetics of D.R-GIRK responses (Gold et al., 1997). Rgs9-2"
mice display enhanced behavioral responses to acute and chronic morphine related to
reward, analgesia, tolerance, and withdrawal, as well as increased locomotor responding
to psychostimulants (Rahman et al., 2003; Zachariou et al., 2003; Psigfogeorgou et al.,

2011; Gaspari et al., 2014).

Overall, inhibitory G protein signaling, particularly in VTA DA neurons, appears to

temper behavioral responding to cocaine.
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Table 1.5. Behaviors linked to drugs of abuse in knockout mice with
altered inhibitory GPCR signaling.

Drug Knockout Effect Ref.

T locomotor activity at

Morphine ikl 30 mg/kg (Kotecki et al., 2015)
Cocaine T locomotor activity at (Arora et al., 2010)
15 mg/kg
: T locomotor activity at .
Morphine 10 and 30 mg/kg (Kotecki et al., 2015)
{ respiratory depression (Montandon et al.,
Fentanyl 2016)
- _/_ . -
_ Girk2 T locomotor activity at (Kotecki et al., 2015)
Cocaine 15 mglkg (Morgan et al., 2003)
{ self-administration g K
EtOH  behavioral effects of (Blednov et al., 2001;
EtOH Hill et al., 2003)
: J locomotor activity at ,
Morphine 10 mg/kg morphine (Kotecki et al., 2015)
Cocaine Girk3™" n.c. locomotor activity (Arora et al., 2010)
{ self-administration (Morgan et al., 2003)
EtOH T binge-like drinking (Herman et al., 2015)
Morphine it s - 4 morphine withdrawal (Cruz et al., 2008)
. Girk2™:Girk3 — ,
Cocaine { self-administration (Morgan et al., 2003)
Nicotine GABAg:R” T CPP activity (Varani et al., 2018)
. T locomotor activity
_-l-
Cocaine Rgs9-2 1 CPP activity (Rahman et al., 2003)
Amphetamine Rgs9-27 1 locomotor activity (Rahman et al., 2003)
Morphine Rgs9-27 T CPP activity (Rahman et al., 2003)
Morphine DATCre:Girk2"" T locomotor activity .
Morphine GADCre:Girk2™ n.c. locomotor activity (Kotecki etal., 2015)
Cocaine DATCre:SNX27% lcrt?\filg/c}f locomotor (Padgett et al., 2012)
Cocaine THCre:SNX27% 1 locomotor activity (Rifkin et al., 2018)
Cocaine THCre:GABAgRM | locomotor activity (Edwards et al., 2017)
Morphine n.c. locomotor activity
T locomotor activity (Bello et al,, 2011
Cocaine DATCre:Drd2™ T conditioned place Holroyd et al., 2015;

preference
T self-administration

Linden et al., 2018)
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1.4.3 GIRK channels in DA neurons temper opioid-induced motor

activity

Section 1.4.3 summarizes work on which | am a co-author previously published in J
Neurosci. 2015 May 6;35(18):7131-42. doi: 10.1523/JNEUROSCI.5051-714.2015. “GIRK
Channels Modulate Opioid-Induced Motor Activity in a Cell Type- and Subunit-
Dependent Manner.” Kotecki L, Hearing M, McCall NM, Marron Fernandez de Velasco
E, Pravetoni M, Arora D, Victoria NC, Munoz MB, Xia Z, Slesinger PA, Weaver CD,

Wickman K.

VTA GABA neurons are thought to be primary mediators of the increase in DA by
opioids, e.g., morphine, through disinhibition. The activation MORs causes an inhibitory
GPCR-dependent inhibition of VTA GABA neurons, disinhibiting DA neurons that receive
this GABAergic input (Johnson and North, 1992). As GIRK channels functionally couple
to MORs, one might expect the genetic ablation of GIRK channels or the genetic
ablation of MORs to produce similar effects on behavioral sensitivity to morphine.
However, the genetic loss of MORs prevents the locomotor stimulatory effect of opioids
(Tian et al., 1997; Contarino et al., 2002; Yoo et al., 2003), while Girk2”", and to a more
limited extend Girkl”, mice have increased behavioral sensitivity to morphine, as
determined in an acute locomotor assay (Kotecki et al., 2015). This suggests that GIRK
channels act as an inhibitory barrier to the locomotor stimulatory effects of morphine.
However, it is unclear which brain region and cell type mediates this behavioral effect.

To ascertain whether GIRK channels in GABA neurons are mediate this effect,
the GADCre line was crossed with Girk2"™ mice to ablate GIRK channels from GABA
neurons (Kotecki et al., 2015). Cre- and Cre+ mice did not display any difference in
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morphine locomotor activity (Kotecki et al., 2015), suggesting that GIRK channels in
GABA neurons do not influence morphine locomotor activity. This suggests that the
inhibitory effects of VTA GABA neuron MORs are not largely influenced by GIRK
channels.

To determine if GIRK channels in VTA DA neurons, a cell population involved in
drug-related reward, contribute to increased morphine sensitivity, the DATCre line was
crossed with Girk2" mice to ablate GIRK channels from DA neurons (Kotecki et al.,
2015). DATCre:Girk2" mice display a significant decrease in GABAgR currents in VTA
DA neurons (Figure 1.4 A,B), but GABA&R currents in putative GABA neurons were
unaltered (Figure 1.4 C,D). This indicates the selectivity of this manipulation for DA
neurons. The loss of GIRK channels from DA neurons yielded an increase in the
locomotor response to morphine, similar to our observations in Girk2” mice (Kotecki et
al., 2015).

There are a number of potential mechanisms that could account for this
behavioral phenotype. One possible mechanism for this observation could be the
presence of GIRK channel-coupled MORs on DA neurons. In this scenario, the loss of
MOR-GIRK-mediated inhibition of DA neurons allows leads to the release of additional
DA in the presence of morphine, increasing the locomotor stimulatory effect. Another
possible mechanism is that the loss of GIRK channels from VTA DA neurons reduces
the ability of other GPCRs, such as GABAgRs (Figure 1.4 A,B) or D;Rs engaged
following morphine administration to temper DA release. The expression of MORs on DA
neurons goes against classical thinking about MOR expression being primarily in GABA
neurons in the VTA, recent evidence suggests that a subset of VTA DA neurons are
directly inhibited by MOR agonists (Kotecki et al., 2015). Indeed, the MOR agonist

DAMGO elicited outward currents in 20-25% of VTA DA neurons, and these currents
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were significantly smaller in DATCre(+):Girk2"" mice (Kotecki et al., 2015). This finding
supports the possibility that MORs expressed on VTA DA neurons could contribute to
this morphine locomotor phenotype, but it is not resounding evidence for this
explanation. This suggests the reduction of the strength of other, more robust inhibitory
GPCRs mechanisms in VTA DA neurons, such as GABAgRs or D;Rs, likely underlies
this behavior. Together, this data suggests that the GIRK channel present in VTA DA
neurons is important for mediating behavioral sensitivity to morphine, and might mediate

behavioral sensitivity to other classes of addictive drugs.
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Figure 1.4. GABAgR-GIRK currents in DA and GABA neurons of DATCre
(-):Girk2" and DATCre(+):Girk2"" mice.

A) Representative somatodendritic currents elicited by baclofen (200 uM) in Pitx3eGFP+
neurons (DA neurons) in the VTA of DATCre(-):Girk2" and DATCre(+):Girk2"" mice and
reversed by CGP (2 uM). B) Summary of baclofen-induced currents in DA neurons of
DATCre(-):Girk2" (n = 10 cells, 238 + 41 pA) and DATCre(+):Girk2" mice (n = 12 cells,
44 + 5 pA; Mann-Whitney test, U = 6, p = 0.0004). C) Representative somatodendritic
baclofen currents in Pitx3eGFP- neurons (putative GABA neurons) in the VTA of
DATCre(-):Girk2" and DATCre(+):Girk2" mice, reversed by CGP. D) Summary of
baclofen-induced currents in putative GABA neurons of DATCre(-):Girk2" (n = 10 cells,
47 + 12 pA) and DATCre(+):Girk2" mice (n = 7 cells, 50 + 10 pA; t test, tis = 0.21, p =
0.83). Error bars: mean + SEM. ***p<0.001.

Data in this figure was previously published in Kotecki et al., 2015 J Neurosci, and was
collected by NMM.
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1.5 Purpose of studies

The goal of my thesis work is to understand the contribution of VTA DA neuron
GIRK channels to behavioral sensitivity to the psychostimulant cocaine, and to better
understand the mechanism of plasticity of VTA DA neuron GIRK channels. In Chapter 2,
| investigate whether stimuli known to modulate excitatory signaling in VTA DA neurons,
i.e., morphine and stress (Saal et al., 2003), alter GABAgR-GIRK inhibitory signaling.
Additionally, | assess the ability of systemic D,R agonism to suppress GIRK channel
activity in VTA DA neurons, building upon a previous finding that D;R signaling is
necessary for a cocaine-induced decrease in GIRK channel activity (Arora et al., 2011).
In Chapter 3, | characterize the contribution of the GIRK channel in DA neurons to acute
and repeated cocaine locomotion, cocaine CPP, and cocaine self-administration using
the DATCre(+):Girk2" mouse line (Kotecki et al., 2015). In Chapter 4, | employ a viral
chemogenetic approach to determine if engaging inhibitory G protein signaling in DA
neurons of the VTA decreases the locomotor behavioral response to cocaine and
morphine, a logical outcome based on our findings with the DATCre(+):Girk2"™ mouse
line. Finally, in Chapter 5, | used viral approaches to bi-directionally manipulate the
strength of GIRK channel activity in VTA DA neurons. With these tools, | test the ability
of the unique VTA DA neuron GIRK channel to influence negative affective behaviors
and behavioral sensitivity to cocaine. Overall, my thesis research provides insight into
the behavioral role of the unique VTA DA neuron GIRK channel, and suggest this

channel may be a good target for future pharmacotherapies to treat SUD and addiction.
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Chapter 2
VTA DA neuron GIRK channel activity adaptations
are induced by stress and D2R activation but not

morphine

2.1 Introduction
2.1.1 Do cocaine, stress, and morphine share the ability to decrease

GIRK channel activity?

Psychostimulants, stress, and opioids share the ability to increase excitatory
signaling mediated by AMPA receptors and decrease inhibitory signaling mediated by
GABA\ receptors in VTA DA neurons (Ungless et al., 2001; Saal et al., 2003; Polter and
Kauer, 2014). While cocaine decreases inhibitory G protein signaling mediated by GIRK
channels in VTA DA neurons (Arora et al.,, 2011), the effect of stress or morphine
exposure on GIRK channel activity is unknown.

Adaptations in GIRK channel activity following stress have been characterized in
brain regions outside of VTA DA neurons. In LHb neurons, footshock stress decreases
GIRK channel activity (Lecca et al., 2016, 2017). Similarly, forced swim stress (FSS) or
KOR agonist exposure decreases GIRK channel activity in DRN serotonergic neurons
(Lemos et al.,, 2012). This data suggests stress-inducing stimuli can influence GIRK
channel activity in VTA DA neurons. Chronic restraint and social defeat increase the
spontaneous and burst firing of VTA DA neurons (Kobayashi et al., 2004), suggesting
stressful stimuli could decrease inhibitory signaling in VTA DA neurons, including GIRK

channel activity.
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While the effect of morphine exposure on inhibitory G protein signaling in VTA
DA neurons is unknown, there is some evidence to suggest it might induce an
adaptation in GIRK channel activity. Indeed, morphine and other opioids activate GIRK
channels through MORs. Ex vivo morphine exposure increases 5-HT-GIRK currents, but
decreases GABAsR-GIRK currents in hippocampal cultures (lkeda et al., 2000; Marker
et al., 2004, 2005; Kanbara et al., 2014; Nakamura et al., 2014; Abney et al., 2018),
suggesting morphine can elicit adaptations in GIRK channel activity. Additionally, genetic
ablation of GIRK2 from DA neurons increases behavioral sensitivity to morphine
(Nassirpour et al., 2010), which could indicate that a reduction of GIRK channel activity
in VTA DA neurons could be a contributing mechanism to morphine sensitization
(Kotecki et al., 2015).

A goal of this chapter was to determine if GIRK channel activity could be altered
by exposure to stress or morphine. | hypothesized that stress and morphine exposure
would hypothesized to illicit decreases in GIRK channel activity in VTA DA neurons.
Such adaptations could increase the excitability of DA neurons, complementing
increases in excitatory signaling that are also elicited by stress and morphine exposure
(Saal et al., 2003). To test this hypothesis, mice were exposed to stress or morphine,
and GIRK channel activity in VTA DA neurons was measured 24 hours later. Footshock,

but not morphine or FSS, were found to decrease GABAsR-GIRK currents.
2.1.2 Can D2R activation mimic cocaine-induced adaptations in VTA
DA neuron GIRK channel activity?

Exposure to cocaine decreases GIRK channel activity in VTA DA neurons, and
pretreatment with a D,R antagonist prevents this adaptation (Arora et al., 2011). This

suggests DR activity is necessary for this adaptation. This adaptation could depend on
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activity-dependent plasticity, which has been described in VTA DA neurons (Lalive et al.,
2014). In this model, the large increase in extracellular DA elicited by cocaine would lead
to the activation of the D, autoreceptor on VTA DA neurons (Beckstead et al., 2004).
This inhibition of DA neurons could elicit a PDZ-domain dependent internalization of
GIRK channels (Lalive et al., 2014). To determine if the activation of VTA DA neuron
D2Rs is sufficient to induce adaptations in GIRK channel activity, Pitx3eGFP mice were
given the D;R agonist quinpirole i.p. and 24 hours later, D;R- and GABAsR-GIRK
currents were assessed. Interestingly, GABAgR, but not D;R, currents were diminished

by systemic quinpirole treatment.

2.2 Methods

2.2.1 Animals

All studies were approved by the Institutional Animal Care and Use Committees at the
University of Minnesota. Male C57BL6/J mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Male and female Pitx3eGFP(+) mice were bred in-house.
Mice were group housed and maintained on a 12 h light/dark cycle (lights on at 0700

hours), with food and water available ad libitum.
2.2.2 Reagents

Morphine was obtained through Boynton Health Pharmacy at the University of
Minnesota. 0.9% saline was purchased from Baxter Healthcare Corporation (Deerfield,
IL). Yohimbine, baclofen, CGP54626, quinpirole, sulpiride, and tetrodotoxin (TTX) were
purchased from Sigma (St. Louis, MO).

2.2.3 Stress paradigms

Controls. All controls were habituated to the testing room for an hour, handled by the
experimenter, and returned to the housing room prior to the test mice were stressed.
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Forced swim stress (FSS). | used two methods of forced swim stress in this study. For

blood collection, mice were placed in 1.5 L of cold (~6 °C) water in a 4 L beaker for 5
min (Saal et al., 2003). For slice electrophysiology, | used a 2 day method based on
another publication which found stress-induced adaptations in GIRK channel activity
(Lemos et al., 2012), where mice swam for 15 min on day one, and for four 6 min bouts,
separated by 6 min in 29.0 — 31.0 °C water on day 2.

Footshock. Mice were exposed to two foot shocks for 2 s at 1.5 mA, based on previous
studies using a footshock stress (Polta et al., 2013; Kao et al., 2015).

Yohimbine injection. Mice were administered 5mg/kg yohimbine via i.p. injection

(Aghajanian and VanderMaelen, 1982; Conrad et al., 2012).
2.2.4 Blood collection

Mice were brought into the testing room and habituated for 1 hour. Baseline blood
samples were collected via the retroorbital vein, and mice recovered for 1 hour. Mice
were then stressed (FSS, footshock, or yohimbine injection), and blood was collected at
the following time points after stress: 0 min, 30 min, 75 min, 24 hr. Blood was spun down
in heparin-coated tubes and plasma was stored at -80 °C prior to the corticosterone

radio immunoassay.

2.2.5 Corticosterone radioimmunoassay

Corticosterone in plasma was measured using an 1*?° radioimmunoassay with a
commercially available kit (MP Biomedical, Solon, OH). Corticosterone values were
determined using a corticosterone standard curve run in parallel with blood samples.
2.2.6 Morphine administration

For single morphine exposure studies, locomotor activity was assessed in open field

activity chambers (Med-Associates, St Albans, VT), as described (Pravetoni and
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Wickman, 2008). Subjects were acclimated over 4 days, during which the animals were
handled (2 days) and exposed to i.p. injection (saline; 2 days) and the open field for 1
hour. On the test day, subjects were given either a third i.p. saline injection or a 10
mg/kg dose of morphine. For repeated morphine exposure, mice were brought to a
separate room, left to acclimate for approximately 1 hour, administered 10 mg/kg
morphine in their home cage. After approximately 1 hour, the mice were brought back to
the housing room. Mice received morphine once per day for 5 consecutive days.

2.2.7 Quinpirole administration

For quinpirole exposure, locomotor activity was assessed in open field activity chambers
(Med-Associates, St Albans, VT), as described (Pravetoni and Wickman, 2008).
Subjects were acclimated over 4 days, during which the animals were handled (2 days)
and exposed to i.p. injection (saline; 2 days) and the open field for 1 hour. On the test
day, subjects were given either a third i.p. saline injection or a 1 mg/kg dose of
guinpirole.

2.2.8 Slice electrophysiology

Horizontal slices (225 um) of the mouse VTA (5-9 weeks) were prepared as described
(Kotecki et al., 2015). Neurons medial to the medial terminal nucleus of the accessory
optic tract and identified via GFP expression driven by the Pitx3 promoter were targeted
for analysis in studies using Pitx3eGFP mice. In studies using wild-type C57BL6/J mice,
putative DA neurons were identified by In (> 100 pA). Whole-cell data were acquired
using a Multiclamp 700 A amplifier and the pCLAMPV.9.2 software (Molecular Devices;
Sunnyvale, CA). I, amplitude was assessed using a 1-s voltage ramp (-60 to =120 mV).
Spontaneous activity was measured in current-clamp mode (I1=0) for 1 min. Rheobase

was measured by injecting currents from —-60 pA, increasing in 20 pA increments
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(1 s/step). Rheobase was not measured in footshock or quinpirole studies, when TTX
was included in the bath solution. Rheobase was defined as the minimum current
evoking one or more action potentials. To assess the effect of GABAgR activation on
excitability, neurons were voltage-clamped (Vhos=—60 mV) while baclofen (200 uM) was
applied to the bath. Command potentials factored in a junction potential of —15mV.
Series and membrane resistances were tracked throughout the experiment. If series
resistance was high (>20MQ) or unstable (>20% variation), the experiment was

excluded from analysis.

2.2.9 Statistical Analysis

Data are presented throughout as the mean + SEM. Statistical analyses were performed
using Prism 5 (GraphPad Software, La Jolla, CA). Studies with Pitx3eGFP mice used
male and female mice; studies using wild-type C57BL6/J mice used males. Data were
analyzed first for effects of sex and treatment using a two-way ANOVA. When sex
differences were observed, male and female data were pooled. For studies where there
was a possible effect of sex, | also show the data separated by males and females.
Pairwise comparisons were performed using t tests or Mann-Whitney U tests, or
Bonferroni post-hoc test, as appropriate. Differences were considered significant if p <

0.05.

2.3 Results

2.3.1 Acute stress paradigms increase plasma corticosterone

To ensure that acute footshock and FSS paradigms were adequately stressful,
the ability of these paradigms to increase serum levels of corticosterone was compared
against the a2-adenergic receptor antagonist yohimbine, which blocks presynaptic
receptors on norepinephrine neurons to increase norepinephrine release and has been
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used to pharmacologically mimic stress (Aghajanian and VanderMaelen, 1982). Blood
was collected from mice prior to stress, and 0 min, 30 min, 75 min, and 24 hours
following stress (Figure 2.1A). Blood samples were then analyzed for corticosterone
using a radioimmunoassay. In all paradigms, corticosterone increased significantly from
baseline 0, 30, and 75 min following stress, and returned to baseline levels 24 hours
later (Figure 2.1B). Interestingly, corticosterone in mice that experienced the FSS
paradigm began to decline faster at 75 min (Figure 2.1B), suggesting that the FSS

paradigm was not as stressful as footshock.
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Figure 2.1. Yohimbine injection, FSS, and footshock acutely increase
corticosterone.

A) Schematic depicting corticosterone (CORT) radioimmunoassay experimental design.
B) Serum corticosterone (CORT) levels in mice following exposure to the acute stress
induced by yohimbine (5 mg/kg, i.p.), FSS, or footshock (two-way ANOVA, interaction of
stress type and sample collection time, Fgi0s = 5.59, p < 0.0001; post hoc Bonferroni
tests: footshock versus FSS at 75 min, t = 4.865, p < 0.001; yohimbine versus FSS at 75
min, t = 5.892, p < 0.001)

58



2.3.2 Footshock, but not FSS, reduces GABAgR-GIRK currents in VTA

DA neurons

Next, | wanted to determine if stress was able to elicit adaptations in GABAgR-
GIRK signaling. Because the shorter FSS paradigm appeared to be less stressful than
footshock, which had a very similar CORT profile as yohimbine (Figure 2.1B), |
employed a 2 day FSS protocol, which elicited adaptations in GIRK channel activity in
DRN serotonin neurons (Lemos et al., 2012), for electrophysiological studies, along with
footshock stress. 1-2 days following exposure to handling (control condition) or stress,
somatodendritic GABAgR-GIRK currents were measured in VTA DA neurons (Figure
2.2A). While there was no difference in GABAsR-GIRK signaling between FSS and
control conditions, there was a significant decrease in GABAsR-GIRK currents following
footshock (Figure 2.2B). There were no differences in baseline electrophysiological

parameters (Table 2.1).

2.3.3 Morphine exposure does not alter GABAgR-GIRK currents in

VTA DA neurons

To determine if GIRK channel activity is altered in VTA DA neurons following
exposure to morphine, Pitx3eGFP+ mice were injected with 10 mg/kg morphine and 24
hours later GABAsR-GIRK currents were measured (Figure 2.3A). Morphine injection
increased locomotor activity (Figure 2.3B), and elicited the stereotypical straub tail
phenotype (Nath et al., 1994). However, there was no significant difference in

somatodendritic GABAgR-GIRK currents in VTA DA neurons (Figure 2.3C).
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Figure 2.2. Footshock, but not FSS, reduces GABAsR-GIRK currents in
VTA DA neurons.

A) Schematic depicting stress study experimental design. B) Summary of baclofen-
elicited responses for control (n = 19 cells from 10 mice, 266 + 30 pA), FSS n = 20 cells
from 8 mice, 221 + 28 pA), and footshock (n = 10 cells from 4 mice, 146 + 22; One-way
ANOVA, F = 3.345, p = 0.044; Bonferroni post test: control vs. FSS, t = 1.181, p > 0.05;
control vs. footshock, t = 2.584, p < 0.05).

Table 2.1. Baseline electrophysiology parameters in VTA DA neurons

following control, FSS, or footshock.
From data included in Figure 2.2B. In footshock study, TTX was included in all
solutions; 2 cells in the control condition were from the footshock study.

Condition | n RMP Rheobase Active
(mV) (pA) neurons
Control 19 | 52+3 | 357+ 249+ | -35%0 -20+4 14/17 2.76 +
65 61 (2) (16) 0.33
FSS 20 | 52+3 | 364+ 203 N/A -13+5 18/20 2.08 +
55 52 0.26
Footshock | 13 | 41+5 | 339% 103+ | 1402 N/A N/A N/A
75 37
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Figure 2.3. A single exposure to morphine does not alter GABAsR-GIRK
currents in VTA DA neurons.

A) Schematic of acute morphine exposure experimental design. B) 1 h locomotor activity
following injection of saline (n = 7 mice, 71 £ 9 m) or 10 mg/kg morphine (n = 8 mice,
285 + 62 m; Mann-Whitney test, U = 5.0, p = 0.003). C) Summary of baclofen-elicited
responses in saline (n = 12 cells from 7 mice; 297 £ 41 pA) and morphine (n = 14 cells
from 8 mice, 273 = 60 pA, t test, t24s = 0.316, p = 0.755). D) 1 h locomotor activity
following injection of saline or 10 mg/kg morphine, separated into groups of low (n = 3
mice, 104 + 25 m) and high responders (n = 5 mice, 394 £ 53 m; One-way ANOVA, F =
34.92, p < 0.0001; saline vs. high morphine responders, t = 8.105, p < 0.0001). E)
Summary of baclofen-elicited responses in saline (same as panel B), low morphine
responders (n = 9 cells from 3 mice, 191 + 68 pA), and high morphine responders (n =5
cells from 5 mice, 421 £ 86 pA; Kruskal-Wallis test, K-W = 6.544, p = 0.038; low vs. high
responders, Dunn’s multiple comparison test, p < 0.05).
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Table 2.2. Baseline electrophysiology parameters in VTA DA neurons
following a single injection of saline or morphine.
From data included in Figure 2.3C. There was an effect of sex in excitability measures.

Condition n Cm Rheobase Active Freq
(PA) neuron (H2)
S

290 +

Saline 12 67 + 258 + 367 male -20+0 3/3 0.49
6 25 93 female 0x7 8/9 221+

0.38
3.18+

Morphine | 14 64 + 270 £ 295 + male -28+5 5/5 0.44
7 30 72 female 18+ 16 6/8 202+

0.62
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Figure 2.4. Repeated exposure to morphine does not alter GABAgR-GIRK
currents in putative DA neurons of the VTA.

A) Schematic of repeated morphine experimental design. B) Summary of baclofen-
elicited responses in saline (n = 4 cells from 2 mice; 179 £ 96 pA) and repeated
morphine (n=9 cells from 5 mice, 228 + 53 pA; t test, t11 = 0.483, p = 0.639).

Table 2.3. Baseline electrophysiology parameters in putative DA neurons

of the VTA following a repeated injection of saline or morphine.
From data included in Figure 2.4B.

Condition Rheobase | Active Freq
(pA) neurons (Hz)
. 136 + 306 +
Saline 4 62 +17 32 140 -30+6 4/4 1.52+0.49
. 158 +
Morphine 9 43+ 3 13 118 £ 45 -2+18 6/9 1.01+0.19
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Looking carefully at the spread of the locomotor data, it appeared that while all
mice receiving morphine displayed the straub tail phenotype, not all mice displayed a
robust increase in locomotor activity, compared with controls (Figure 2.3D). Mice
administered morphine were separated by their locomotor response: low responders,
which moved less than 200 m/h and were not significantly different from controls, and
high responders, which moved more than 200 m/h (Figure 2.3D). When assessing
GABAgR-GIRK currents from high and low responders separately, high responders had
increased GABAgR-GIRK currents compared with low responders (Figure 2.3E). This
observation is contrary to my expectation that morphine would decrease GIRK channel
activity. Additionally, there were no morphine-dependent alterations in baseline
electrophysiological properties, but neurons from females displayed increased
excitability (Table 2.2).

After failing to observe a clear impact of a single injection of morphine, | next
asked whether repeated morphine could influence GIRK channel activity in putative DA
neurons of the VTA. To test this, adult male C57BL6/J mice were injected with saline or
morphine (10 mg/kg) for 5 days (Figure 2.4.A). Similar to my findings with a single
exposure to morphine (Figure 2.3C), repeated morphine did not alter on GABAsR-GIRK
currents in putative DA neurons of the VTA (Figure 2.4B), nor did it alter baseline

electrophysiological properties (Table 2.3).

2.3.4 Systemic activation of D2Rs decreases GABAgR-GIRK currents

in VTA DA neurons

Cocaine decreases GIRK channel activity in VTA DA neurons, an adaptation
dependent on D;R activation (Arora et al., 2011). However, it is unknown whether the

stimulation of D2Rs alone is sufficient reduce GIRK channel activity in VTA DA neurons.
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To test this, mice were injected with saline or 1 mg/kg quinpirole (Thompson et al.,
2010), and somatodendritic GABAsR-GIRK currents were recorded in VTA DA neurons
24 hours later (Figure 2.5A). Systemic quinpirole significantly decreased locomotor
activity (Figure 2.5B). While systemic quinpirole did not alter the strength of D;R-GIRK
currents in VTA DA neurons (Figure 2.5D), GABAsR-GIRK currents were significantly
decreased (Figure 2.5F). Baseline electrophysiological properties were not altered by
systemic quinpirole (Table 2.4). While there were no significant effects of sex in this
study, sex differences in the strength of GIRK channel activity have been previously
described in other regions of the mesocorticolimbic system (Marron Fernandez de
Velasco et al., 2015a). When the locomotor and electrophysiological data was separated
by sex (Figure 2.5C, E, G), females appeared to be primary drivers of the decrease in

GABAgR-GIRK currents (Figure 2.5F).
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Figure 2.5. Systemically administered quinpirole decreases GABAgR-
GIRK currents in VTA DA neurons.

A) Schematic of systemic quinpirole electrophysiology experiment. B) Motor activity
following injection of saline (n = 9 mice, 7 included in analysis, 61 £ 9 m) or quinpirole (n
= 8 mice, 6 included in analysis, 9 + 2 m; Mann-Whitney test, U = 0.00, p = 0.001). C)
Motor activity in male mice that received saline (n = 5 mice, 3 included in analysis, 53 +
22 m) or quinpirole (n = 5 mice, 3 included in analysis, 5 + 3 m; Mann-Whitney test, U =
0.0, p = 0.1) and in female mice that received saline (n = 4 mice, 68 £ 6 m) or quinpirole
(n = 3 mice, 12 £ 3 m; t test, ts = 7.96, p = 0.0005). D) D2R-GIRK currents in VTA DA
neurons of mice treated with saline (n = 21 cells from 9 mice, 57 + 8 pA) or quinpirole (n
= 20 cells from 8 mice, 49 + 10 pA; Mann-Whitney test, U = 165, p = 0.246). E) D:R-
GIRK currents in VTA DA neurons of male mice that received saline (n = 10 cells from 5
mice, 52 £ 7 pA) or quinpirole (n = 12 cells from 5 mice, 64 = 15 pA; Mann-Whitney test,
U =59.5, p = 1.00) and in female mice that received saline (n = 11 cells from 4 mice, 62
+ 14 pA) or quinpirole (n = 8 cells from 3 mice, 27 £ 3 pA; Mann-Whitney test, U = 23.5,
p = 0.10). F) GABAsR-GIRK currents in VTA DA neurons of mice treated with saline (n =
17 cells from 9 mice, 204 + 20 pA) or quinpirole (n = 16 cells from 8 mice, 147 + 29 pA;
Mann-Whitney test, U = 58, p = 0.005). G). GABA&R-GIRK currents in VTA DA neurons
of male mice that received saline (n = 10 cells from 5 mice, 218 + 33 pA) or quinpirole (n
= 9 cells from 5 mice, 176 = 49 pA; Mann-Whitney test, U = 26.0, p = 0.131) and in
female mice that received saline (n = 7 cells from 4 mice, 184 + 16 pA) or quinpirole (n =
7 cells from 3 mice, 110 £ 18 pA; Mann-Whitney test, U = 8.00, p = 0.038).

Table 2.4. Baseline electrophysiology parameters in VTA DA neurons

following injection of saline or quinpirole.
From data included in Figure 2.5D.

Condition n cm Rm y RMP
(18] (MQ) (PA) (mV)
Saline 21 55+4 193+11 110+ 25 40+ 2
Quinpirole 20 45+ 3 255+29 | 109+46 401
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2.4 Discussion

The studies in this chapter revealed that only some of the stimuli that elicit
adaptations in excitatory signaling in VTA DA neurons, i.e., stress and morphine
exposure, alter GIRK channel activity. Additionally, D2R activation was sufficient to elicit
a reduction in the GIRK channel activity in VTA DA neurons, similar to cocaine (Arora et
al., 2011).

2.4.1 Footshock, but not FSS, decreases GIRK channel activity in VTA

DA neurons

| found that only one of the two stress paradigms influence GIRK channel activity.
Indeed, GABAsR-GIRK currents in VTA DA neurons were decreased by footshock, but
were not altered by FSS. Footshock is likely a more severe stressor than FSS,
supported by FSS’s slightly quicker recovery of corticosterone. The influence of DA
neuron activity on GIRK channel activity (Lalive et al., 2014) could be an underlying
mechanism for this observation. Perhaps footshock, but not FSS, induces a robust
decrease in VTA DA neuron activity, eliciting adaptations in in GIRK channel trafficking.
Indeed, aversive, painful stimuli can elicit a robust decrease in VTA DA neuron activity
through the activation of GABAergic neurons in the RMTg (Jhou et al., 2009). Other
inhibitory signaling in the VTA engaged by stress, including that mediated by dynorphin
or neuropeptide Y (Korotkova et al., 2003, 2006), could contribute to the decrease in
GABAgR-GIRK currents following footshock. Interestingly, CRF inputs to VTA DA are
generally glutamatergic and excite VTA DA neurons (Korotkova et al., 2006; Tagliaferro
and Morales, 2008), and a number of noxious stimuli are able to increase VTA DA
neuron activity and DA release (Holly and Miczek, 2016). Thus, the mechanisms by

which GIRK channel activity is decreased by footshock might go beyond VTA DA
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neuron activity, or might be specific to a specific projection target-defined subpopulation

of DA neurons (Lammel et al., 2014).

2.4.2 Morphine does not alter VTA DA neuron GIRK channel activity

While cocaine decreases GIRK channel activity in VTA DA neurons through a
D:R- and perhaps excitability-dependent mechanism (Arora et al., 2011; Lalive et al.,
2014), morphine exposure did not alter GIRK channel activity. Morphine and other
opioids are thought to increase DA release indirectly, “disinhibiting” DA neurons, by
acting on MOR on the GABA neurons (Johnson and North, 1992) of the VTA and RMTg.
Thus, morphine exposure increases DA neuron activity. While there are MOR on VTA
DA neurons (Margolis et al., 2014; Kotecki et al., 2015), these receptors might not
impact the excitability of enough VTA DA neurons to significantly decrease the strength
of GIRK channel activity, at least when generally surveying VTA DA neurons.
Interestingly, phasic firing increases GIRK channel activity (Lalive et al., 2014). When
looking at low and high locomotor responders to morphine, the high responders appear
to have enhanced GIRK channel activity. This is consistent with increased DA neuron

excitability leading to increased GIRK channel activity.

2.4.3 D2R activation is sufficient to reduce GABAgR-GIRK currents in

VTA DA neurons

Activation of D;Rs is necessary for the cocaine-induced decrease in GIRK
channel activity in VTA DA neurons. In this study, | found that D;R activation was
sufficient to reduce GABAgR-GIRK currents, but did alter D,R-GIRK currents. The
difference between GABAsR-GIRK and D;R-GIRK signaling might be due differences in
how these receptors are trafficked or due to the heterogeneity of the D2R response

(observed in Chapters 3 and 5 as well). Sex is also a potential contributor to this
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heterogeneity, as sex differences have been observed in GIRK-related physiology and
behavior (Marron Fernandez de Velasco et al., 2015a; McCall et al., 2017). Indeed,
when the electrophysiology data is assessed by sex, females appear to drive the
decrease in GABAgR-GIRK currents, as well as possible decrease in D;R-GIRK
currents. Additionally, because the GABAgR response is larger than the D2R response
(=250 pA versus ~60 pA for control D2R responses), it might be easier to statistically
detect a decrease in these responses.

Interestingly, activating D;Rs caused a significant decrease in locomotor activity.
This result is consistent with some previous findings with quinpirole (Hofford et al., 2012;
Pértile et al.,, 2017), though other experiments found systemic quinpirole increased
locomotor behavior and induced locomotor sensitization (Szechtman et al., 1993;
Thompson et al., 2010; Johnson and Szechtman, 2016; Jung et al., 2017). This
difference in behavior following D;R agonist administration is thought to be mediated by
differences in the activities of presynaptic and postsynaptic D2Rs, which can mediate

hypo- and hyper-locomotion (Hofford et al., 2012).

2.4.4 Overall conclusions

GIRK channel activity in VTA DA neurons adapts following exposure to
psychostimulants and changes in neuronal activity (Arora et al., 2011; Padgett et al.,
2012; Lalive et al.,, 2014). The findings in this chapter further demonstrate that
decreased neuronal activity, in this case mediated by DR activation, is able to reduce
GIRK channel activity in this cell type. Additionally, this chapter found that some,
perhaps more severe, forms of stress to induce similar changes in GIRK channel activity
as cocaine. This chapter also identified a notable divergence in the ability of

psychostimulants and opioids to alter GIRK channel activity in DA neurons, despite the
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loss of GIRK channels from DA neurons influencing behavioral sensitivity to

psychostimulants and opioids.
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3.1 Abstract

The increase in dopamine (DA) neurotransmission stimulated by in vivo cocaine
exposure is tempered by G protein-dependent inhibitory feedback mechanisms in DA

neurons of the ventral tegmental area (VTA). G protein-gated inwardly rectifying

74



K* (GIRK/Kir3) channels mediate the direct inhibitory effect of GABAsg receptor
(GABAgR) and D, DA receptor (D2R) activation in VTA DA neurons. Here we examined
the effect of the DA neuron-specific loss of GIRK channels on D;R-dependent regulation
of VTA DA neuron excitability and on cocaine-induced, reward-related behaviors.
Selective ablation of Girk2 in DA neurons did not alter the baseline excitability of VTA
DA neurons but significantly reduced the magnitude of D;R-dependent inhibitory
somatodendritic currents and blunted the impact of D;R activation on spontaneous
activity and neuronal excitability. Mice lacking GIRK channels in DA neurons exhibited
increased locomotor activation in response to acute cocaine administration and an
altered locomotor sensitization profile, as well as increased responding for and intake of
cocaine in an intravenous self-administration test. These mice, however, showed
unaltered cocaine-induced conditioned place preference. Collectively, our data suggest
that feedback inhibition to VTA DA neurons, mediated by GIRK channel activation,
tempers the locomotor stimulatory effect of cocaine while also modulating the reinforcing

effect of cocaine in an operant-based self-administration task.

3.2 Introduction

Dopamine (DA) neurons of the ventral tegmental area (VTA) are an integral part
of the mesocorticolimbic system, a network of brain regions involved in reward-related
behavior. Most drugs of abuse share the ability to increase extracellular levels of DA
within this circuit (Nestler, 2005). Cocaine enhances DA neurotransmission by inhibiting
transporters that remove DA from the extracellular space, allowing levels of DA to rise in
downstream targets of DA neurons (Di Chiara and Imperato, 1988). Elevated DA
signaling triggered by cocaine is implicated in behavioral effects, including locomotor
stimulation and sensitization, and conditioned place preference (CPP) (Pierce and

Kalivas, 1997; Zweifel et al., 2008).
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In addition to enhancing DA levels in downstream targets of VTA DA neurons,
cocaine also increases DA within the VTA (Groves et al., 1975; Beart et al., 1979). The
cocaine-induced increase in VTA DA levels activates autoreceptors (D2R) that, together
with GABAgR-dependent feedback (Waddington and Cross, 1978; Wolf et al., 1978),
temper VTA DA neuron excitability (Einhorn et al., 1988). Pharmacological blockade or
genetic suppression of G protein-dependent inhibitory feedback pathways in midbrain
DA neurons alters behavioral effects of cocaine, including locomotor activation and self-
administration (Steketee and Kalivas, 1991; Bello et al., 2011; de Jong et al., 2015;
Holroyd et al., 2015). Moreover, inhibitory G protein signaling mediated by GABAgR and
D:R is decreased following cocaine administration (Ackerman and White, 1990; Kushner
and Unterwald, 2001; Arora et al., 2011), highlighting the reciprocal relationship between
cocaine and inhibitory G protein signaling in DA neurons.

The direct inhibitory influence of GABAsR and D:;R activation on VTA DA
neurons is mediated primarily by activation of G protein-gated inwardly rectifying
K* (GIRK/Kir3) channels found in the somatodendritic compartment (Beckstead et al.,
2004; Cruz et al., 2004). Although GIRK1/GIRK2 heterotetramers are considered to be
the prototypical neuronal GIRK channel (Lujan et al., 2014), VTA DA neurons express a
GIRK2/GIRK3 heteromer (Cruz et al., 2004). Girk2 ablation eliminates all GIRK channel
activity in VTA DA neurons (Beckstead et al., 2004; Cruz et al., 2004).

Multiple lines of evidence suggest that GIRK channels modulate DA-dependent

behaviors. Constitutive Girk2™"~

mice are hyperactive, a phenotype normalized by D; DA
receptor (DiR) blockade (Blednov et al., 2002). Moreover, Girk2”~ mice exhibit
enhanced locomotor activation in response to morphine and cocaine (Arora et al., 2010;

Kotecki et al., 2015). The many phenotypes and adaptations associated with

global Girk2 ablation, however, confound interpretation of these data (Lujan et al., 2014).
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For example, VTA DA neurons, NAc medium spiny neurons (MSNs), and layer 5/6
medial prefrontal cortex (MPFC) pyramidal neurons from Girk27~ mice exhibit elevated
AMPA receptor-mediated neurotransmission (Arora et al., 2010; Hearing et al., 2013).
The recent availability of mice lacking GIRK2 in DA neurons permits a more precise
evaluation of the role of GIRK-dependent signaling in modulating DA neuron excitability
and cocaine-induced behaviors (Kotecki et al., 2015). Here we report that GIRK channel
ablation in DA neurons reduces the autoreceptor-mediated inhibition of VTA DA neurons

and alters behavioral sensitivity to cocaine.

3.3 Materials and methods

3.3.1 Animals

All studies were approved by the Institutional Animal Care and Use Committees at the
University of Minnesota and University of Texas Health Science Center, San Antonio.
The generation of Girk2oxflox DATCre(+/-):Girk2Mxfox, and Pitx3-
eGFP(+)/DATCre(+/-):Girk2™1°x mice was described previously (Kotecki et al., 2015).
DATCre  (B6.SJL-Slc6ag3m™mlicreBkmn)  and  Drdla-tdTomato  (B6.Cg-Tg(Drdla-
tdTomato)6Calak/J) lines were purchased from The Jackson Laboratory (Bar Harbor,
ME), and the Drd2-eGFP strain (Tg(Drd2-EGFP)S118Gsat) was obtained from the
Mutant Mouse Regional Resource Center. Mice were maintained on a 12 h light/dark
cycle (lights on at 0700 hours), with food and water available ad libitum.

3.3.2 Drugs

Quinpirole, sulpiride, tetrodotoxin (TTX), and picrotoxin were purchased from Sigma (St
Louis, MO). Cocaine hydrochloride was purchased from Sigma or provided by the
National Institute on Drug Abuse drug supply program (RTI International, Research

Triangle Park, NC).
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3.3.4 Slice electrophysiology

Horizontal slices (225 um) of the mouse VTA (5-7 weeks) were prepared as described
(Kotecki et al., 2015). Neurons medial to the medial terminal nucleus of the accessory
optic tract, and identified via GFP expression driven by the Pitx3 promoter, were
targeted for analysis. DA neurons in the most medial aspect of the VTA were avoided as
they were reported to exhibit low GIRK2 and DR expression (Lammel et al., 2008).
Whole-cell data were acquired using a Multiclamp 700 A amplifier and the pCLAMPv.9.2
software (Molecular Devices; Sunnyvale, CA). I, amplitude was assessed using a 1-s
voltage ramp (-60 to —-120mV). Somatodendritic currents (Vhoa=—60mV) were
measured in the presence of TTX (0.5uM). Spontaneous activity was measured in
current-clamp mode (1=0) for 1 min. Neurons exhibiting no or irregular spontaneous
activities were not evaluated. Rheobase and current/spike relationships were measured
by injecting currents from —-60 to 220 pA, increasing in 20 pA increments (1 s/step).
Rheobase was defined as the minimum current evoking one or more action potentials.
To assess the effect of D2sR activation on excitability, neurons were voltage-clamped
(Vnot=—60 mV) while quinpirole was applied to the bath. At the peak of the quinpirole
response, spontaneous activity and excitability were reassessed. All command
potentials factored in a junction potential of —15 mV. Series and membrane resistances
were tracked throughout the experiment. If series resistance was high (>20 MQ) or
unstable (>20% variation), the experiment was excluded from analysis.

3.3.5 Locomotor activity

Cocaine-induced activity was assessed in open field activity chambers (Med-Associates,
St Albans, VT), as described (Pravetoni and Wickman, 2008). Subjects (7—10 weeks)

were acclimated over 3 days, during which the animals were handled and exposed to i.p.
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injection (saline) and the open field. Distance traveled during the 60-min period following
saline injection on the last acclimation day was taken as baseline activity. For acute
cocaine-induced activity studies, subjects were given 1 of the 3 cocaine doses (3, 15, or
30 mg/kg i.p.). For cocaine sensitization, subjects received cocaine (15 mg/kg i.p.) for 5
days, followed by cocaine challenge (15 mg/kg i.p.) 10—11 days later.

3.3.6 Conditioned place preference

CPP testing was performed in two-compartment chambers (Med Associates) housed
within sound-attenuating cubicles. One cohort was evaluated with 0 (saline) or 15 mg/kg
cocaine using a three conditioning session design (Mirkovic et al., 2012). A second
cohort was evaluated using a modified design involving lower cocaine doses (0.5 and
3 mg/kg) (Wydeven et al., 2014). Side preference in this study was evaluated twice, after
the second and fourth cocaine conditioning sessions. CPP was calculated as the
difference in time spent in drug- and saline-paired chamber during the posttest.

3.3.7 Self-administration

Male mice (15-20 weeks) were group-housed (3-5/cage) on a 12/12 h reverse light—
dark cycle (lights off at 0900 hours), with ad libitum access to food and water throughout
the study. Following jugular catheterization, mice were housed individually and allowed
>7 days to recover. Operant sessions (2 h) were conducted as described (Sharpe et al.,
2015), with minor modifications. During training, responses in the correct nose poke hole
were rewarded on a fixed ratio 1 (FR1) schedule of reinforcement for infusions 1-5, an
FR2 for infusions 6-8, and FR3 thereafter. Upon completing the response requirement,
a green stimulus light in the correct nose poke hole was turned off, a 30-s time out was
initiated, and cocaine was delivered (0.5 mg/kg/infusion over 2s), accompanied by a

sound stimulus of 2kHz. After the timeout, the correct nose poke hole was re-
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illuminated. Although responding in both holes was recorded during the timeout, no
responses were reinforced. Self-administration was considered acquired when infusion
number was >8 in two consecutive sessions and the number of nose pokes in the
correct hole represented 70% of the total. Mice then advanced to 7 days of training on
an FR3 schedule (0.5 mg/kg/infusion) to ensure stable responding prior to the dose-
response assessment. For the dose-response study, cocaine dose per infusion was
increased daily (0.03, 0.1, 0.3, 1.0, and 3.0 mg/kg/infusion). Self-administration across
this dose range was evaluated over three rounds, with the first round considered
training. The average of data for each subject over the last two rounds was used for
analysis. Although all doses were calculated based on a typical weight of a young adult
mouse (28 g), final intake values were corrected for actual bodyweight. Catheters were
flushed before and after sessions to assess patency. Two GIRK2p,WT and four
GIRK2pAKO subjects were excluded from the study owing to inconsistent self-

administration or failed catheter patency.
3.3.8 Statistical analysis

Data are presented throughout as the mean+SEM. Statistical analyses were performed
using Prism (GraphPad Software, La Jolla, CA) and SigmaPlot (Systat Software, San
Jose, CA). With the exception of mMEPSC and self-administration studies, which included
males only, all studies involved balanced groups of male and female mice. Data were
analyzed first for effects of sex and genotype using two-way ANOVA when those were
the only variables. For studies with additional variables (e.g., multiple testing days), the
interaction of sex and genotype was assessed using two-way ANOVAs at each level; the
effect of sex within each genotype was determined using a repeated-measures two-way
ANOVA. When an effect of sex or a sex interaction was observed, data from each sex

were analyzed separately. When sex differences were not observed, male and female
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data were pooled. Pairwise comparisons were performed using Student's tor Mann—
Whitney U tests, or Bonferroni post-hoc test, as appropriate. Differences were
considered significant if P<0.05.

3.3.9 Supplementary methods

For mEPSC recordings in NAc medium spiny neurons (MSNs), coronal slices (250 pm)
containing NAc core and shell from adolescent (5-7 wk) male GIRK2paWT and
GIRK2pAKO mice, crossed with either Drdla-tdTomato or Drd2-eGFP lines to identify D1
or D2 MSNs, respectively, were prepared an ice-cold solution containing (in mM): 229
mM sucrose, 1.9 KCI, 1.2 Na;HPO,, 33 NaHCO3, 6 MgClz, 0.5 CaCl,, 10 glucose, 0.4
ascorbic acid (pH 7.4), constantly bubbled with 95% O,/5% CO.,. Prior to recordings,
slices were allowed to recover for at least 1 h in pre-warmed (32 °C) ACSF (in mM): 125
NaCl, 2.5 KCI, 1.25 Na;HPO,4, 25 NaHCOs3;, 4 MgClz, 1 CaCl,, 10 glucose, 0.4 ascorbic
acid (pH 7.4), saturated with 95% 0O,/5% CO:..

Slices were transferred to a recording chamber and superfused with oxygenated
ACSF (in mM): 125 NaCl, 2.5 KCI, 25 NaHCOs3, 1.3 MgCl,, 2.0 CaCl,, 10 glucose, 0.4
ascorbic acid (pH 7.4), at a flow rate of 2-2.5 mL/min. TTX (0.5 uM) and picrotoxin (50
UM) were included in the bath solution throughout the recording to prevent action
potentials and GABAxR-mediated currents, respectively. Subsequent bath application of
2 mM kynurenic acid was used to verify that observed mEPSC activity was specific to
ionotropic glutamate receptors. mEPSCs (Vhold= -70 mV) were recorded using
borosilicate electrodes (2.7-3.5 MQ), filtered at 2 kHz, and digitized at 10 kHz using an
EPC10 HEKA amplifier and Patchmaster 2x73.2 software (HEKA Elektronic; Bellmore,
NY). Amplitude and frequency values were extracted with Mini Analysis (Synaptosoft)
software. All command potentials factored in a junction potential of -15 mV, and series

resistance, membrane resistance, and apparent cell capacitance were tracked
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throughout the experiment. If series resistance was unstable (>20% variation), the

experiment was excluded from the final dataset.

3.4 Results
3.4.1 D2sR-dependent signaling and excitability in VTA DA neurons

from GIRK2paAKO mice

We recently demonstrated that VTA DA neurons in DATCre(+):Girk2"" mice
(GIRK2p2KO mice) exhibited diminished inhibitory somatodendritic current responses to
GABAgR activation (Kotecki et al.,, 2015). To test whether autoreceptor-mediated
signaling in VTA DA neurons from GIRK2p, KO mice was similarly blunted, we measured
currents evoked by a saturating concentration (20 uM) of the D2sR agonist quinpirole.
GIRK2pAKO mice were crossed with mice expressing GFP under the control of a DA
neuron-specific promoter (Pitx3) to permit targeted characterization of VTA DA neurons.
VTA DA neurons from DATCre(-):Girk2"™°* mice (GIRK2pAWT mice) exhibited outward
currents that were reversed by the D3R antagonist sulpiride (5 uM; Figure 3.1A).
Although DA neurons from GIRK2paKO mice also showed quinpirole-induced responses,
amplitudes were smaller than their wild-type counterparts (Figure 3.1A, B; Mann-
Whitney U=85.5, ***P<0.001). There was no effect of genotype on other properties of
VTA DA neurons (Table 3.1).

We next measured spontaneous activity and rheobase in the absence or
presence of quinpirole (20 uM). At baseline, VTA DA neurons from GIRK2pAWT and
GIRK2paKO mice exhibited no difference in spontaneous activity (Figure 3.2A, B),
rheobase (Figure 3.2C, D), current—spike relationship (Figure 3.2E), or other properties
(Table 3.2). In the presence of quinpirole, spontaneous activity of VTA DA neurons from

GIRK2pAWT mice was completely eliminated (16/16 neurons; Figure 3.2A, B). In
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contrast, quinpirole eliminated spontaneous activity in only 6/12 neurons GIRK2pAKO
VTA DA neurons, with the remainder showing an incomplete suppression of activity
(Mann-Whitney U=48.0, **P<0.01). Quinpirole markedly decreased excitability
(increased rheobase) in GIRK2paWT VTA DA neurons but had less of an effect on
GIRK2pAKO VTA DA neurons (Figure 3.2C, D; Mann—-Whitney U=17.5, ***P<0.001).
Finally, the current/spike relationship was more prominently suppressed by quinpirole in
VTA DA neurons from GIRK2paWT as compared with GIRK2pAKO mice (Figure 3.2E;
Fi14,336=24.5, P<0.001, current x genotype interaction). These data indicate that, while
loss of GIRK-dependent signaling does not impact baseline excitability of VTA DA
neurons, it does dampen the inhibitory influence of autoreceptor-dependent signaling on

these neurons.
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Figure 3.1. D2sR-dependent somatodendritic currents in VTA DA neurons
from GIRK2paWT and GIRK2paKO mice.

A) Representative currents evoked by quinpirole (20 uM) and reversed by sulpiride
(5uM) in VTA DA neurons from GIRK2paWT and GIRK2pAKO mice. Currents were
recorded with TTX (0.5uM) in the bath to prevent synaptic activity. B) Summary of
qguinpirole-induced currents in VTA DA neurons from GIRK2paWT (n=23) and
GIRK2pAKO  (n=19) mice. Circles represent individual data  points.
***P<0.001 vs GIRK2paWT.

Table 3.1. Summary of data for VTA DA neurons evaluated in Figure 3.1

Parameter GIRK2paWT | GIRK2pAKO | Test | Test statistic P value
Group size (n) 23 19 n/a n/a n/a
Age (d) 401 401 n/a n/a n/a
Capacitance (pF) 49+ 4 44+ 3 M-W U =187 0.43
I amplitude (pA) -165 £ 49 -68 + 20 M-W U=148 0.08

Electrophysiological parameters obtained for experiments assessing quinpirole-induced
somatodendritic currents in the presence of 0.5 uM TTX, shown in Figure 3.1. The
impact of genotype was assessed using the Mann-Whitney (M-W) U-test.
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Table 3.2. Summary data for VTA DA neurons evaluated in Figure 3.2

Parameter GIRK2paWT | GIRK2pAKO | Test | Test statistic P value
Group size (n) 16 12 n/a n/a n/a
Age (d) 371 39+1 n/a n/a n/a
Capacitance (pF) 49+ 3 53+4 t tre =-0.81 0.43
In amplitude (pA) -126 + 27 -126 + 36 M-W U =289 0.75
Action potential

amplitude (mV) 64 + 2 60 £ 2 t trg = 1.25 0.22

half-width (ms) 1.53+0.05 | 1.56 +0.06 t t2e =-0.44 0.66

threshold (mV) -51.6+0.7 | -51.2+0.3 | M-W U=90 0.80

Baseline electrophysiological parameters obtained for excitability experiments shown in
Figure 3.2. The impact of genotype was assessed using the Student’s t-test (t) or Mann-
Whitney (M-W) U-test, as appropriate.
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Figure 3.2. Excitability of GIRK2paWT and GIRK2paKO VTA DA neurons
in the absence and presence of quinpirole.

A) Representative traces showing spontaneous activity in GIRK2paWT and GIRK2paKO
VTA DA neurons at baseline and in the presence of quinpirole (20 uM). B) Summary of
spontaneous activity in GIRK2paWT (n=16) and GIRK2paKO (n=12) VTA DA neurons. C)
Typical responses of GIRK2paWT and GIRK2paKO VTA DA neurons to depolarizing
current injection (80 pA), at baseline, and in the presence of quinpirole (20 uM). D)
Rheobase summary for GIRK2pAWT (n=16) and GIRK2pAKO (n=12) VTA DA neurons at
baseline and in the presence of quinpirole (20 uM). E) Plots showing the number of
action potentials elicited by a 1-s current injection (-60 to 220 pA) in GIRK2paWT (n=16)
and GIRK2paKO (n=12) VTA DA neurons at baseline and in the presence of quinpirole
(20 uM). **P<0.01 and ***P<0.001 vs GIRK2paWT (within current step).
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3.4.2 Excitatory neurotransmission in the NAc of GIRK2pAKO mice

The amplitude and frequency of miniature excitatory postsynaptic currents
(MEPSCs) were elevated in MSNs of the nucleus accumbens (NAc) shell from
constitutive Girk2™~ mice, observations paralleling an increase in AMPA receptor levels
at excitatory synapses in these neurons (Arora et al., 2010). To discern whether this
adaptation is driven by loss of GIRK-dependent signaling in VTA DA neurons, we
compared mEPSCs in NAc core and shell MSNs from GIRK2paWT and GIRK2paKO
mice. To facilitate the targeted evaluation of neuron subpopulations in the NAc, we
crossed GIRK2p,KO mice with transgenic mice expressing fluorescent proteins in D1R-
expressing (Drdla-tdTomato) or D:R-expressing (Drd2-GFP) MSNs. No genotype
difference in mEPSC amplitude or frequency was observed in D1R- or D;R-expressing
MSNs in the NAc core or shell (Supplementary Figure 3.S1). Thus the increased
excitatory neurotransmission observed in NAc MSNSs in Girk2~~ mice is driven by loss of

GIRK2 in a non-DA neuron population(s).
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Supplementary Figure 3.S1. Excitatory neurotransmission in NAc MSNs
of GIRK2paWT and GIRK2paKO mice.

A) Representative traces of mMEPSCs in D;R-expressing MSNs in the NAc core of male
GIRK2paWT and GIRK2p,KO mice; observed events were blocked by 2 mM kynurenic
acid. B) mEPSC frequency in D;R-expressing MSNs in the NAc core (n=9-10) and shell
(n=11-12), and D;R-expressing MSNs in the NAc core (n=11-13) and shell (n=9-13). C)
Summary of mMEPSC amplitude in DiR-expressing MSNs in the NAc core (n=9-10) and
shell (n=11-12), and D2R-expressing MSNs in the NAc core (n=11-13) and shell (n=9-
13).
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3.4.3 Cocaine-induced locomotor activity in GIRK2paKO mice

We next evaluated GIRK2p,WT and GIRK2p,KO mice in an open field activity
test (Figure 3.3). We observed a significant effect of sex (Fi9=7.7, P<0.01) and
genotype (F1,99=15.0, P<0.001) on baseline activity (saline day 2, S2), with GIRK2paKO
mice exhibiting a small but significantly higher level of activity than GIRK2pAWT mice,
and females showing higher activity than males. Significant main effects of genotype
(male F14.=30.8, P<0.001; female F149=8.2, P<0.01) and dose (male
F24=74.0, P<0.001; female F;49=43.8, P<0.001), as well as genotype x dose
interactions (male F.4,=4.6, P<0.05; female F;49=6.7, P<0.01), were observed in both
sexes. Notably, mice of both genotypes and sexes increased locomotor activity in
response to cocaine, with the 15mg/kg dose revealing elevated responses in male
(Figure 3.3A) and female (Figure 3.3B) GIRK2pAKO mice. Interestingly, there was no
difference between female GIRK2paWT and GIRK2paKO at the 30 mg/kg dose. No
difference in baseline activity or the locomotor-stimulatory effect of 15 mg/kg cocaine
was observed between DATCre(+) and DATCre(-) littermates (Supplementary Figure
3.52), arguing that activity differences between GIRK2paWT and GIRK2p,KO mice are
attributable to the loss of GIRK channels from DA neurons.

Repeated cocaine leads to locomotor sensitization, the enhanced response to
subsequent cocaine exposures that persists after prolonged withdrawal (Robinson and
Berridge, 2001). To test whether locomotor sensitization differed between GIRK2paWT
and GIRK2pAKO mice, we used a repeated dosing procedure involving 5 days of cocaine
injections (15 mg/kg) and a cocaine challenge test. We observed a significant interaction
of sex and injection number in GIRK2paWT mice (Fs136=2.5; P<0.05), and thus male

(Figure 3.3C) and female (Figure 3.3D) subjects were analyzed separately. Significant
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Figure 3.3. Cocaine-induced locomotor activity and sensitization in
GIRK2pAWT and GIRK2paKO mice.

Distance traveled (in m) by GIRK2paWT and GIRK2pAKO mice in an open field test. The
test included a handling day (H), followed by 2 days of saline injections (S: and S;), and
then a final day with injection of 3, 15, or 30 mg/kg cocaine. Distance traveled on S, was
taken as baseline activity. A) Baseline (n=20-28 per genotype) and acute cocaine-
induced locomotor activity (n=6-12 per genotype and dose) in male GIRK2paWT and
GIRK2pAKO mice. *P<0.01 and ***P 0.001 vs GIRK2paWT (within dose). B) Baseline
(n=25-30 per genotype) and acute cocaine-induced locomotor activity (n=7-11 per
genotype and dose) in female GIRK2paWT and GIRK2pAKO mice. Symbols:
***P<0.001 vs GIRK2paWT (within dose). C) Total distance traveled by male
GIRK2paWT (n=8) and GIRK2pAKO (n=8) mice during the locomotor sensitization test.
The repeated dosing protocol included a handling day (H) followed by 2 days of saline
injections (S1 and S»), and then 5 days of cocaine injections (Ci-s; 15 mg/kg); mice were
challenged again with 15mg/kg cocaine test (T) 10-11 days after the fifth cocaine
injection. Symbols: *P<0.05, *P<0.01, and ***P<0.001 vs GIRK2paWT (within injection).
D) Distance traveled by female GIRK2paWT (n=11) and GIRK2pAKO (n=9) mice during
the locomotor sensitization test. *P<0.05 and ***P<0.001 vs GIRKZ2paWT (within
injection).
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Supplementary Figure 3.S2. Cocaine-induced locomotor activity in
DATCre(-) and DATCre(+) mice.

A) Baseline (S2) and acute cocaine-induced locomotor activity (15mg/kg) in male and
female DATCre(-) (n=10) and DATCre(+) (n=7) littermate mice.
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main effects of genotype (male F1112=10.6, P<0.01; female F1144=20.2, P<0.001) and
injection number (male Fg112=110.2, P<0.001; female Fs144=89.0, P<0.001), as well as
genotype x injection number interactions (male Fg112=3.8, P<0.001; female
Fs,144=8.3, P<0.001), were observed for male and female subjects. Male and female
GIRK2pAKO mice exhibited enhanced locomotor activity relative to GIRK2paWT
counterparts in response to cocaine on all days (Figure 3.3C, D). Moreover, all groups
exhibited significantly greater locomotor activity on the challenge test relative to activity
measured after the initial cocaine exposure (not shown). Notably, while the activity of
GIRK2paWT mice increased with each cocaine injection, the activity of GIRK25aKO mice
plateaued between the first and third injections. These findings suggest that GIRK2p,KO
mice exhibit a ‘presensitized' phenotype similar to that induced by genetic suppression of

GIRK-dependent signaling in the mPFC (Hearing et al., 2013).

3.4.4 Cocaine-induced CPP in GIRK2paKO mice

We next assessed cocaine reward in GIRK2p,KO mice using a CPP test. As
male and female GIRK2pAKO mice exhibited increased locomotor-stimulatory effect of
15 mg/kg cocaine relative to GIRK2paWT counterparts, we used this dose with three
drug/side pairings. A separate group of mice was conditioned with saline (0 mg/kg).
Surprisingly, cocaine CPP was indistinguishable in GIRK2paWT and GIRK2p KO mice
(Figure 3.4A). Previous CPP studies have shown a shallow or non-existent dose—
response relationship for cocaine in the 4-12 mg/kg dose range in mice and a significant
effect of conditioning session number on CPP magnitude (Brabant et al., 2005). Thus we
also evaluated CPP utilizing lower cocaine doses (0.5 or 3 mg/kg) and after both two and
four conditioning sessions. Again, no significant difference in cocaine CPP was detected

between genotypes (Figure 3.4B, C).
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Figure 3.4. Cocaine-induced CPP in GIRK2paWT and GIRK2paKO mice.

A) Cocaine-induced CPP in GIRK2paWT (n=10-12 per dose) and GIRK2pAKO (n=12-14
per dose) mice, measured as the difference in time spent in the drug (CS+) and saline
(CS-) paired sides on test day. B) Cocaine-induced CPP in a separate cohort of
GIRK2paWT (n=9-11 per dose) and GIRK2p,KO (n=10 per dose) mice, measured after
two drug conditioning sessions. C) Cocaine-induced CPP in the same mice as in panel
B, measured after four drug conditioning sessions.
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3.4.5 Cocaine self-administration in GIRK2pAKO mice

Finally, we asked whether intravenous cocaine self-administration was impacted
by the loss of GIRK channels in DA neurons. No difference between GIRK2p,WT and
GIRK2pAKO mice was observed with respect to acquisition of self-administration (Figure
3.5A-C), defined as earning eight infusions during two consecutive sessions, with nose
pokes at the correct hole accounting for >70% of the total (Supplementary Figure
3.S3A, B). After meeting acquisition criteria, mice were transitioned to an FR3 schedule
of reinforcement (0.5 mg/kg/infusion), during which GIRK2paWT (14.3£1.2) and
GIRK2paKO (12.840.8; t13s=1.1, P=0.29) earned comparable infusions per session.

After completing baseline FR3 training, self-administration behavior as a function
of cocaine dose was assessed using an FR3 schedule of reinforcement. Although
patterns of responding were comparable within and across subjects at the various
cocaine doses (Supplementary Figure 3.S4), an interaction between genotype and
dose with respect to infusions earned was observed (F472=3.0, P<0.05); GIRK2pAKO
mice earned more infusions of cocaine than GIRK2paWT controls, most evident during
sessions involving the lowest three cocaine doses (Figure 3.5D). Importantly, a strong
preference for responding in the correct nose poke hole was observed both GIRK2paWT
and GIRK2p.KO throughout the dose-response study (Supplementary Figure 3.S3C,
D). Furthermore, a main effect of genotype was detected for total cocaine intake
(F1,72=6.1, P<0.05), with higher levels observed for GIRK2p KO mice relative to

littermate controls (Figure 3.5E).
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Figure 3.5. Cocaine self-administration in male GIRK2paWT and
GIRK2paAKO mice.

A) Depiction of the self-administration procedure, beginning with jugular catheterization
surgery and a >7-day recovery period. Acquisition of cocaine self-administration was
achieved in daily 2-h sessions where the response requirement was raised from an FR1
to an FR3 (0.5 mg/kg/infusion). GIRK2paWT (n=9) and GIRK2p KO (n=11) meeting
acquisition criteria were maintained at an FR3 schedule for 7 days (baseline) prior to
assessing intake and infusions as a function of cocaine dose. B) The number of
infusions earned during the first 11 days of cocaine self-administration (training). C)
Number of training sessions needed to meet acquisition criteria (t1s=0.65, P=0.54). D)
Number of infusions, with FR3 schedule of reinforcement, earned as a function of unit
dose of cocaine (0.03-3.0 mg/kg/infusion). **P<0.01 and ***P<0.001 vs GIRK2paWT
(within dose). E) Cocaine intake as a function of unit dose, with the two lowest doses
expanded in the inset. *P<0.05 (main effect of genotype).
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Supplementary Figure 3.S3. Operant responding in GIRK2paWT and
GIRK2paKO mice.

A) Nose pokes at the correct/active and incorrect holes during acquisition. An interaction
of session and genotype on incorrect side nose pokes (Fio0,180=2.2, P<0.05) was seen,
along with an effect of session on correct side nose pokes (Fioi80=7.2, P<0.001).
GIRK2pAWT (F10,30=4.9,P<0.001) and GIRK2paKO mice (F10,100=6-7, P<0.001) exhibited
more correct than incorrect nose pokes in the latter sessions. Symbols: *****P<0.01 and
0.001 (GIRK2paWT vs. GIRK2paKO, incorrect nose pokes); *,**,***P<0.05, 0.01, and
0.001 (correct/active vs. incorrect nose pokes; GIRK2paWT mice). MM MAP<(.05, 0.01,
and 0.001 (active vs. inactive nose pokes; GIRK2p,KO mice). B) Percentage of total
nose pokes made on the incorrect side during acquisition. A significant effect of training
session was observed (Fi0180=10.7, P<0.001). C) Correct/active and incorrect nose
pokes during the dose-response study. A significant interaction between genotype and
dose was seen for correct/active nose pokes (Fs72=2.7, P<0.05). A significant effect of
dose (F472=7.9, P<0.001) but not genotype on incorrect nose pokes was found. Both
GIRK2paWT (F4,32=3.0, P<0.05) and GIRK2paKO (F440=11.5, P<0.001) mice exhibited
more correct/active than incorrect nose pokes. Symbols: *****P<0.01 and 0.001
(GIRKZ2paWT vs. GIRK2paKO; correct/active nose pokes). *,**,***P<0.05, 0.01, and 0.001
(correct/active vs. incorrect nose pokes; GIRK2paWT mice). A"\ "MAP<(0.05, 0.01, and
0.001 (correct/active vs. incorrect nose pokes; GIRK2p,KO mice). D) Percentage of total
nose pokes made on the incorrect side during the dose-response assessment.
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Supplementary Figure 3.54.

Representative raster plots for GIRK2paWT A) and GIRK2p,KO B) mice depicting their
patterns of responding during the daily 2-h cocaine self-administration sessions at
specified doses (0.03-3 mg/kg/infusion). Each dot indicates delivery of a cocaine infusion
with an FR3 schedule of reinforcement.
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3.5 Discussion

We reported previously that GABAgR-GIRK signaling was diminished in VTA DA
neurons, but not in VTA GABA neurons, from GIRK2paKO mice (Kotecki et al., 2015).
Here we show that autoreceptor-mediated signaling is also diminished in GIRK2paKO
mice, while baseline measures of neuronal excitability are unchanged. Thus the
GIRK2pAKO mouse is a selective model of decreased inhibitory feedback (both GABA&gR
and autoreceptor mediated) to DA neurons. Behavioral analysis of these mice revealed
the critical influence of inhibitory feedback to DA neurons in both non-contingent
(locomotor activity) and response-contingent (self-administration) cocaine-related

behaviors.

3.5.1 GIRK-dependent inhibitory feedback and cocaine-induced

locomotor activity

GIRK2pAKO mice, similar to constitutive Girk2”~ mice (Arora et al., 2010), are
more sensitive to the locomotor-stimulatory effect of cocaine. This unconditioned
behavioral response to cocaine is DA dependent and tempered by GABAsR- and
autoreceptor-mediated inhibitory feedback to VTA DA neurons. Indeed, cocaine-induced
locomotor activity was enhanced by intra-VTA infusion of pertussis toxin (Steketee and
Kalivas, 1991), which inhibits the G proteins that mediate GABAgR and autoreceptor-
dependent signaling. In addition, intra-VTA infusion of the GABAgR agonist baclofen or
the D,sR-antagonist sulpiride blocked and potentiated, respectively, the locomotor-
stimulatory effect of cocaine (Steketee and Kalivas, 1991; Chen and Reith, 1994). In
terms of cocaine-induced locomotor activity, GIRK2paKO mice behave comparably to
mice lacking D2R in DA neurons (Bello et al.,, 2011). RNAi-dependent suppression of

D2R in VTA in rats also yielded enhanced cocaine-induced locomotor activity (de Jong et
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al., 2015). As GIRK2-containing channels mediate most of the direct inhibitory effect of
GABA&R and autoreceptor activation on VTA DA neurons (Beckstead et al., 2004; Cruz
et al.,, 2004), these behavioral insights highlight the key influence of the GIRK
component of the inhibitory G protein-mediated feedback pathways on acute cocaine-
induced locomotor stimulation. Our data further show that while GIRK-dependent
signaling in DA neurons is not required for the development of locomotor sensitization,
they do provide an opposing influence on this addiction-related phenomenon.

3.5.2 GIRK-dependent inhibitory feedback and cocaine reinforcement

Although available evidence shows that inhibitory G protein-dependent feedback
to VTA DA neurons modulates the reinforcing effect of cocaine, the nature of this
influence differs across studies. For example, we show here that GIRK2paKO mice
display normal acquisition of cocaine-induced self-administration but an overall higher
intake of cocaine and, specifically, enhanced responding when presented with low

cocaine doses per infusion. Constitutive Girk2™~

mice were also able to acquire cocaine
self-administration but displayed decreased responding at lower cocaine doses (Morgan
et al., 2003). The divergent phenotypes of constitutive Girk27~ and GIRK2p,KO mice are
likely attributable to widespread deficits in GIRK-dependent signaling and alterations in
both excitatory and inhibitory ionotropic neurotransmission in the former model (Lujan et
al.,, 2014). Interestingly, GIRK2pAWT and GIRK2paKO mice exhibited different
responding for cocaine at a dose (0.3 mg/kg/infusion) comparable to that used during
training, wherein no genotype difference was detected. This may reflect an impact of the
order of cocaine dose presentation on self-administration behavior or a manifestation of
differential adaptations triggered by cumulative cocaine exposure between the groups.

GIRK2pAKO mice also differ from other genetic models of autoreceptor ablation

in terms of cocaine reinforcement. For example, the RNAi-mediated suppression of D2R
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in the rat VTA enhanced motivation to work for cocaine as assessed using progressive
ratio scheduling, whereas not altering acquisition of cocaine self-administration or fixed
ratio responding (de Jong et al., 2015). Moreover, mice lacking D2R in DA neurons
acquired cocaine self-administration more quickly than control subjects, while other
parameters, including intake, motivation, and sensitivity, were normal (Holroyd et al.,
2015). Interestingly, these mice also exhibited enhanced cocaine CPP at low doses
(Bello et al., 2011), whereas we detected no CPP phenotype in GIRK2pAKO mice.
Apparent behavioral discrepancies across these genetic models could reflect procedural
and/or species differences or point to the overlapping but distinct impact of the genetic
lesions. With respect to the latter point, it is noteworthy that GIRK2p,KO mice exhibit
deficits in both GABAgR- and autoreceptor-mediated inhibitory feedback to DA neurons.
GABA&R activation in the VTA decreases cocaine self-administration in rats (Brebner et
al., 2000; Backes and Hemby, 2008), suggesting that GABAsR-GIRK signaling in VTA
DA neurons may also influence sensitivity to cocaine in a response-contingent
procedure. In addition, whereas GIRK channels contribute to the somatodendritic
inhibitory impact of autoreceptor activation on VTA DA neurons, D2R are also expressed
on axon terminals of DA neurons in terminal regions where they can modulate
neurotransmitter release (Sesack et al., 1994). Finally, the residual quinpirole-induced
current seen in VTA DA neurons from GIRK2p KO mice shows that the inhibitory
influence of autoreceptor activation on these neurons is mediated by multiple effectors.
Notably, our self-administration studies involving GIRK2paKO mice did not
attempt to dissociate motivation to gain access to cocaine from intake, and thus we
cannot speak of the potential impact of GIRK ablation in DA neurons on motivation
separate from intake. Furthermore, it is important to note that increased levels of

responding may reflect a decreased sensitivity to the reinforcing effect of the drug. Given
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that GIRK2paKO mice exhibit increased sensitivity to the locomotor-stimulatory effect of
cocaine, however, our current working hypothesis is that GIRK2paKO mice are more
sensitive to cocaine.

3.5.3 The unique GIRK channel in VTA DA neurons

The VTA DA neuron GIRK channel (GIRK2/GIRK3) is unique, as most neuronal
GIRK channels contain GIRK1 (Cruz et al., 2004; Koyrakh et al., 2005; Labouébe et al.,
2007). Interestingly, Girk2 ablation yields a complete loss of VTA DA neuron GIRK
channel activity (Beckstead et al., 2004; Cruz et al., 2004), whereas Girk3 ablation yields
increased sensitivity of the residual channel (GIRK2 homomer) to receptor activation
(Labouébe et al., 2007; Lunn et al., 2007). The opposing contributions of GIRK2 and
GIRK3 are also sensed at the behavioral level, where loss of GIRK2 in DA neurons
correlates with increased locomotor effects of cocaine and morphine, while
constitutive Girk3 ablation correlates with decreased locomotor-stimulatory effect of
morphine (Arora et al., 2010; Kotecki et al., 2015). The GIRK channel in VTA DA
neurons undergoes activity-dependent bidirectional modulation; burst firing increases
GIRK-dependent signaling in VTA DA neurons, whereas tonic firing suppresses channel
activity (Lalive et al., 2014). The latter phenomenon is reminiscent of the cocaine-
induced suppression of GIRK-dependent signaling in VTA DA neurons, attributable to a
subcellular redistribution of GIRK2-containing channels (Arora et al., 2011). The
plasticity of GIRK channels provides a plausible explanation for how experience could
impact the sensitivity of the mesocorticolimbic system to subsequent experiences, drug

or otherwise.
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3.6 Concluding remarks

The unique subunit composition of the VTA DA neuron GIRK channel, and its
importance in modulating sensitivity to cocaine and other drugs of abuse, suggests that
direct modulation of this target could be useful for treating aspects of addiction. Indeed,
GABAgR activation reduced self-administration and addiction-related behaviors linked to
cocaine and other drugs of abuse in rodents (Brebner et al., 2000; Xi and Stein, 2000;
Ranaldi and Poeggel, 2002; Leite-Morris et al., 2004; Liang et al., 2006; Filip et al.,
2007). As most GIRK channels contain GIRK1, a GIRK2/GIRK3-selective activator
should selectively enhance GIRK-dependent signaling in VTA DA neurons. Although
GIRK2/GIRK3 channel activators have not yet been reported, the development of potent
modulators of GIRK1-containing GIRK channels suggests that other channel subtype-

selective modulators will be forthcoming (Kaufmann et al., 2013; Wydeven et al., 2014).
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Chapter 4
Chemogenetic activation of inhibitory G protein
signaling in VTA DA neurons decreases neuronal

excitability and locomotor behavior

4.1 Introduction

GIRK channel activity in VTA DA neurons tempers behavioral sensitivity to
morphine and cocaine (Kotecki et al., 2015; McCall et al., 2017) (Chapter 1 and
Chapter 3), and exposure to cocaine decreases in GIRK channel activity in VTA DA
neurons (Arora et al., 2011). These observations support the hypothesis that the
strength of GIRK channel activity in VTA DA neurons is inversely related to behavioral
sensitivity to drugs of abuse. A prediction of this hypothesis is that generally increasing
inhibitory G protein signaling, which is mediated in part by GIRK channels, in VTA DA
neurons will result in decreased behavioral sensitivity to cocaine and morphine. In the
chapter, | tested this prediction using a chemogenetic approach to inhibit VTA DA
neurons prior to cocaine- or morphine-enhanced locomotion. | employed inhibitory
hM4Di designer receptors exclusively activated by designer drugs (DREADDSs), which
are based upon the muscarinic 4 receptor. The activity of DREADDSs is mediated in part
by GIRK channels (Armbruster et al., 2007), though inhibitory hM4Di DREADDs function
in brain regions that generally lack GIRK channels, such as the striatum (Karschin et al.,
1996; Ferguson et al., 2011).
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In this chapter, | assessed the ability of on-demand inhibitory G protein signaling
in VTA DA neurons to mitigate the behavioral effects of drugs of abuse. | predicted that
engaging inhibitory G protein signaling in VTA DA neurons would decrease the
locomotor behavioral response to cocaine and morphine. | also assessed the GIRK
channel contribution to the inhibitory effect of hM4Di DREADDs in VTA DA neurons. |
found the activation of inhibitory hM4Di DREADDSs in VTA DA neurons elicits an outward
current mediated in part by GIRK channels. Interestingly, | also found engaging hM4Di
DREADDs in VTA DA neurons causes a profound, general decrease in locomotor
activity.

4.2 Methods

4.2.1 Animals

All studies were approved by the Institutional Animal Care and Use Committee at the
University of Minnesota. B6.SJL-Slc6a3™1CeBkmn g (stock #006660, The Jackson
Laboratory), hereafter referred to as DATCre(+) mice, heterozygous for Cre, were used
in all viral manipulation studies. This DATCre line has been extensively used for the
selective viral manipulation of DA neurons, offers improved dopaminergic targeting over
other available DA neuron-targeting Cre lines, and does not alter DAT expression in
heterozygotes(Backman et al., 2006; Lammel et al., 2015; Stuber et al., 2015). All mice
for this study were bred in-house at the University of Minnesota. Male and female mice
were used for all studies, with groups balanced by sex. Mice were maintained on a 12 h

light/dark cycle, and were provided ad libitum access to food and water.
4.2.2 Reagents
Cocaine and morphine were obtained through Boynton Health Pharmacy at the

University of Minnesota. 0.9% saline was purchased from Baxter Healthcare Corporation
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(Deerfield, IL). Clozapine-N-oxide (CNO) was obtained from Tocris Bioscience (Bristol,
UK). Barium chloride was obtained from Sigma-Aldrich (St. Louis, MO). In behavioral
studies CNO was dissolved in saline and DMSO (Sigma-Aldrich; St. Louis, MO), for a
final dose of 10 mg/kg in 1 mg/ml. All viruses were produced by the University of
Minnesota Viral Vector and Cloning Core (Minneapolis, MN). AAV8-DIO-hSyn-hM4Di-
mCherry was used to express hM4Di inhibitory DREADD in a Cre-dependent manner. A
Cre-dependent virus expressing mCherry (AAV8-DIO-hSyn-mCherry) served as the

control.

4.2.3 Intracranial viral 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: -2.6 mm A/P, £0.6-0.7 mm M/L,
-4.7 mm D/V). 500 nL (2.16 x 10*® — 3.26 x 10* genocopies/mL) of virus per side was
injected over 5 min. Microinjectors left in place for 10 min following infusion to reduce
backflow along the infusion track. Immunohistochemistry, slice electrophysiology, and
behavioral experiments were performed 3 weeks after surgery to allow for full recovery
and viral expression.

4.2.4 Slice electrophysiology

Somatodendritic currents were evaluated in both behaviorally naive mice (4 weeks
following viral injection). Horizontal slices (225 um) containing the VTA were prepared in
ice-cold sucrose ACSF, as described (Kotecki et al., 2015; McCall et al., 2017). Neurons
medial to the medial terminal nucleus of the accessory optic tract (MT) and identified via
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the Cre-dependent viral-mediated fluorescence were targeted for analysis. Whole-cell
data were acquired using a Multiclamp 700A amplifier and pCLAMPv.9.2 software
(Molecular Devices; Sunnyvale, CA). I, amplitude was assessed using a 1-s voltage
ramp (-60 to -120 mV). Spontaneous activity was measured in current-clamp mode (1=0)
for 1 min. For rheobase assessments, cells were held in current-clamp mode and given
1-s current pulses, beginning at -80 pA and progressing in 20 pA increments until spiking
was elicited. Rheobase was defined as the minimum current step evoking one or more
action potentials. CNO-induced somatodendritic currents were measured at a holding
potential (Vhog) Of -60 mV. For CNO rheobase measures, after an outward current was
detected in voltage clamp, we returned to current clamp and ran the rheobase protocol
again. All command potentials factored in a junction potential of -15 mV predicted using
JPCalc software (Molecular Devices, LLC; Sunnyvale, CA). Series and membrane
resistances were tracked throughout the experiment. If series resistance was unstable,
the experiment was excluded from analysis.

4.2.5 Locomotor behavior

Locomotor activity was assessed in open field activity chambers (Med-Associates, St.
Albans, VT), as described (Pravetoni and Wickman, 2008). In brief, subjects were
acclimated over 3 d, during which the animals were handled on one day and exposed to
i.p. injection (saline) on two days, and then placed in the open field. On the fourth (test)
day, mice were injected with 2 mg/kg CNO, placed back in their home cage for 30
minutes, and then injected with saline, cocaine (15 mg/kg, i.p.), or morphine (10 mg/kg,

i.p.). Distance traveled during the following 60 minute period was recorded.
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4.2.6 Tissue processing

Viral targeting accuracy was assessed in all behavioral subjects using fluorescence
microscopy following behavior. Brains were drop-fixed in 4% paraformaldehyde (PFA) in
phosphate buffered saline (PBS). After fixing overnight, brains were placed in 10%
sucrose in PBS for 24 h, followed by 30 % sucrose until tissue suck. Brains were sliced
on a Thermo Scientific HM525 NX cryostat at 40 um thickness. To assess and
summarize the expression pattern and spread of virus, 2x images of bright field and
fluorescent viral expression were taken with a IX81ZDC2 Olympus microscope, overlaid,
and matched to the horizontal mouse brain atlas (Franklin and Paxinos, 2008). Only data
from mice in which the majority (>80%) of expression was confined to the VTA, with
limited or no diffusion to adjacent structures (i.e., SN pars compacta), was included in
the analysis of behavioral studies.

4.2.7 Statistical Analysis

Data are presented throughout as the mean + SEM. Statistical analyses were performed
using Prism 5 (GraphPad Software, La Jolla, CA). All studies involved balanced groups
of male and female mice. Data were analyzed first for effects of sex and virus using two-
way ANOVA. No sex differences were observed; therefore, male and female data were
pooled. Pairwise comparisons were performed using t tests or Mann—-Whitney U tests,
one way ANOVA, or two way ANOVA, with Bonferroni post-hoc test, as appropriate.

Differences were considered significant if p < 0.05.
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4.3 Results
4.3.1 Chemogenetic-activated inhibitory G protein signaling in VTA
DA neurons decreases neuronal excitability and is partially mediated

by GIRK channels

My first goal was to use inhibitory hM4Di DREADDSs to reduce VTA DA neuron
excitability by engaging inhibitory G protein signaling. First, | wanted to confirm that
GIRK channels mediated part of hM4Di DREADD inhibition in VTA DA neurons. To
achieve this, | virally the VTA of DATCre(+) (Backman et al., 2006) or DATCre(+):Girk2""
mice (Kotecki et al., 2015) with a Cre-dependent viruses expressing inhibitory hM4Di
DREADDs or a control mCherry-expressing Cre-dependent virus in (Figure 4.1A). After
allowing 4 weeks for recovery from surgery and viral expression, mice were prepared for
brain slice electrophysiology (Figure 4.1A). | assessed the ability of inhibitory hM4Di
DREADDs in VTA DA neurons to decrease excitability by assessing rheobase at
baseline and following the bath application of the DREADD agonist clozapine-N-oxide
(CNO; 10 uM). The bath application of CNO significantly increased the rheobase of
DREADD-expressing VTA DA neurons in DATCre(+) mice (Figure 4.1B), confirming the
ability of inhibitory DREADDSs to inhibit DA neurons of the VTA.

| also assessed the contribution of GIRK channels to the inhibitory outward
currents elicited by CNO. Bath application of CNO elicited outward currents that were
reversed by the bath application of a low dose of Ba?* (0.3 mM), a K* channel blocker
(Figure 4.1C, D). This reversal by Ba?* suggests that GIRK channels are involved in the
inhibitory effect of DREADDSs. To further assess the involvement of GIRK channels in
mediating the inhibitory effect of hM4Di DREADDs, CNO currents were assessed in DA

neurons lacking GIRK channels (i.e., DATCre(+):Girk2" mice). The CNO current was
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significantly smaller in mCherry+ VTA neurons in DATCre(+):Girk2"™ mice than in
DATCre(+) mice (Figure 4.1C, D, dark purple), lending further support that GIRK
channels contribute to the function of hM4Di DREADDSs. Importantly, the bath application
of CNO does not elicit significant outward currents in VTA DA neurons expressing a
mCherry control viral construct (Figure 4.1C, D, light purple). This suggests the CNO-
induced change in rheobase and outward currents are mediated by inhibitory hM4Di
DREADDs rather than an “off target” effect of CNO. Baseline electrophysiological
parameters were largely unaltered in our viral manipulations (Table 4.1). Overall, the
inhibitory hM4Di DREADD decreases the excitability of VTA DA neurons partially GIRK-

dependent manner.
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A Virus to VTA Electrophysiology

O Control virus, DATCre (+)
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Figure 4.1. CNO inhibits VTA DA neurons expressing inhibitory DREADD
viral construct and reduces locomotor behavior.

A) Schematic of electrophysiology study. B) CNO application increases rheobase in VTA
DA neurons expressing inhibitory DREADD (n = 9 cells from 3 mice, 1M/2F; paired t test,
ts = 3.55, p = 0.008). C) Representative somatodendritic CNO currents (10 pM) in
DATCre(+) mice expressing control and DREADD viruses, and DATCre(+):Girk2"" mice
expressing DREADD virus. D) Summary of somatodentric CNO currents in hM4Di (n =
21 cells, 41 + 6 pA), control (n = 9, 7 + 1 pA), hM4Di in Girk2" (n = 15, 16 = 2 pA)
DATCre(+) mice (Kruskal-Wallis test, K-W = 24.8, p < 0.0001).
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Table 4.1 Baseline electrophysiology parameters in VTA DA neurons

expressing inhibitory hM4Di DREADD or control virus.
From data included in Figure 4.1C, D. Difference is from the DATCre(+)-hM4Di
condition.

Rheobase | Active Freq

Condition (pA) neurons  (Hz)
DATCre(+) 507 + 3.85 +
e 21 33+ 3 s | s6x19 | 1xe | 1421 | S5
147 + 43
DATCre(+) 181 + t test 251+
Control 9 445 30 | tw=222 | 2T | 89 G
p=0.03
45+ 5
el fl/fl -
PATCIel SN | 13 s | Tt |03 28 | 6216 | 1003 | Z0S
p = 0.027
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4.3.2 Chemogenetic inhibition in VTA DA neurons decreases
locomotor activity

The loss of GIRK channels from VTA DA neurons increased the behavioral
locomotor response to cocaine (Chapter 3) (McCall et al., 2017) and morphine (Chapter
1) (Kotecki et al.,, 2015). Thus, | hypothesized that increasing inhibitory G protein
signaling in VTA DA neurons using a chemogenetic approach would decrease
behavioral sensitivity to these drugs. Control or hM4Di inhibitory DREADD Cre-
dependent viruses were infused to the VTA of DATCre(+) mice (Figure 4.2A). On test
day, all mice received CNO (2 mg/kg, i.p.) 30 minutes prior to an i.p. injection of saline,
cocaine (15 mg/kg), or morphine (10 mg/kg). The activation of hM4Di inhibitory
DREADD significantly reduced locomotor activity, whether following the injection of

saline, cocaine, or morphine (Figure 4.2B).
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Figure 4.2. hM4Di inhibitory DREADD-mediated inhibition of VTA DA
neurons reduces locomotion.

A) Schematic of behavioral study assessing the impact of inhibiting VTA DA neurons on
drug-potentiated locomotor activity. B) 1h locomotor activity following saline (control, n =
7, 99 £ 19 m/h; hM4Di, n = 8, 12 + 3 m/h), 15 mg/kg cocaine (control, n = 8, 278 = 50
m/h; hM4Di, n = 7, 83 £ 19 m/h), or 10 mg/kg morphine (control, n = 7, 601 = 43 m/h;
hM4Di, n = 4, 59 + 14 m/h) 30 min following an i.p. injection of 2 mg/kg CNO.
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4.4 Discussion

The goal of this chapter was to test the hypothesis that the strength of inhibitory
G protein signaling in VTA DA neurons is inversely related to a behavioral sensitivity to
drugs of abuse. Inhibitory hM4Di DREADDs decreased the excitability of DA neurons in
a partially GIRK-dependent manner. Interestingly, engaging inhibitory hM4Di DREADDs
elicited a general decease in locomotor activity, rather than selectivity for cocaine or
morphine. This suggests that inhibitory G protein signaling in VTA DA neurons
contributes generally to locomotor activity, rather than specifically for sensitivity to drugs
of abuse. Interestingly, another research group performed a very similar experiment
using an AAV-hSyn-DIO-hM4Di-mCherry virus in adult male THCre(+) mice (Runegaard
et al., 2018b), another mouse line commonly used to target DA neurons (Lammel et al.,
2015; Stuber et al., 2015). This group also found that CNO alone decreased locomotor
activity in the open similar to the present findings for the saline control group. This group
attributes this finding to novelty-induced exploratory activity, rather than a general
locomotor effect, as DA has been implicated in novelty-related behavior (Redgrave and
Gurney, 2006). To reduce the confound of exploratory activity, Runegaard et al. allowed
mice to habituate to the open field for 90 min prior to CNO and subsequent cocaine or
saline administration (Runegaard et al., 2018b). With this approach, engaging inhibitory
hM4Di DREADD in VTA DA neurons, and in NAc projecting DA neurons, was able to
selectively decrease cocaine-induced locomotion (Runegaard et al., 2018b). While the
mice in the present study were habituated to the locomotor chambers for 3 d in an
attempt to remove the confound of novelty-induced exploratory activity, habituation to
the chambers just prior to the administration of cocaine appears to be needed to fully
dissociate this effect. Another possible explanation for the general locomotor effect is

that the VTA was not selectively targeted enough. Indeed, a study targeting the VTA and
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SN with a KOR-inspired DREADD (Vardy et al., 2015) found a decrease in locomotor
activity (Marchant et al., 2016), similar to the present study. Because it is challenging to
be entirely selective for the VTA, the locomotor results in the present study could be
confounded by some expression of hM4Di inhibitory DREADD in the SN.

Intriguingly, chemogenetic activation of inhibitory G protein signaling in VTA DA
neurons is able to reduce some, but not all, types of drug-related behavior. Engaging
inhibitory hM4DI DREADDs does not prevent behavioral sensitization to cocaine, nor
does it prevent cocaine CPP or alter preference for or free consumption of a sweetened
milk reward (Runegaard et al.,, 2018b). Another study found that engaging inhibitory
hM4Di DREADDs in VTA DA neurons caused male THCre(+) rats decreased motivation
for cocaine and attenuated drug seeking induced by yohimbine, a chemical stand-in for
stress, or cocaine (Mahler et al.,, 2018). Furthermore, inhibiting VTA DA neurons with
hM4Di DREADDs blocks heroin self-administration (Corre et al., 2018).

Overall, the hypothesis tested in this chapter, that engaging inhibitory G protein
signaling in VTA DA neurons decreases behavioral sensitivity to drugs of abuse, was not
supported by the findings presented in this chapter, but is supported by similar work from
other groups. This suggests that inhibitory G protein signaling in VTA DA neurons is
important for tempering the early behavioral aspects of reward seeking, particularly
those with a motor component. Thus, engaging inhibitory G protein signaling in VTA DA
neurons through pharmacotherapy could be useful as a prophylactic approach for
preventing addiction or for a treatment to reduce stress or drug exposure-induced

relapse.
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Chapter 5
GIRK channel activity in dopamine neurons of the
ventral tegmental area bi-directionally regulates

behavioral sensitivity to cocaine

Chapter 5 was submitted for review at The Journal of Neuroscience on 11 December
2018 and accepted for publication 22 February 2019.

Abstract

Dopamine (DA) neurons of the ventral tegmental area (VTA) have been widely
implicated in the cellular and behavioral responses to drugs of abuse. Inhibitory G
protein signaling mediated by GABAGg receptors (GABAgRS) and D, DA receptors (D2Rs)
regulates the excitability of VTA DA neurons, DA neurotransmission, and behaviors
modulated by DA. Most of the somatodendritic inhibitory effect of GABAgR and D:R
activation on DA neurons reflects the activation of G protein-gated inwardly rectifying K*
(GIRK) channels. Furthermore, GIRK-dependent signaling in VTA DA neurons can be
weakened by exposure to psychostimulants and strengthened by phasic DA neuron
firing. The objective of this study was to determine how the strength of GIRK channel
activity in VTA DA neurons influences sensitivity to cocaine. We employed a Cre-
dependent viral strategy to overexpress the individual GIRK channel subunits in VTA DA
neurons of male and female adult mice, leading to enhancement (GIRK2) or suppression
(GIRK3) of GIRK channel activity. Overexpression of GIRK3 decreased somatodendritic
GABAgR- and D:R-dependent signaling and increased cocaine-induced locomotor
activity, while overexpression of GIRK2 increased GABAgR-dependent signaling and

decreased cocaine-induced locomotion. Neither manipulation impacted anxiety- or
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depression-related behavior, despite the link between such behaviors and DA signaling.
Together, these data show that behavioral sensitivity to cocaine in mice is inversely
proportional to the strength of GIRK channel activity in VTA DA neurons and suggest
that direct activators of the unigue VTA DA neuron GIRK channel subtype
(GIRK2/GIRK3 heteromer) could represent a promising therapeutic target for treatment

of addiction.

Significance Statement

Inhibitory G protein signaling in dopamine (DA) neurons, including that mediated
by G protein-gated inwardly rectifying K* (GIRK) channels, has been implicated in
behavioral sensitivity to cocaine. Here, we used a viral approach to bi-directionally
manipulate GIRK channel activity in DA neurons of the ventral tegmental area (VTA).
We found that decreasing GIRK channel activity in VTA DA neurons increased
behavioral sensitivity to cocaine, while increasing GIRK channel activity decreased
behavioral sensitivity to cocaine. These manipulations did not alter anxiety- or
depression-related behaviors. These data highlight the unique GIRK channel subtype in

VTA DA neurons as a possible therapeutic target for addiction.
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5.1 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 behavioral
responses to reward and drugs of abuse, including cocaine (Juarez and Han, 2016).
Cocaine inhibits membrane monoamine transporters, including the dopamine transporter
(DAT) (Rocha, 2003; Hall et al., 2004). As a result, cocaine increases DA levels in brain
regions receiving dopaminergic projections (e.g., nucleus accumbens/NAc), and locally
within the VTA (Di Chiara and Imperato, 1988; Aragona et al., 2008). Cocaine exposure
engages inhibitory G protein signaling in VTA DA neurons, including that mediated by
somatodendritic D, DA autoreceptors (D:Rs) and GABAsR receptors (GABAgRS).
Elevated VTA DA levels stimulate D2Rs (Brodie and Dunwiddie, 1990; Ford, 2014), while
GABAergic inputs activate GABAgRs on VTA DA neurons (Edwards et al., 2017). The
direct inhibitory effect of DR and GABAgR activation on VTA DA neurons is mediated
largely by activation of G protein-gated inwardly rectifying K* (GIRK/Kir3) channels (Cruz
et al., 2004; Labouébe et al., 2007; Arora et al., 2010). While most neuronal GIRK
channels contain GIRK1 and GIRK2 subunits (Lujan et al., 2014), VTA DA neurons
express a GIRK2/GIRK3 heteromeric channel (Cruz et al., 2004).

Work with knockout mice suggests that behavioral sensitivity to cocaine is
inversely proportional to the strength of GIRK-dependent signaling in DA neurons. Girk2™
= mice exhibit increased locomotor responses to cocaine and morphine (Arora et al.,
2010; Kotecki et al., 2015) and altered cocaine self-administration (Morgan et al., 2003),
as do mice lacking GIRK channels in DA neurons (DATCre(+):Girk2"" mice) (Kotecki et
al.,, 2015; McCall et al.,, 2017). However, Girk2”~ mice exhibit an array of other
behavioral phenotypes (Signorini et al., 1997; Blednov et al., 2001, 2003; Marker et al.,

2004, 2005; Costa et al., 2005; Pravetoni and Wickman, 2008), as well as adaptations in
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excitatory and inhibitory neurotransmission in multiple reward-associated neuron
populations (Arora et al., 2010; Hearing et al., 2013), making it challenging to attribute
changes in cocaine-related behavior to a specific population. While DATCre(+):Girk2""
mice afford increased cell specificity over Girk2™~ mice, GIRK-dependent signaling in all
DA neurons, including those in the VTA, substantia nigra, and hypothalamus (Meister
and Elde, 1993; Lorang et al., 1994; DeMaria et al., 2000), is likely altered in this model.
Suppression of inhibitory G protein signaling in the VTA by pertussis toxin
enhances the behavioral effects of cocaine (Steketee and Kalivas, 1991), suggesting
that this signaling tempers behavioral sensitivity to cocaine. Notably, GIRK-dependent
signaling in VTA DA neurons following psychostimulant exposure is decreased through
channel internalization (Arora et al., 2011; Munoz et al., 2016). The strength of GIRK
channel activity in VTA DA neurons is also modulated by neuronal excitability, with large
depolarization events (e.g., phasic DA neuron firing) potentiating GIRK-dependent
signaling, and hyperpolarization or tonic DA neuron firing reducing GIRK-dependent
signaling (Lalive et al., 2014). These observations converge on a working model wherein
in vivo psychostimulant exposure inhibits DA neurons via GABA&sR and DR activation,
leading to decreased strength of inhibitory G protein signaling mediated by GIRK
channel activation and, consequently, increased behavioral sensitivity to cocaine
(Hearing et al., 2012; Marron Fernandez de Velasco et al., 2015b; Rifkin et al., 2017).
Here, we used viral and genetic approaches to determine how the strength of
GIRK channel activity in VTA DA neurons influences behavioral sensitivity to cocaine in
mice. Since VTA DA neurons project to a number of brain regions implicated in anxiety
and depression, including the hippocampus, amygdala, and prefrontal cortex, and
activation of DA receptors in these brain regions influences anxiety- and depression-like

behaviors (Zarrindast and Khakpai, 2015; Belujon and Grace, 2017), we also asked
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whether manipulation of GIRK channel activity in VTA DA neurons impacted negative
affective behavior. We found that while anxiety and depression-related behaviors were
unaltered by our manipulations, behavioral sensitivity to cocaine was inversely related to

the strength of GIRK-dependent signaling in VTA DA neurons.

5.2 Materials and Methods

5.2.1 Mice

All studies were approved by the Institutional Animal Care and Use Committee at
the University of Minnesota. B6.SJL-Slc6a3™-1c®Bkmn 3 (stock #006660, The Jackson
Laboratory, RRID:IMSR_JAX:006660), hereafter referred to as DATCre(+) mice,
heterozygous for Cre, were used in all viral manipulation studies. This DATCre line has
been widely used for the selective viral manipulation of DA neurons, offers improved
selective targeting of dopaminergic over other available DA neuron-targeting Cre lines,
and does not exhibit altered DAT expression in heterozygotes (Backman et al., 2006;
Lammel et al., 2015; Stuber et al., 2015). The generation of DATCre:Girk2" mice was
described previously (Kotecki et al., 2015). All mice for this study were bred in-house.
Male and female mice were used for all studies, with groups balanced by sex. All mice
were maintained on a 12 h light/dark cycle, and were provided ad libitum access to food

and water.

5.2.2 Reagents

Baclofen, CGP54626, quinpirole, sulpiride, triton-X, and DPX were purchased
from Sigma (St. Louis, MO). Cocaine was obtained through Boynton Health Pharmacy at
the University of Minnesota. Saline (0.9%) was purchased from Baxter Healthcare
Corporation (Deerfield, IL). Normal donkey serum was purchased from Gemini Bio-

Products (West Sacramento, CA). The anti-tyrosine hydroxylase antibody, made in

121



sheep was purchased from PelFreez (Cat# P60101-0, RRID:AB_461070) and the anti-
GFP antibody, made in chicken, was purchased from abcam (Cat# abl13970,
RRID:AB_300798). Donkey anti-sheep Cy5 (Cat# 703-225-155, RRID:AB_2340370) and
donkey anti-chicken Cy2 (Cat# 713-175-147, RRID:AB_2340730) secondary antibodies
were purchased from Jackson ImmunoResearch. All viruses were produced by the
University of Minnesota Viral Vector and Cloning Core (Minneapolis, MN). AAV8-DIO-
hSyn-GIRK2c¢c-IRES-GFP and AAV8-DIO-hSyn-GIRK3-IRES-GFP vectors were used to
overexpress GIRK2 and GIRKS3, respectively, in a Cre-dependent manner. Cre-
dependent viruses expressing GFP (AAV8-DIO-hSyn-GFP) or mCherry (AAV8-DIO-

hSyn-mCherry) served as controls.

5.2.3 Intracranial viral 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: -2.6 mm A/P,
+0.6-0.7 mm M/L, -4.7 mm D/V); 500 nL (2.16 x 10* — 3.26 x 10* genocopies/mL) of
virus per side was injected over 5 min. Microinjectors were left in place for 10 min
following infusion to reduce solution backflow along the infusion track.
Immunohistochemistry, slice electrophysiology, and behavioral experiments were

performed 3 wk after surgery to allow for full recovery and viral expression.

5.2.4 Immunohistochemistry

Mice were anesthetized with ketamine/xylazine and transcardially perfused with

phosphate buffer (PB), followed by 4% PFA in 0.1M PB. Brains were extracted and post-
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fixed overnight in 4% PFA in PB at 4°C. Brains were then rinsed with PB and transferred
to 30% sucrose in PB. Horizontal slices of VTA (50 um) were prepared using a sliding
microtome (Leica SM 2000R) and stored in PB at 4°C. Three slices, separated by ~350
um, were stained for each mouse; 3 separate mice per viral condition were analyzed. All
steps were performed at room temperature, with free-floating slices, in a 24-well plate on
a rocker. Slices were rinsed in phosphate buffered saline (PBS; 3x10 min) and incubated
in blocking solution (0.3% triton-X and 3% normal donkey serum in PBS) for 2 h. Slices
were then incubated overnight in blocking solution containing a sheep anti-tyrosine
hydroxylase antibody (1:500) and chicken anti-GFP antibody (1:500). Slides were rinsed
with PBS (3x10 min) and then incubated in secondary antibodies diluted in PBS (1:500
donkey anti-sheep Cy5; 1:200 donkey anti-chicken Cy2) for 2 h, after which slices were
rinsed with PBS (6x10 min). Slices were mounted on glass slides and allowed to fully dry
before being dehydrated with 3 min incubations in: 70% EtOH, 80% EtOH, 95% EtOH,
100% EtOH, and xylene. Slides were mounted using DPX and allowed to dry. Slides
were imaged by the University Imaging Center at the University of Minnesota on a Nikon
A1R confocal microscope (Nikon USA, Melville, NY) imaged with the galvano scanner
using 488 nm and 567 nm lines and filters. The images were collected using a 10x,
0.45na plan apo objective at 1024x1024 pixels, with a zoom of 1x using the Scan Large
Area feature utilizing Perfect Focus. Four 15-um z-steps were collected and images
were generated in Nikon Nis-Elements AR (Nikon USA, Melville, NY) using Extended
Depth of Focus (EDF). To assess the fidelity and penetrance of the viruses, the Cy2 and
Cy5 channels were merged using Fiji (imagej.nih.gov), with Cy2 as green and Cy5 as
magenta. In the region of viral expression with in the VTA, the number of Cy2+ neurons,

Cy5+ neurons, and Cy2+/Cy5+ neurons were quantified using the cell counter plugin in
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Fiji. Representative images in Figure 5.1 were taken with an 1X81ZDC2 Olympus

microscope (Shinjuku, Tokyo, Japan) at 20x.

5.2.5 Slice electrophysiology

Somatodendritic currents were evaluated in both behaviorally naive mice (3 wk
following viral injection; 66-73 d), and at the conclusion of behavioral testing (5-6 wk
following viral injection; 80-110 d). Horizontal slices (225 um) containing the VTA were
prepared in ice-cold sucrose ACSF, as described (Kotecki et al., 2015; McCall et al.,
2017). Neurons medial to the medial terminal nucleus of the accessory optic tract (MT),
and identified via Cre-dependent viral-mediated fluorescence, were targeted for analysis.
Whole-cell data were acquired using a Multiclamp 700A amplifier and pCLAMPvV.9.2
software (Molecular Devices; Sunnyvale, CA). I, amplitude was assessed using a 1-s
voltage ramp (-60 to -120 mV). Spontaneous activity was measured in current-clamp
mode (I=0) for 1 min. For rheobase assessments, cells were held in current-clamp mode
and given 1-s current pulses, beginning at -80 pA and progressing in 20 pA increments
until spiking was elicited. Rheobase was defined as the minimum current step evoking
one or more action potentials. Agonist-induced somatodendritic currents were measured
at a holding potential (Vnog) Of -60 mV. All command potentials factored in a junction
potential of -15 mV predicted using JPCalc software (Molecular Devices, LLC;
Sunnyvale, CA). Series and membrane resistances were tracked throughout the
experiment. If series resistance was unstable, the experiment was excluded from

analysis.
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5.2.6 Behavior

All mice in this study were evaluated in elevated plus maze (EPM), forced swim
test (FST), and open field cocaine-induced locomotor activity assays in the light cycle, in
this order, with at least 1 d separating each test. For the EPM test, mice were transferred
to the testing room 1 h prior to evaluation. Mice were placed in the middle of the maze,
facing a corner between an open and closed arm. Video was recorded using ANY-Maze
Maze 5.2 (Wood Dale, IL) software and a STC-TB83USB-AS camera (Sensor
Technologies America, Inc; Carrollton, TX). Mice were allowed to freely explore the
maze for 5 min. Between tests, the maze was wiped down with 70% EtOH. Time in
arms, number of arm entries, and total distance traveled were analyzed using ANY-
Maze software. For the FST study, mice were transferred to the testing room 1 h prior to
evaluation. Mice were placed in a 4 L beaker filled with ~1.5 L of 23°C water, for 6 min.
Video was recorded using ANY-Maze software and a C615 camera (Logitech; Newark,
NJ), and the latency to first immobile bout and total immobility time during the final 4 min
of testing was analyzed by hand using ANY-Maze software. Cocaine-induced activity
was assessed in open field activity chambers (Med-Associates, St. Albans, VT), as
described (Pravetoni and Wickman, 2008). In brief, subjects were acclimated over 3 d,
during which the animals were handled on one day and exposed to i.p. injection (saline)
on two days, and then placed in the open field. Distance traveled during the 60-min
period following saline injection on the last acclimation day was taken as baseline
activity. Cocaine-induced activity was then assessed following administration of 3
cocaine doses (3, 15, and 30 mg/ kg i.p.), with each dose separated by 3 d, as described
(Kotecki et al., 2015).

Viral targeting accuracy was assessed in all subjects using fluorescence

microscopy prior to post hoc slice electrophysiology experiments. To assess and
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summarize the expression pattern and spread of virus, 2x images of bright field and
fluorescent viral expression were taken with a IX81ZDC2 Olympus microscope, overlaid,
and matched to figures in the horizontal atlas of the mouse brain (Franklin and Paxinos,
2008), and spread patterns were summarized. The pattern of viral spread pattern for
each mouse was overlaid on a simplified version of the atlas, with each spread pattern at
10% transparency to provide a sense of viral spread for individual subjects, and
cumulatively for the study. Only data from mice in which the majority (>80%) of
expression was confined to the VTA, with limited or no diffusion to adjacent structures

(i.e., SN pars compacta), were analyzed in behavioral studies.

5.2.7 Experimental design and statistical analyses

Data are presented throughout as the mean + SEM. Statistical analyses were
performed using Prism 5 (GraphPad Software, Inc.; La Jolla, CA) and SigmaPlot 11.0
(Systat Software, Inc.; San Jose, CA). All studies involved balanced groups of male and
female mice. Data were analyzed first for effects of sex and viral condition, or sex and
genotype, using two-way ANOVA when those were the only variables. For cocaine
locomotor activity data with multiple testing days, the interaction of sex for each virus or
genotype group was assessed using two-way repeated measure ANOVA. When there
was no effect of sex, male and female data were pooled. When there was an effect of
sex or an interaction of sex with another factor, male and female data were analyzed
and presented separately. Data were analyzed by t test, Mann-Whitney U test, two-way
ANOVA, or repeated measures ANOVA, with Bonferroni or post hoc tests, as

appropriate. Differences were considered significant if p < 0.05.
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5.3 Results

5.3.1 Viral manipulation of GIRK channel activity in VTA DA neurons

To manipulate the strength of GIRK channel activity in VTA DA neurons, we
employed a Cre-dependent viral strategy to overexpress GIRK2 or GIRK3 in adult
DATCre(+) mice. We predicted that the overexpression of GIRK2 in VTA DA neurons
would enhance GIRK channel activity, as GIRK2 can form functional homomeric
channels and it mediates the forward trafficking of GIRK channels (Lesage et al., 1995;
Ma et al., 2002). Conversely, we predicted that the overexpression of GIRK3 would
suppress GIRK channel activity, as GIRK3 is unable to form functional homomeric
channels, it harbors a lysosomal targeting sequence that can promote GIRK channel
internalization, and its presence correlates with decreased sensitivity of the VTA DA
GIRK channel to GABAgR-induced activation (Labouébe et al., 2007; Lesage et al.,
1995; Ma et al., 2002; Lunn et al., 2007).

We infused Cre-dependent control, GIRK2, or GIRK3 expression vectors into the
VTA of DATCre(+) mice (Figure 5.1A). Following viral infusion (3 wk), we performed
immunohistochemistry with horizontal sections containing the VTA, to assess the fidelity
of our viral manipulations (Figure 5.1B-E). Similar to published reports involving
DATCre(+) mice (Lammel et al., 2015), we found that the vast majority of GFP-positive
neurons examined in slices from mice treated with control (96%), GIRK2 (93%), or
GIRK3 (92%) vectors expressed tyrosine hydroxylase (TH+; Figure 5.1C, D, E).
Moreover, 75% of TH+ neurons in the region of viral expression were also GFP+, as
measured in sections from DATCre(+) mice treated with control vector. Thus, our

approach yielded a selective manipulation of VTA DA neurons in adult mice.
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To assess the functional consequences of overexpressing GIRK2 or GIRK3 in
VTA DA neurons, we measured somatodendritic currents in acutely isolated brain slices
evoked by a maximal concentration of the GABAgR agonist baclofen (200 uM), as GIRK
channels mediate ~80% of this inhibitory current in VTA DA neurons (Labouébe et al.,
2007; Arora et al., 2010; Kotecki et al., 2015). As predicted, overexpression of GIRK2 in
VTA DA neurons yielded enhanced GABAgR-dependent currents, as compared with
currents from control VTA DA neurons (Figure 5.1F). Overexpression of GIRK2 did not,
however, yield significant differences in apparent capacitance, membrane resistance, I,
or spontaneous activity (Table 5.1). There was a significant increase in rheobase (Table
5.1), however, suggesting that GIRK2 overexpression decreased baseline neuronal
excitability. Conversely, GIRK3 overexpression in VTA DA neurons suppressed
GABAgR-dependent currents (Figure 5.1G). There were no significant differences in
apparent capacitance, membrane resistance, |, rheobase, or spontaneous activity
following GIRK3 overexpression (Table 5.1). Thus, the overexpression of GIRK2 or
GIRK3 in VTA DA neurons bi-directionally alters the strength of GIRK-dependent

signaling.
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Figure 5.1. Viral overexpression of GIRK channel subunits in VTA DA
neurons.

A) DATCre(+) mice were given intra-VTA infusion of Cre-dependent control, GIRK2, or
GIRK3 vector. Following viral injection (3 w), mice were either processed for
immunohistochemistry or slice electrophysiology. B) Control virus expression in the VTA
of DATCre(+) mice. In the region of viral infusion, the percent of GFP+ neurons that
were also dopaminergic (TH+) was calculated to determine viral fidelity in control (C),
GIRK2 (D), and GIRKS3 (E) viral conditions. F) The overexpression of GIRK2 (n = 7 cells
from 3 mice, 547 + 111 pA) enhanced GABAE&R currents compared with cells expressing
a control virus (n = 6 cells from 2 mice, 238 £+ 24 pA; Mann-Whitney U test, U =6, p =
0.035). G) The overexpression of GIRK3 (n = 8 cells from 5 mice, 33 + 7 pA) diminished
GABAgR currents compared with cells expressing a control virus (n = 4 cells from 3
mice, 255 + 44 pA; Mann-Whitney U test, U = 0, p = 0.004). *,** p < 0.05, 0.01.
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Table 5.1. Baseline electrophysiological parameters for neurons in Figure
5.1.

n Cm Rm In Rheobase  Active  Frequency
(pF) (MQ) (pA) (pA) neurons (Hz)

Control 6 474 367 + 70 99 + 38 27+ 11 4/6 1.85+0.51
GIRK2 7 487 230 + 55 32+12 43 + 22* a/7 1.17 £ 0.27
t11=0.290 t11 =1.547 u=12 tin=2.671 te = 1.187

p=0.778 p=0.150 p=0.234 p=0.022 p = 0.280
Control 4 48+1 243+119 19185 -15+ 25 4/4 2.12 +0.49
GIRK3 8 40+6 383+136 58+13 -8+14 718 2.40 + 0.66
U=6.5 tio=0.659 u=7 tio = 0.284 ts = 0.316

p=0.125 p=0.523 p=0.154 p=0.783 p =0.760

*One burst firing neuron was included in the count of neurons spontaneously active for the GIRK3
condition, but was not included in firing frequency analysis

*p < 0.05.
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5.3.2 Negative affective behaviors and cocaine sensitivity in
DATCre:Girk2™" mice

Previously, we reported that the genetic ablation of Girk2 in DA neurons
correlated with an increased acute locomotor response to cocaine (McCall et al., 2017).
Intriguingly, the excitability of VTA DA neurons has also been shown to influence
negative affective behavior (Anstrom and Woodward, 2005; Nestler and Carlezon, 2006;
Krishnan et al.,, 2007; Cao et al., 2010; Chaudhury et al., 2013; Russo and Nestler,
2013; Tye et al., 2013; Polter and Kauer, 2014). Thus, we sought to assess how
manipulation of GIRK channel activity in VTA DA neurons altered performance in anxiety
(elevated plus maze/EPM), depression (forced swim test/FST), and cocaine-induced
motor activity tests (Figure 5.2A). Because this behavioral battery approach had not
been previously employed by our lab, we evaluated DATCre(+):Girk2"™ and DATCre(-
):Girk2"™ mice before testing the impact of VTA DA neuron-specific GIRK channel
manipulations.

DATCre(+):Girk2" mice exhibited similar percent time in open arms of the EPM
as compared with DATCre(-):Girk2"™ mice (Figure 5.2B), and there were no genotype
differences in percent time spent in closed arms (Cre-, 63 + 3 %; Cre+, 59 £+ 4 %, t test,
tse = 0.820, p = 0.418), number of entries into open arms (Cre-, 10 + 1 entries; Cre+ 10 +
1 entries, Mann-Whitney test, U = 150.5, p = 0.393), and number of entries into closed
arms (Cre-, 11 £ 1 entries; Cre+, 11 = 1 entries; t test, tss = 0.7710, p = 0.446). Thus,
loss of GIRK channel activity in DA neurons does not appear to influence anxiety-like
behavior.

In the FST, we did not observe a difference in time immobile for DATCre(-

):Girk2"™ mice and DATCre(+):Girk2"" mice (Figure 5.2C). We did observe a main effect
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of sex in the latency to immobility measure (ANOVA, Fi13 = 12.67, p = 0.001), however,
and as such, these data were analyzed separately by sex (Figure 5.2D). While female
mice did not display an effect of genotype on latency to immobility (Figure 5.2D), male
DATCre(+):Girk2" mice exhibited a longer latency than male DATCre(-):Girk2" mice,
suggesting an anti-depressive behavioral phenotype. Notably, the reduced time to
immobility in male DATCre(+):Girk2" mice (Figure 5.2D) is consistent with a previous
report which found that male Cre+ mice from a separately developed DATCre:Girk2""
mouse line displayed an anti-depressive behavioral phenotype (Honda et al., 2018).
Thus, GIRK channel activity in DA neurons appears to enhance depression-related
behavior in male mice.

Finally, we assessed cocaine-induced motor activity in DATCre(+):Girk2"" mice
(Figure 5.2A, E). Similar to our previous study (McCall et al., 2017), we observed a
significant interaction of sex and cocaine dose in DATCre(+):Girk2"™ mice (Fsss = 4.133,
p = 0.010); as such, males and females were analyzed separately. We did not observe a
difference in total distance traveled by males on the first day (handling, H) of exposure to
the open field (Figure 5.2E); however, female Cre+ mice traveled further than Cre- mice
(Figure 5.2E), an observation that aligns with our previous report (McCall et al., 2017).
This genotype difference in female mice is not observed on saline day 2 (S2; 0 mg/kg
cocaine in Figure 5.2F), suggesting the significant effect on handling day may be driven
by a difference in exploration, rather than purely motor activity. Similar to our previous
findings with acute cocaine administration (McCall et al., 2017), male and female
DATCre(+):Girk2" mice exhibit increased locomotor activity at 15 mg/kg cocaine, and
female Cre+ mice do not respond to 30 mg/kg cocaine as much as male Cre+ mice
(Figure 5.2F). Overall, our findings support the hypothesis that reduced GIRK channel

activity in DA neurons increases behavioral sensitivity to cocaine.
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Figure 5.2. Negative affective and cocaine locomotor behavior in
DATCre(+):Girk2" mice.

A) Adult male and female DATCre(-):Girk2" and DATCre(+):Girk2" mice were tested in
EPM, FST, and cocaine locomotor activity tests, with each task separated by at least 1
d. B) Percent time in open arms in the EPM is not different in Cre- (n = 18, 24 + 4 %)
and Cre+ (n = 20, 31 = 4 %; Mann-Whitney U test, U = 132, p = 0.165). C) Time
immobile for Cre- (n = 18, 160 = 6 s) and Cre+ (n= 20, 145 * 8 s) mice in the FST does
not differ (t test, tzs = 1.499, p = 0.143). D) Latency to immobility in male Cre+ (n = 10, 68
+ 11 s) mice is greater than in Cre- mice (n =9, 39 £ 7 s; t test, t17 = 2.210, p = 0.041),
while there is no difference in latency to immobility between Cre- (n =9, 80 + 9 s) and
Cre+ (n = 10, 98 £ 11 s; t test, t17 = 1.213, p = 0.242) mice. E) There is no significant
difference in distance moved on the handling habituation day between male Cre- (n = 9,
77 + 4 m/h) and Cre+ (n = 10, 90 + 6 m/h; t test, t17 = 1.774, p = 0.094) mice. However,
female Cre+ mice (n = 10, 110 = 8 m/h) moved significantly more than Cre- mice (n = 9,
75 + 4m/h; t test, ti7 = 3.876, p = 0.001). F) In male and female mice, distance traveled
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following injection of 0, 3, 15, and 30 mg/kg cocaine resulted in an interaction between
cocaine dose and genotype (males, two-way repeated measure ANOVA, interaction
between cocaine dose and virus, Fzs1 = 13.557, p < 0.001; females, two-way repeated
measure ANOVA, interaction between cocaine dose and virus, Fss = 3.213, p = 0.030).
Male Cre+ mice moved significantly more than Cre- mice at 15 mg/kg (Bonferroni post-
hoc test, t = 5.863, p < 0.001) and 30 mg/kg (Bonferroni post-hoc test, t = 6.907, p <
0.001) cocaine. Similarly, female Cre+ mice moved significantly more than Cre- mice at
15 mg/kg (Bonferroni post hoc test, t = 4.249, p < 0.001) and 30 mg/kg (Bonferroni post-
hoc test, t = 2.809, p = 0.006) cocaine. *,**** p < 0.05, 0.01, 0.001.
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5.3.3 Reduced GIRK channel activity in VTA DA neurons increases

cocaine sensitivity

Having recapitulated findings related to depression-like behavior (Honda et al.,
2018) and cocaine sensitivity (McCall et al., 2017) for DATCre:Girk2" mice using this
behavioral test battery, we next assessed the behavioral impact of viral suppression of
GIRK channel activity in adult VTA DA neurons. To do this, we compared the behavioral
performance of DATCre(+) mice treated with control or GIRK3 overexpression vectors
(Figure 5.3A). No difference was detected between control and GIRK3 overexpression
groups in percent time spent in open arms in the EPM (Figure 5.3B). Additionally, there
was no difference in percent time spent in closed arms (control 53 + 5 %; GIRK3 57 + 3
%; Mann-Whitney test, U = 109, p = 0.706), number of entries into open arms (control 10
+ 1 entries; GIRK3 9 £ 1 entries; t test, t,9 = 0.711, p = 0.483), or number of entries into
closed arms (control 10 + 1 entries; GIRK3 11 * 1 entries; t test, tog = 0.367, p = 0.716).
Similarly, no group differences were observed in total immobility time (Figure 5.3C), or
latency to immobility (control, 70 + 8 s; GIRKS, 76 + 10 s; t test, t,1 = 0.476, p = 0.639) in
the FST. No difference was observed in locomotor activity on the handling day or saline
day 2 between control and GIRK3 overexpression conditions (Figure 5.3D, E). We did,
however, observe a significant interaction between cocaine dose and viral treatment,
with DATCre(+) mice treated with the GIRK3 virus exhibiting significantly enhanced
locomotor activity at the 15 mg/kg cocaine dose (Figure 5.3E). Thus, viral suppression
of GIRK channel activity in adult VTA DA neurons elicits a selective and dose-dependent
enhancement of cocaine-induced motor activity, without impacting anxiety- or

depression-like behaviors.

135



Following behavioral testing, mice were prepared for slice electrophysiological
evaluation, and the extent of viral spread was summarized for control and GIRK3
overexpression conditions (Figure 5.3F). As we found in behaviorally naive subjects
(Figure 5.1G), GABAsR-dependent somatodendritic currents were significantly smaller
in fluorescent VTA neurons in the GIRK3 overexpression group, as compared with
controls (Figure 5.3G). Similarly, somatodendritic currents evoked by a maximal
concentration of the D2R agonist quinpirole (20 uM) were significantly decreased in the
GIRK3 overexpression group (Figure 5.3H). Thus, results from our initial viral validation
and post hoc analysis suggest that GIRK3 overexpression suppresses GIRK channel
activity evoked by GABAgR and D2R in VTA DA neurons throughout the entire duration

of behavioral testing.
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Figure 5.3. Viral suppression of GIRK channel activity in VTA DA neurons
increases behavioral sensitivity to cocaine.

A) DATCre(+) mice were injected with control or GIRK3 virus. Mice were tested for EPM,
FST, and cocaine locomotor activity 3 wk after surgery, with each task separated by at
least 1 d. Following behavior, mice were processed for placement and electrophysiology
validation. B) EPM percent time in open arms is not different in control mice (n = 17, 33
+ 5 %) and GIRK3 mice (n = 14, 30 £ 3 %; t test, too = 0.396, p = 0.695). C) FST time
immobile during the final 4 min of the task does not differ between control mice (n = 12,
112 + 13 s) and GIRK3 mice (n = 11, 131 + 14 s; t test, t»1 = 0.957, p = 0.350). D)
Distance moved on the handling habituation day was not different between control mice
(n=17, 119 + 6 m/h) and GIRK3 (n = 15, 126 + 9 m/h; t test, t3p = 0.630, p = 0.534). E)
Distanced traveled following injection of 0, 3, 15, and 30 mg/kg cocaine resulted in
interaction between cocaine dose and virus (two-way repeated measures ANOVA, Fs
= 3.438, p = 0.020; Bonferroni post-hoc test at 15 mg/kg cocaine, t = 4.111, p < 0.001).
F) Representative images of viral spread in horizontal slices from a mouse in the control
condition, imaged at 2x just prior to electrophysiology, and summary of viral spread for
all mice in control and GIRK3 conditions. Abbreviations: MT, medial terminal nucleus of
the accessory optic tract; SNC, substantia nigra, compact part; SNCD, substantia nigra,
compact part, dorsal tier; SNR, substantia nigra, reticular part; PBP, parabrachial
pigmented nucleus of the VTA; PIF, parainterfasicular nucleus of the VTA; PN,
paranigral nucleus of the VTA; VTAR, ventral tegmental area, rostral part. G) GABAsR-
GIRK currents in the GIRK3 group (n = 9 cells from 8 mice, 38 + 7 pA) are significantly
smaller than those in the control virus condition (n = 10 cells from 6 mice, 255 *+ 21 pA;
Mann-Whitney U test, U = 0.0, p < 0.0001). H) D;R-GIRK currents in the GIRK3 group (n
= 9 cells from 7 mice, 22 + 4 pA) are significantly smaller than those in the control virus
condition (n = 8 cells from 6 mice, 52 + 12 pA; Mann-Whitney U test, U = 11.50, p =
0.021). **** p < 0.05, 0.001.
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5.3.4 Increased GIRK channel activity in VTA DA neurons decreases

cocaine sensitivity

We next assessed the behavioral effect of enhancing GIRK channel activity in
VTA DA neurons (Figure 5.4A). There was no difference between control and GIRK2
overexpression groups in percent time spent in open arms of the EPM (Figure 5.4B).
Additionally, there was no difference in percent time spent in closed arms (control 53 + 4
%; GIRK2 57 £ 5 %; t test, ts3 = 0.692, p = 0.494), number of entries into open arms
(control 11 + 1 entries; GIRK2 9 £ 1 entries; t test, t31 = 1.107, p = 0.277), or number of
entries into closed arms (control 10 + 1 entries; GIRK2 10 £ 1 entries; t test, t3; = 0.254,
p = 0.801). We did not observe a significant difference in time immobile during the FST
(Figure 5.4C), nor did we observe any difference in latency to immobility between
control (61 = 6 s) and GIRK2 (69 = 11 s; Mann-Whitney test, U = 83, p = 0.519) viral
conditions. We also found no difference in locomotor activity on the handling day or
saline day 2 (Figure 5.4D, E). There was a significant interaction of viral condition and
cocaine dose, with mice in the GIRK2 overexpression group responding significantly less
at the 15 and 30 mg/kg cocaine doses (Figure 5.4E). Thus, increasing the strength of
GIRK channel activity in VTA DA neurons decreases behavioral sensitivity to cocaine,
without impacting anxiety- or depression-like behaviors.

Following behavioral testing, control and GIRK2 overexpression mice were
prepared for slice electrophysiological evaluation and the extent of viral spread was
summarized for control and GIRK2 overexpression conditions (Figure 5.4F). Similar to
our electrophysiological findings prior to behavioral testing (Figure 5.1F), GABA&R-
dependent currents were significantly enhanced following GIRK2 overexpression,

compared with control virus (Figure 5.4G). However, D;R-GIRK currents in the GIRK2
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overexpression condition were not significantly different from controls (Figure 5.4H). The
D.R-dependent response was heterogeneous, however, and the range of data in the
GIRK2 overexpression group was substantially larger than that of the control condition
(F test to compare variances, Fr77 = 6.774, p = 0.022 Figure 5.4H). This suggests that
the overexpression of GIRK2 could alter the strength of D.R-GIRK channel mediated

signaling in some, but not all, DA neurons.
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Figure 5.4. Viral enhancement of GIRK channel activity in VTA DA
neurons decreases behavioral sensitivity to cocaine.

A) Schematic of experiment, in which DATCre(+) mice were injected with control of
GIRK2 virus. 3 wk following surgery, mice were tested for EPM, FST, and cocaine
locomotor activity, with each task separated by at least 1 d. Following behavior, mice
were processed for placement and electrophysiology validation. B) EPM percent time in
open arms is not different in control mice (n = 17, 31 + 4 %) and GIRK2 mice (n = 16, 32
+ 5 %; t test, t3; = 0.1446, p = 0.8860). C) FST time immobile during the final 4 min of the
task does not differ between control mice (n = 13, 137 + 8 s) and GIRK2 mice (n = 15,
119 = 12 s; Mann-Whitney U test, U = 76, p = 0.3334). D) Distance moved on the
handling habituation day was not different between control mice (n = 16, 114 + 8 m/h)
and GIRK2 mice (n = 16, 123 £ 9 m/h; Mann-Whitney U test, U = 119, p = 0.7487). E)
Distanced traveled following injection of 0, 3, 15, and 30 mg/kg cocaine resulted in
interaction between cocaine dose and virus (two-way repeated measures ANOVA, F3
= 3.054, p = 0.032; Bonferroni post-hoc test for 15 mg/kg, t = 2.548, p = 0.012, for 30
mg/kg, t = 2.824, p = 0.006). F) Representative images of viral spread in horizontal
slices from a mouse in the control condition, imaged at 2x just prior to electrophysiology,
and summary of viral spread for all mice in control and GIRK2 conditions. Abbreviations:
MT, medial terminal nucleus of the accessory optic tract; SNC, substantia nigra,
compact part; SNCD, substantia nigra, compact part, dorsal tier; SNR, substantia nigra,
reticular part; PBP, parabrachial pigmented nucleus of the VTA; PIF, parainterfasicular
nucleus of the VTA; PN, paranigral nucleus of the VTA; VTAR, ventral tegmental area,
rostral part. G) GABAgR-GIRK currents in the GIRK2 condition (n = 9 cells from 7 mice,
566 * 77 pA) are significantly higher than those in the control condition (n = 10 cells from
7 mice, 265 + 28 pA; Mann-Whitney U test, U = 14, p = 0.010). H) D;R-GIRK currents
are not significantly different in control (n = 8 cells from 5 mice, 62 £ 9 pA) and GIRK2
conditions (n = 8 cells from 7 mice, 113 + 25 pA; Mann-Whitney U test, U = 19.50, p =
0.207). * p < 0.05.
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5.4 Discussion

Here, we used a viral approach to bi-directionally manipulate the strength of
GIRK channel activity in VTA DA neurons of adult mice. We found that behavioral
sensitivity to cocaine was inversely proportional to the strength of GIRK channel activity
in VTA DA neurons, while negative affective behaviors were unaltered by VTA DA
neuron-specific GIRK channel manipulations. These findings show that GIRK channel
activity in VTA DA neurons can influence behavioral sensitivity to cocaine and suggest
that manipulation of these channels could represent a new therapeutic approach to
treating certain aspects of addiction. This prospect is enhanced by the fact that the
GIRK2/GIRK3 channel subtype expressed in DA neurons is unique (Cruz et al., 2004;
Labouébe et al., 2007; Arora et al., 2010). Given that VTA DA neurons appear to be
most influential in the early phase of addiction (i.e., binge/intoxication; Volkow et al.,
2012), an agonist selective for GIRK2/GIRK3 channels might be expected to suppress
drug reward and acquisition of self-administration, without altering negative affective

behavior.

5.4.1 GIRK channel activity in VTA DA neurons shapes behavioral

sensitivity to cocaine

Our previous work demonstrated genetic ablation of GIRK channels globally or in
DA neurons increased behavioral sensitivity to cocaine (Arora et al., 2010; McCall et al.,
2017). Similarly, the DA neuron-specific ablation of sorting nexin 27 (SNX27), a
cytoplasmic protein that interacts with the PDZ-binding motifs of GIRK2c¢ and GIRKS to
regulate channel trafficking, decreased GABAgR- and D;R-GIRK signaling and
increased behavioral responding to cocaine (Lunn et al., 2007; Munoz and Slesinger,

2014; Rifkin et al., 2018). D;Rs in DA neurons have also been implicated in modulating
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behavioral sensitivity to cocaine. Indeed, mice lacking D;R in DA neurons display
increased cocaine-induced locomotor activity, increased preference for a low dose of
cocaine in the conditioned place preference test, and accelerated acquisition of self-
administration (Bello et al., 2011; Holroyd et al., 2015). The interpretation of these DA
neuron-specific genetic manipulations is limited by their congenital nature and lack of
regional selectivity, which makes it challenging to dissociate them from developmental
alterations and to attribute behavioral phenotypes to a specific dopaminergic population.
Here, we report that genetic enhancement or suppression of GIRK-dependent signaling
in adult mouse VTA DA neurons decreased or increased, respectively, behavioral
sensitivity to cocaine.

The impact of VTA DA neuron GIRK channels on behavioral sensitivity to
cocaine is likely attributable in large part to the engagement of GABAgR- and/or D2R-
dependent signaling by cocaine. Indeed, increased synaptic DA levels evoked by
cocaine activates both terminal and somatodendritic D2Rs (Brodie and Dunwiddie, 1990;
Beckstead et al., 2004). In addition, cocaine enhances GABAergic (“long-loop”)
feedback to VTA DA neurons by increasing DA in the NAc (Edwards et al., 2017). While
VTA DA neurons receive GABAergic input from local interneurons and several regions
(Morales and Margolis, 2017), NAc-derived input from D:R-expressing medium spiny
neurons appears to selectively activate GABAgRs in VTA DA neurons (Edwards et al.,
2017; Yang et al., 2018). Notably, recent studies targeting D2R in VTA DA neurons have
yielded outcomes of comparable magnitude as those reported herein following viral
suppression of GIRK channel activity. For example, RNAi-dependent suppression of D2R
in the rat VTA correlates with increased cocaine locomotor activity, as well as increased
responding for cocaine and sucrose in a self-administration progressive ratio task (de

Jong et al.,, 2015). Similarly, GABAgR ablation in VTA DA neurons correlated with
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increased cocaine-induced locomotor activity in mice (Edwards et al., 2017). It is
important to note, however, that GIRK channels may mediate the effects of other
inhibitory G protein-coupled receptors on VTA DA neurons, such as kappa opioid and
nociceptin receptors (Di Giannuario and Pieretti, 2000; Lutfy et al., 2001; Margolis et al.,
2003; Ford et al., 2006). As such, the behavioral impact of VTA DA neuron-specific
manipulations on GIRK channel activity may reflect in part the modulation of signaling
via these receptors as well.

5.4.2 Suppression of VTA DA neuron GIRK channel activity by GIRK3

Similar to other published results (Kofuji et al., 1995; Lesage et al., 1995; Ma et
al., 2002), we found that overexpression of GIRK3 neurons yielded a robust suppression
of GIRK channel activity in VTA DA neurons. The molecular mechanisms underlying this
dominant negative influence of ectopic GIRK3 are unclear. Overexpression of GIRK3
may enhance trafficking of GIRK channels to internal sites, a prospect supported by the
presence of a lysosomal targeting motif in the GIRK3 carboxyl-terminal domain (Ma et
al., 2002). GIRK3 might promote an interaction between the VTA DA neuron GIRK
channel and SNX27, which can bi-directionally regulate channel trafficking (Lunn et al.,
2007; Munoz and Slesinger, 2014). The presence of GIRK3 could also increase the
negative regulatory influence of regulator of G protein signaling 2 (RGS2) on GIRK-
dependent signaling in VTA DA neurons (Jelacic et al., 2000; Labouébe et al., 2007).
Interestingly, activity-dependent and psychostimulant-induced plasticity of GIRK channel
activity in VTA DA neurons is dependent upon GIRK3 (Lalive et al., 2014; Munoz et al.,
2016). Given these observations, it is tempting to speculate that GIRK3 titrates the
strength of GIRK channel activity in VTA DA neurons via the extent to which it

incorporates into the GIRK2/GIRK3 heterotetromeric channel.
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5.4.3 GIRK channels and negative affective behavior

Girk2™" mice display reduced anxiety- and depression-related behaviors, which
are modulated by DA (Pravetoni and Wickman, 2008; Llamosas et al., 2015; Zarrindast
and Khakpai, 2015; Belujon and Grace, 2017). While viral manipulation of GIRK channel
activity in VTA DA neurons did not alter these behaviors, male DATCre(+):Girk2"" mice
displayed decreased depression-related behavior, congruent with findings from another
DATCre:Girk2" line (Honda et al., 2018). The apparent discrepancy in depression-
related behavior in DATCre(+):Girk2"™ mice and the viral loss-of-function model could
reflect a lack of penetrance in the viral manipulation, developmental compensation in
DATCre(+):Girk2" mice, or the influence of a different, non-VTA population of DA
neurons on this behavior.

The lack of anxiolytic phenotype in DATCre(+):Girk2" and viral gain- and loss-of-
function models suggests GIRK-dependent signaling in VTA DA neurons does not
contribute to baseline anxiety-related behavior. The anxiolytic phenotype observed in
both Girk1™ and Girk2”~ mice, and the anxiolytic efficacy of a direct-acting agonist of
GIRK1-containing channels (ML297), support the contention that neuron populations
expressing GIRK1-containing channels impact baseline anxiety in mice, not the GIRK1-
lacking midbrain DA neurons (Cruz et al., 2004; Pravetoni and Wickman, 2008;
Wydeven et al., 2014).

Overall, the outcomes of our viral manipulations suggest that GIRK-dependent
signaling in VTA DA neurons exerts a minimal influence on negative affective behavior
at baseline. However, the prior experience of subjects in our study is meaningfully
distinct from that of mice in studies in which VTA DA neuron excitability was shown to
correlate with altered negative affective behavior. Indeed, mice subjected to social

defeat stress that subsequently displayed depressive-like behavior (“susceptible” mice)
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also displayed increased VTA DA neuron excitability (Cao et al., 2010; Chaudhury et al.,
2013; Friedman et al., 2014, 2016). In this context, it is noteworthy that while our viral
manipulations did alter the amplitude of GIRK-dependent somatodendritic currents in
VTA DA neurons, they exerted little or no impact on the excitability of VTA DA neurons
(Table 5.1).

5.4.4 Future directions

A rich body of recent work has demonstrated that separate dopaminergic
projections emanating from the VTA participate in distinct behaviors (Lammel et al.,
2014; Holly and Miczek, 2016; Juarez and Han, 2016; Morales and Margolis, 2017). For
example, DA neurons in the lateral VTA, which project to the lateral NAc shell, are
responsive to rewarding stimuli (Lammel et al., 2011, 2012). In contrast, more medial
VTA DA neurons projecting to the PFC and the core and medial shell of the NAc have
been implicated in responding to aversive stimuli (Lammel et al., 2008, 2012; Vander
Weele et al., 2018; de Jong et al., 2019). Interestingly, while overexpression of GIRK2
enhanced GABAsR-GIRK signaling in VTA DA neurons, we did not observe a significant
increase in D.R-GIRK signaling with this manipulation (Figure 5.4H). Rather, there
appeared to be two distinct populations of VTA DA neurons in our study: one with
unaltered D;R-GIRK responses and one with enhanced responses. It is possible that
D2Rs and GIRK channels are maximally coupled in the former population (e.g., DzR level
is the factor limiting D2R-GIRK signaling strength), which renders over-expression of
GIRK2 functionally inert. In the latter population, the GIRK channel level may limit the
strength of D,R-GIRK signaling at baseline. It is possible this diversity of D;R-GIRK
signaling aligns with distinct, projection-defined subpopulations of VTA DA neurons
(Lammel et al., 2008). Further investigation will be needed to determine if GIRK-

dependent signaling in discrete VTA DA neuron projections mediates behavioral
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sensitivity to cocaine, and if selective strengthening of GIRK channel activity in these
projections might suppress other cocaine-related behaviors, including acquisition of self-

administration or reinstatement.
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Chapter 6

Discussion

6.1 Summary and synthesis of findings

My thesis research has contributed to the field’s understanding of the role of VTA
DA neuron GIRK channel activity in behavioral sensitivity to cocaine. The underlying
premise driving my thesis research is the idea that the strength of GIRK channel activity
in VTA DA neurons is inversely proportional to behavioral sensitivity to cocaine. This
premise is grounded in the observation that GIRK channel activity in VTA DA neurons is
decreased following exposure to psychostimulants (Arora et al., 2011; Sharpe et al.,
2015; Munoz et al.,, 2016). These findings suggest VTA DA neuron GIRK channels
serve as an inhibitory “barrier” to addiction, one that is eroded as substance use
progresses from initial exposure to habitual use. Because this adaptation in GIRK
channel activity in VTA DA neurons occurs after a single exposure to cocaine (Arora et
al., 2011), it is tempting to speculate that this change is one of the initial adaptations that
ultimately leads to the development of addiction. Overall, my thesis work highlights the
importance of inhibitory G protein signaling mediated by GIRK channels in regulating

behavioral sensitivity to cocaine.

6.1.1 VTA DA neuron GIRK channel activity decreases behavioral

sensitivity to cocaine

My thesis research elucidated the role of the unique GIRK channel present in
VTA DA neurons on behavioral sensitivity to cocaine. This was explored by knocking out
GIRK2 from DA neurons and overexpressing GIRK channels in VTA DA neurons. These

studies revealed the role GIRK channel activity in VTA DA neurons plays in behavioral
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sensitivity to cocaine and provided further insight into the roles of GIRK2 and GIRK3 in

inhibitory GPCR signaling in VTA DA neurons.

Impact of GIRK channels in VTA DA neurons on inhibitory GPCR physiology

My GIRK channel knockout and overexpression studies that have yielded further
insight into the role of DA neuron GIRK channels in mediating the magnitude of inhibitory
G protein signaling. The loss of GIRK2 from DA neurons in the DATCre(+):Girk2""
mouse model significantly decreased GABAgR- and D,R-GIRK currents in mice (Kotecki
et al., 2015; McCall et al., 2017) (Figures 1.3 and 2.1), similar to what has been
described in putative DA neurons in the VTA of Girk2” mice (Arora et al., 2010). This is
consistent with the hypothesis that GIRK2 is necessary for functional GIRK channels
due the presence of an endoplasmic reticulum export signal on GIRK2 (Ma et al., 2002).
The necessity of GIRK2 for GIRK channel activity is supported by similar profound
decreases in GABAgR-GIRK currents in other neuronal populations in Girk2”, such as
PFC and HPC pyramidal neurons (Lischer et al., 1997; Hearing et al., 2013).
Conversely, overexpression of GIRK2c in VTA DA neurons on GABAsR-GIRK channel
signaling (Figures 5.1 and 5.4). The presence of the endoplasmic reticulum export
signal allows GIRK2 to form functional homotetramers, likely the mechanism underlying
this observation (Ma et al., 2002). Together, these knockout and overexpression studies
provide evidence for the positive influence of GIRK2 on the strength of GIRK channel
activity.

In contrast to GIRK2, the GIRK3 subunit appears to have a negative regulatory
effect on GIRK channel activity in VTA DA neurons. Indeed, the overexpression of
GIRK3 decreases GABAgR and D;R somatodendritic currents. In heterologous systems,

the expression of GIRK3 strongly inhibits the surface expression of GIRK channels,
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suggesting that GIRK3 can negatively influence GIRK channel activity through a
trafficking-dependent mechanism (Ma et al., 2002). This trafficking mechanism could be
mediated by an interaction with SNX27 or with a lysosomal targeting motif (Ma et al.,
2002; Lunn et al., 2007). Putative DA neurons of the VTA in Girk3” mice display
increased sensitivity to baclofen (i.e., removal of GIRK3 lowers ECs for baclofen) due to
an interaction with RGS2 (Labouébe et al., 2007), further suggesting that GIRK3
decreases GIRK channel function. Consistent with this, the overexpression of GIRK3 in
VTA DA neurons decreases GABAgR- and D:R-GIRK currents (Figures 5.1 and 5.3).
Another possible explanation for the negative modulatory GIRK3 overexpression
electrophysiological finding is that the overexpression of GIRK3 causes a dominant
negative-like effect, as GIRK3, unlike GIRK2, lacks an endoplasmic reticulum export
domain (Ma et al., 2002). This could cause the overexpression of GIRK3 to block the
ability of GIRK2 to traffic channels to the cell surface.

Overall, my electrophysiological studies highlight the opposing roles of the
GIRK2c and GIRK3 on GIRK channel activity in VTA DA neurons, with GIRK2c

enhancing and GIRK3 decreasing this inhibitory signaling strength.

GIRK channels in VTA DA neurons decrease behavioral sensitivity to cocaine

A complement of knockout and overexpression strategies specific to DA neurons
strongly suggests the uniqgue GIRK channel expressed in VTA DA neurons provides a
negative influence on behavioral sensitivity to cocaine. The underlying premise for this
hypothesis was inspired by the ability of acute exposure to cocaine to decrease GIRK
channel activity in VTA DA neurons (Arora et al., 2011). This adaptation could imply that
lessening this inhibitory signaling is a key cellular mechanism of addiction, perhaps in

part underlying the process of behavioral sensitization. Thus, the loss of GIRK channels
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from DA neurons was expected to increase behavioral sensitivity to cocaine in multiple
assays.

Indeed, my study with DATCre(+):Girk2" mice suggests GIRK channels in DA
neurons can temper some aspects of the behavioral response to cocaine (McCall et al.,
2017). DATCre(+):Girk2" mice displayed increased locomotor responses to acute and
repeated cocaine (Figure 3.3) (McCall et al., 2017). DATCre(+):Girk2" mice also appear
to reach a plateau in their locomotor activity faster than Cre(-) littermates in the
behavioral sensitization paradigm, suggesting the loss of GIRK channel activity in DA
neurons causes cause a presensitization-like phenotype (Figure 3.3) (McCall et al.,
2017). DATCre(+):Girk2" mice display increased cocaine self-administration, especially
at low doses, but display no difference in the acquisition of self-administration from Cre(-
) littermates (Figure 3.5) (McCall et al., 2017). Interestingly, we did not observe a
difference in cocaine CPP (Figure 3.4) (McCall et al., 2017) in DATCre(+):Girk2"™ mice,
suggesting that DA neuron GIRK channels do not contribute to the rewarding valence of
cocaine.

Together, these behavioral data suggest that GIRK channel activity in DA
neurons influence the sensitivity of cocaine in tasks that incorporate the motor activity
and approach aspect of reward, rather than the positive valence aspect of cocaine
reward. Interestingly, these findings differ from those for DATCre(+):Drd2"" mice, which
also display increased acute locomotor activity following cocaine exposure but also
acquire cocaine self-administration faster than DATCre(-):Drd2" and have enhanced
cocaine CPP at a typically subthreshold dose (Bello et al., 2011; Holroyd et al., 2015).
Behavioral differences between mice lacking D:Rs and those lacking GIRK channels
from DA neurons suggests these elements of inhibitory G protein signaling differentially

influence behavioral sensitivity to cocaine. While GIRK channels are engaged by D:Rs,
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they are only one of several downstream effectors and are predominantly located in
postsynaptic compartments. Non-GIRK downstream effectors of D2R signaling, such as
calcium channels, NALCN channels, and AC activity (Ye et al., 1999; Kamp and Hell,
2000; Philippart and Khalig, 2018), could underlie the valence-related behavioral effects
of DR that GIRK channels do not mediate. Additionally, these valence-related
behavioral effects could be mediated by presynaptic DoRs on DA neuron axonal
terminals, which could play a more direct role in controlling the release of DA in
downstream targets.

To gain insight into how broadly engaging inhibitory G protein signaling in VTA
DA neurons could impact cocaine-enhanced locomotor behavior, inhibitory DREADDs
were virally expressed in VTA DA neurons. Engaging inhibitory G protein signaling in
VTA DA neurons decreased cocaine- and morphine-enhanced locomotor activity
(Figure 4.2). However, a similar effect was observed in control mice administered saline
vehicle (Figure 4.2), suggesting that engaging inhibitory GPCRs on VTA DA neurons
generally diminishes locomotion. Indeed, another research group found a similar
reduction in locomotor activity the activation of hM4Di is engaged in VTA THCre(+)
neurons (Runegaard et al., 2018b). However, this hM4Di-induced decrease in motor
activity is eliminated when mice are habituated to the testing chamber directly prior to
the administration of CNO, and the subsequent administration of cocaine (Runegaard et
al., 2018b). This suggests that the decrease in locomotor activity in my study (Figure
4.2) could also reflect a suppression of novelty-induced, exploratory locomotor activity
rather than a general locomotor effect. Indeed, following habituation to the testing
chamber, engaging hM4Di in VTA THCre(+) neurons decreases cocaine-increased

locomotor activity (Runegaard et al., 2018b). This finding further implicates inhibitory G
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protein signaling in VTA DA neurons in mediating the motor effects of cocaine, in
accordance with my DATCre:Girk2" study (McCall et al., 2017).

Finally, the role of GIRK channel activity in DA neurons of the VTA in behavioral
sensitivity to cocaine was further demonstrated using a viral GIRK overexpression
approach to bi-directionally modulate the strength of GIRK channel activity. Indeed,
decreasing GIRK channel activity in VTA DA neurons by overexpressing GIRK3
increased the acute motor response to cocaine (Figure 5.3), recapitulating the
behavioral effect described in DATCre(+):Girk2"" mice (McCall et al., 2017). Conversely,
increasing GIRK channel activity in VTA DA neurons by overexpressing GIRK2c
decreased the acute motor response to cocaine (Figure 5.4). Together, these behavioral
findings implicate GIRK channel activity in VTA DA neurons in mediating the locomotor
and approach aspects of cocaine-related reward, and suggest a GIRK2/GIRK3 channel
activator might be able to decrease the behavioral response to cocaine and other

psychostimulants.

6.1.2 VTA DA neuron GIRK channel activity impacts behavioral

sensitivity to morphine, but is not altered by morphine

Increased DA release in the NAc occurs following exposure to different types of
drugs, including cocaine and morphine, and could be a shared means of exerting their
positively reinforcing behavioral effects (Nestler, 2005). While cocaine increases
extracellular DA by blocking the activity of DATs (Di Chiara and Imperato, 1988),
morphine is thought to elicit this effect through the disinhibition of DA neurons, in which
morphine activates MORs on VTA GABA neurons, thereby decreasing GABAergic input
to VTA DA neurons (Johnson and North, 1992). Interestingly, while cocaine exposure

decreases GIRK channel activity (Arora et al., 2011) and both cocaine and morphine
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administration increase excitatory signaling (Saal et al., 2003), the effect of acute
morphine exposure on GIRK channel activity in VTA DA neurons had not been
established.

To address this gap in the literature, morphine was administered to mice and
GIRK channel activity in VTA DA neurons was subsequently measured. Neither acute
nor repeated (5 d) i.p. morphine induced plasticity in GABAgR-GIRK channel signaling
(Figures 2.3 and 2.4), in contrast to the decrease in GIRK channel activity observed
following exposure to the psychostimulants cocaine or methamphetamine (Arora et al.,
2011; Padgett et al.,, 2012). Because GIRK channel adaptations can be driven by
changes in DA neuron excitability (Lalive et al., 2014), this difference in GIRK channel
adaptations following morphine versus cocaine exposure could be due to differences
how these drugs alter the excitability of DA neurons. While cocaine acutely inhibits DA
neurons by engaging D;Rs (Beckstead et al., 2004), morphine increases the activity of
VTA DA neurons through disinhibition (Johnson and North, 1992). As phasic firing
protocols can increase GIRK channel activity (Lalive et al., 2014), it makes sense that
morphine exposure does not decrease GIRK channel activity (Figures 2.3 and 2.4).
Rather, one might expect morphine exposure to increase GIRK channel activity, which
may be the case in higher responders to morphine (Figure 2.3).

Importantly, even though morphine does not significantly alter GIRK channel
activity in VTA DA neurons, changing the strength of GIRK channel activity in VTA DA
neurons is able to impact behavioral sensitivity to morphine. Indeed, DATCre(+):Girk2""
mice display an increased locomotor response to morphine, while Girk3” mice have a
diminished response to morphine (Kotecki et al., 2015). This data suggests GIRK
channel activity in DA neurons negatively influences the behavioral response to

morphine, similar to its effect on cocaine (Arora et al., 2010; McCall et al., 2017). This

155



could be due to the loss of GIRK channels from DA neurons reducing the inhibitory
influence of long-loop GABAergic feedback from the NAc, which is engaged by the
increase in NAc DA following morphine exposure. GIRK channel signaling in VTA DA
neurons could temper the behavioral response to morphine.

6.1.3 VTA DA neuron GIRK channel activity and negative affect

In addition to reward behavior and the behavioral response to drugs of abuse,
VTA DA neurons have also been implicated in negative affective behavior (Tye et al.,
2013), particularly in a post-stress context (Lammel et al., 2014). Indeed, stressful stimuli
can alter the excitability of VTA DA neurons as well as DA release. Mice and rats
exposed to social defeat stress, forced swim stress, restraint stress, and pain exhibit
increased DA release in the NAc and PFC as well as increased VTA DA neuron firing;
however, other types of stressors elicit a decrease or no change in DA release (Holly
and Miczek, 2016). These discrepancies suggest that the type and severity of stressor is
important in defining how DA neurons are effected (Holly and Miczek, 2016), and also
points to heterogeneity in the responses of individual subjects and DA neuron
subpopulations to stress. Indeed, a study that separated mice into susceptible and
resilient individuals based on behavioral phenotypes following chronic social defeat
found susceptible mice have increased phasic firing in NAc-projecting VTA DA neurons
(Chaudhury et al., 2013). Given the preponderance of data showing that stress can
impact VTA DA neuron excitability. | pursued two relevant research questions: 1) does
stress impact the strength of GIRK channel activity, and 2) does manipulation of GIRK
channel activity in VTA DA neurons impact negative affective behavior.

To determine if stress modulates GIRK channel activity, we employed a negative
stimuli, i.e., footshock and forced swim stress, similar to those that have modulated

excitatory signaling (Saal et al., 2003). Footshock decreased GABAsR-GIRK currents in
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VTA DA neurons, but forced swim stress did not alter GIRK channel activity (Figure
2.2). This suggests that only certain types of stress, perhaps more severe forms, are
capable of inducing adaptations in GIRK channel signaling. This heterogeneous effect
could be attributable to the ability of these stressors to activate brain regions which
provide input to the VTA and are modulated by stress, such as the amygdala or locus
coeruleus. A difference in the modulation of VTA DA neuron activity can in turn affect
GIRK channel activity adaptations (Lalive et al., 2014).

To assess how GIRK channel activity in VTA DA neurons impacts negative
affective behavior, DATCre(+):Girk2"™ mice and VTA DA neuron specific GIRK channel
overexpression mice were assessed in tests of anxiety-like and depressive-like behavior.
There were no changes in anxiety in any of these manipulations, suggesting that GIRK
channels in VTA DA neurons do not impact anxiety at baseline (i.e., non-stress)
conditions (Figures 5.2-5.4). The loss of GIRK channels from DA neurons, but not the
decrease of GIRK channel activity in VTA DA neurons, causes reduced depressive-like
behavior in males (Figures 5.2 and 5.3). These findings are consistent with decreased
depressive-like behavior observed in males of an independently developed
DATCre(+):Girk2" line (Honda et al., 2018). Furthermore, enhancing GIRK channel
activity does not impact depressive-like behavior (Figure 5.4). Together, this suggests
that a non-VTA DA population could contribute to the DATCre(+):Girk2" behavioral
phenotype, possibly SN DA neurons. Additionally, this phenotype and its sex-specific
nature might be due developmental differences in reward related brain regions outside of
the VTA DA neurons in males and females in the DATCre(+):Girk2" line, as there are
no sex differences in DA neuron activity in the DATCre(+):Girk2" line. However, | only
measured maximal GPCR-GIRK currents; perhaps a dose-response approach might

yield different findings. The lack of effect on anxiety but on depression is congruent with
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the preponderance of data linking DA neurons to depression, but relatively few studies
linking them to anxiety (Nestler and Carlezon, 2006; Lammel et al., 2014). It is tempting
to speculate that GIRK channels in VTA DA neurons might play a role on negative
affective behavior following stress.

6.1.4 Summary

The findings presented in my thesis contribute to the field’s understanding the
experiences and pharmacologic agents that can elicit adaptations in VTA DA neurons,
summarized in Table 1.4 and continued in Table 6.1. It also expands our understanding
of how the strength of GIRK channel activity in DA neurons contributes to sensitivity to
cocaine, summarized in Table 1.5 and continued in Table 6.2. The implications of this
work likely extents to other psychostimulants as well. My electrophysiological studies
following GIRK channel manipulation further demonstrate that GIRK channels are major
downstream effectors of GABAgRs and D;Rs. | also characterized how robust changes
in VTA DA neuronal excitability, such as those induced DR activation, similar to
cocaine, appear to be the most potent mediators of adaptations in GIRK channel activity
(Arora et al., 2011; Lalive et al., 2014). Overall, the behavioral findings in this thesis
strongly implicate GIRK channels in VTA DA neurons as a key mediator of behavioral
sensitivity to cocaine, and suggest the unique VTA DA GIRK channel might be a

promising target for the treatment of addiction.
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Table 6.1 Experience-based plasticity of GIRK channel activity.
Continuation of Table 1.4. n.c. indicates no change.
Experience Cell population

Effect on GIRK Ref.
channel activity

Non-drug experiences

Foot shock exposure VTA DA neurons J Chapter 2

Repeated forced swim stress

(Lemos et al., 2012) VTA DA neurons n.c. Chapter 2

Quinpirole, 1 mg/kg VTA DA neurons ¥ GABAR Chapter 2
n.c. DR

Morphine

10 mg/kg, 1d VTA DA neurons n.c. Chapter 2

10 mg/kg, 5d Putative DA n.c. Chapter 2

neurons, VTA

Table 6.2. Behaviors linked to drugs of abuse in knockout mice with

altered inhibitory GPCR signaling.
Continued from Table 1.5.

Drug Manipulation Effect Ref.
Cocaine DATCre(+):Girk2"" T locomotor activity at 15 mg/kg Chapters 3 and 5
Cocaine GIRK3 overexpression T locomotor activity at 15 mg/kg Chapters 3

in VTA DA neurons
Cocaine GIRK2 overexpression | locomotor activity at 15 mg/kg Chapters 3

in VTA DA neurons
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6.2 Future Directions

This thesis research identified the strength of VTA DA neuron GIRK channel
activity as a key mediator of behavioral sensitivity to cocaine. Future studies can build on
these findings by trying to better understand how manipulating DA neuron GIRK channel
activity can influence neuronal activity and DA release. Additionally, further work should
add to our understanding of the impact of GIRK channel activity on more reward-relevant

behavior, and in subpopulations of VTA DA neurons.

6.2.1 Determine the functional consequences of manipulating DA
neuron GIRK channel activity in vivo

Electrophysiological findings in DATCre(+):Girk2"™ and GIRK overexpression
studies suggest GIRK channel activity could influence the regulation of DA release and
DA neuron activity in vivo. This could be particularly true in situations where inhibitory G
protein signaling in DA neurons is engaged, such as cocaine exposure. To determine
how DA release is altered in vivo in VTA DA neurons when GIRK channel activity is
decreased or increased, one could employ fast scan cyclic voltammetry (FSCV)
(McElligott, 2015) or genetically encoded dopamine sensors (dLight) (Patriarchi et al.,
2018). Due to the somatodendritic location of GIRK channels, the most profound
influence of GIRK channel signaling on DA release parameters could be within the VTA,
where D2R activation influences somatodendritic DA release (Ford, 2014). DA release in
terminal regions, such as the NAc, might also be altered by the manipulation of VTA DA
neuron GIRK channels when inhibitory G protein signaling is engaged. To determine
how GIRK channel activity influences in vivo DA neuron activity, in vivo imaging using
genetically encoded calcium indicators, which act a proxy for neuronal activity, could be

used (Siciliano and Tye, 2019). My electrophysiological studies of DATCre(+):Girk2""
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mice and GIRK3 overexpressing mice suggest that at baseline, manipulations of GIRK
channel activity might not effect DA neuron activity. However, in instances when
inhibitory G protein signaling in engaged, manipulating GIRK channel activity is likely to
alter DA neuron activity. Such in vivo studies of DA release and DA neuron activity could
help bridge the gap between the changes | have observed in ex vivo physiology and

behavior in this thesis.

6.2.2 DA neuron subpopulation-specific manipulations

The present work utilized the DATCre mouse line (Badckman et al., 2006) and
represents a marked improvement over previous approaches that were not neuron-
specific (Pravetoni and Wickman, 2008; Arora et al., 2010). However, VTA DA neurons
have diverse projection targets and influences on behavior (Lammel et al., 2015; Juarez
and Han, 2016; Morales and Margolis, 2017). Thus, it is likely that manipulations of all
DA neurons (Chapter 3) and potentially all VTA DA neurons (Chapters 4 and 5) are not
specific enough to thoroughly understand how GIRK channels contribute to behavioral
sensitivity to drugs of abuse. Future studies manipulating the strength of GIRK channel
activity in a DA neuron subpopulation-specific manner could address this gap in
knowledge. Retrograde-traveling Cre-dependent viral strategies, such as rabies viruses
(Wickersham et al., 2007), herpes simplex virus type 1 (HSV 1) (Ugolini et al., 1987),
canine adenovirus type 2 (CAV-2) (Junyent and Kremer, 2015), and retroAAV2-retro
(Tervo et al., 2016), in DATCre(+) mice could be used to overexpress GIRK2c or GIRK3.
To better facilitate these viral approaches, changes could be made to improve upon the
viruses used in this thesis (Chapters 4 and 5). IRES sequences are known to reduce
the expression of subsequent proteins (Licursi et al., 2011); therefore, it is likely that the

expression of GFP in the GIRK overexpression viruses is decreased, making it harder to
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determine the full extent of viral expression. In the future, a P2A sequence might
improve this (Kim et al., 2011). Additionally, based on personal conversations with
others manipulating DA neurons with retrogradely traveling viruses, the EFloa promotor
will likely perform better in DA neurons than the human synapsin (hSyn) (de Jong et al.,
2019).

Future studies using these retrograde-expressing viruses in DATCre(+) mice can
build on the work described in Chapter 5, overexpressing GIRK channel subunits to
manipulate strength of GIRK channel signaling in a subpopulation-specific manner. The
most logical subpopulations that contribute to cocaine behavioral sensitivity are the NAc
lateral shell projecting dopaminergic population, which has been implicated in reward-
related behaviors (Lammel et al.,, 2012) or the NAc core projecting dopaminergic
population, which has been implicated in the approach-related effects of drugs of abuse.
Indeed, this subpopulation-specific manipulation of inhibitory G protein signaling has
already begun to be performed. In one such study, the expression of SNX27 in NAc-
projecting VTA DA neurons restored GABAsR-GIRK responses but not responding to
cocaine (Rifkin et al., 2018). However, the NAc lateral shell, medial shell, and core were
all targeted in these manipulations (Rifkin et al., 2018). Perhaps if the lateral shell NAc
subregion was targeted, behavioral responses to cocaine could have been rescued.
More work manipulating GIRK channel activity in VTA DA neurons should be done to
fully assess this possibility.

To manipulate other inhibitory G protein signaling pathway elements in
subpopulations of VTA DA neurons (Hsu et al., 2014), the recently popularized CRISPR
approach could be used in conjunction with retrograde viral approaches. CRISPR allows
for the knockout of genes of interest by taking advantage of the anti-DNA immune

system in bacteria. CRISPR (clustered regularly interspaced short palindromic repeats)
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refers to DNA sequences that can be used to identify and subsequently remove foreign
DNA in bacteria, or in the case of experimental applications, genes of interest. The
enzyme CRISPR-associated 9 (Cas9) uses CRISPR sequences to recognize and cleave
specific strands of DNA that are complementary to the CRISPR sequence. Using RNA
guides, Cas9 can generate targeted DNA double-strand breaks to stimulate genome
editing, disrupting the expression and/or function of proteins of interest. To employ
CRISPR-mediated gene knockout specifically in DA neurons, one would cross the Cas9-
GFP mouse (Platt et al.,, 2014) (Cat. No. 026175, The Jackson Laboratory) with the
DATCre line (Backman et al.,, 2006), allowing for the expression of Cas9 in Cre-
expressing, i.e., DA, neurons. Viruses expressing guide RNA probes specific for different
elements of inhibitory signaling infused into the VTA would allow for the knockout a gene
of interest, e.g., Girk2, Indeed, preliminary findings indicate that the CRISPR approach is
capable of disrupting GIRK2 function and thus likely expression (Figure 6.1).

There are a number of other downstream effectors it would be interesting to
manipulate with the CRISPR approach. These include the knockout of GIRK3 from DA
neurons, to verify the increase in GABAsR-GIRK coupling observed in Girk3” mice and
decreased behavioral sensitivity to morphine (Labouébe et al., 2007). The knockout of
SNX27 and GABAgR from DA neurons, which impacts behavioral sensitivity to cocaine
(Munoz and Slesinger, 2014; Edwards et al.,, 2017; Rifkin et al., 2018), could be
recapitulated selectively in the VTA. Removing D2R from VTA DA neurons could help
confirm that the behavioral phenotypes observed in DATCre(+):Drd2"" mice, i.e.,
increased cocaine locomotor, CPP, and self-administration (Bello et al., 2011; Holroyd et
al., 2015), are conferred by VTA DA neurons. The behavioral contributions of the
NALCN sodium leak channel (Philippart and Khalig, 2018) in VTA DA neurons, which

might be responsible for the non-GIRK component of the GABAsR and DzR response
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(Arora et al., 2010; Kotecki et al., 2015; McCall et al., 2017), could also be explored

using the CRISPR approach.
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Figure 6.1. CRISPR to knockout GIRK2c from VTA DA neurons decreases
GABABgR-currents.

A) Summary of GABAsR-GIRK currents elicited by the bath application of baclofen (200
uM) in DATCre(+):Cas9eGFP(+) mice injected with control virus (n = 3 cells from 1

mouse, 160 = 48 pA) and virus expressing guide RNA for GIRK2 (n = 14 cells from 7
mice, 51 + 6 pA; Mann-Whitney test, U = 0.00, p = 0.01) .
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6.2.3 Subpopulation-specific studies of GIRK channel plasticity

Another future direction to explore is the possibility that adaptations GIRK
channel activity caused by cocaine (Arora et al., 2011), methamphetamine (Padgett et
al., 2012), or footshock (Chapter 2) might be specific to certain subpopulations. Indeed,
work from our lab looked at putative DA neurons, which were most likely the NAc lateral
shell projecting DA neurons based on their electrophysiological properties. Cocaine
decreased GIRK channel activity in these VTA DA neurons (Arora et al., 2011);
however, another lab performed a similar study Pitx3eGFP(+) mice and did not observe
any changes in VTA DA neuron GIRK channel activity following acute cocaine exposure
(Padgett et al., 2012). The use of Pitx3eGFP(+) mice to identify DA neurons, could have
led to the assessment of a diverse population of DA neurons, making it challenging to
detect the decrease in GABAsR-GIRK currents in a subset of neurons. When designing
future studies of inhibitory signaling plasticity of VTA DA neurons, it will be important to
assess subpopulations of VTA DA neurons by projection target using retrobeads or a
retrograde traveling virus expressing a fluorophore.

6.2.4 Improved behaviors

The work presented in Chapters 3, 4, and 5, as well as the work of others
assessing the contributions of inhibitory G protein signaling in VTA DA neurons to the
behavioral sensitivity to drugs of abuse has heavily relied on the acute and sensitized
behavioral locomotor response to cocaine. While this assay is reliably run, easy to
interpret, and captures some elements of drug addiction (i.e., a response to drug that
changes with repeated exposure), there are other behaviors that better model reward-

related behavior.
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One such behavior that could be measured in the GIRK overexpression
manipulations (Chapter 5) is CPP. Indeed, DATCre(+):Drd2"" mice showed increased
preference for low dose of cocaine below detection for wild type mice. This suggests the
strength of inhibitory G protein signaling in VTA DA neurons is important for regulating
sensitivity to the rewarding effects of cocaine (Bello et al., 2011). However, | did not
observe a difference in CPP in DATCre(+):Girk2" mice, suggesting GIRK channels
might not mediate this conditioning-dependent means of measuring reward. A newly
described variant of the CPP test, single exposure place preference (Runegaard et al.,
2018a) represents a means of assessing the initial rewarding effects of
psychostimulants, which may be more useful for VTA DA neuron manipulations. This
test could be used to assess the effects of manipulating GIRK channel activity in VTA
DA neuron on the initial behavioral effects of cocaine, similar to acute locomotor activity
(Chapters 3 and 5).

It would also be useful to further characterize other aspects of self-administration
in the DATCre(+):Girk2"™ mice, as well as in VTA DA neuron GIRK overexpression
conditions. While acquisition of cocaine self-administration and dose response at a fixed
ratio have been described, characterization of breakpoint, extinction, and reinstatement
of self-administration by stress, drug cues, and drug exposure will allow for an improved
understanding of the GIRK channel’s therapeutic potential. This is especially important
considering that GIRK channel signaling strength is decreased by acute exposure to
psychostimulants (Arora et al., 2011), so there may not be sufficient GIRK channels to
exert a therapeutic decrease in VTA DA neuron excitability.

Finally, it would be beneficial to assess how exposure to stress impacts negative
affective behaviors and behavioral sensitivity to cocaine in DATCre(+):Girk2" and VTA

DA neuron GIRK channel overexpression manipulations. Indeed, VTA DA neuron
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excitability has been linked to depression and relapse (Nestler and Carlezon, 2006; Holly
and Miczek, 2016), and severe stress, i.e. footshock, decreases GIRK channel activity in
VTA DA neurons (Chapter 2). Thus, GIRK channel manipulation could influence

negative affective behavior, but only following stressful experiences.
6.3 Concluding thoughts

This dissertation highlights the role the unique GIRK1-lacking (Cruz et al., 2004,
Labouebe et al., 2007) GIRK channel present in VTA DA neurons plays in tempering the
behavioral effects of cocaine. It is tempting to speculate that preferentially engaging the
VTA DA neuron GIRK channel with a GIRK2¢/GIRK3 channel-specific activator might
have therapeutic potential for treating addiction. While there are no such GIRK channel
agonists available now, there are some in development. Indeed, the novel compound
VUG9S is able to reduce the firing rate of VTA DA neurons, but not in putative DA
neurons of the VTA in mice lacking GIRK2 (Figure 6.2). While this compound is still
under development, this is an exciting advance beyond previous GIRK activators, such
as ML297 that were selective for GIRK1-containing channels (Wydeven et al., 2014;
Kotecki et al., 2015).

There are a number of ways in which GIRK channel agonists could be
incorporated into treatment for addiction. GIRK channels activators could potentially be
used as a prophylactic to reduce the addictive liability of opioids given to manage pain.
GIRK channel activators might also be able to be used to prevent relapse to
psychostimulants. Indeed, increased GIRK channel activity decreased initial behavioral
responding to cocaine. However, more relevant studies assessing GIRK channel
activation on extinction and relapse will be needed before this approach could be tested

in human patients with addiction. Overall, inhibitory G protein signaling, especially GIRK
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channel activity, in VTA DA neurons represents a promising target for pharmacotherapy

to treat addiction.
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Figure 6.2. VU695 reduces the firing rate of VTA DA neurons in a GIRK2-
dependent manner.

A) Spontaneous firing rate of wild type VTA Pitx3eGFP(+) (DA) neurons (n = 10 cells
from 4 mice; baseline 1.38 + 0.28 Hz, VU695 0.53 + 0.14 Hz; paired t test, to = 3.01, p =
0.015) following bath application of VU695 (30 uM). B) Spontaneous firing rate of
putative DA neurons of the VTA in Girk2” mice (n = 6 cells from 3 mice; baseline 1.31 +
0.14 Hz, VU695 1.09 * 0.35 Hz; paired t test, ts = 0.650, p = 0.544).
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Appendix

As a graduate student, there have been several papers that | have found exceptionally
inspirational and/or helpful, and | would like to highlight them here.

Ref.

(Arora et al.,
2011;
Padgett et
al., 2012)

Title

Emerging concepts for G
protein-gated inwardly rectifying
potassium (GIRK) channels in
health and disease

What | appreciated about this paper
Review. Excellent introduction to
GIRK channels in the nervous system.
| read this paper at the start of my
time in the Wickman lab, and continue
to return to it to this day. Happily
recommend to anyone looking to learn
about GIRK channels and only has an
hour to spare!

Structure to Function of G
Protein-Gated Inwardly
Rectifying (GIRK) Channels
Edited by Paul A. Slesinger,
Kevin Wickman. International
Review of Neurobiology
Volume 123, 2015.

Book. If you find yourself with more
time and interest in GIRK channels,
this book is a fantastic resource.

(Lischer and

Research paper. This paper

Slesinger, describes firing model dependent
2010) Firing modes of dopamine adaptations in GIRK channel activity
neurons drive bidirectional in VTA DA neurons, which | think has
GIRK channel plasticity major implications for as a general
mechanism for GIRK channel
adaptations.
(Lalive et al., Diversity of Dopaminergic
2014) Neural Circuits in Response to

Drug Exposure

(Juarez and

Ventral tegmental area

Han, 2016) dopamine revisited: effects of
acute and repeated stress
(Holly and Ventral tegmental area: cellular
Miczek, heterogeneity, connectivity and
2016) behavior
(Morales and  Diversity of transgenic mouse
Margolis, models for selective targeting of
2017) midbrain dopamine neurons

Reviews. Collectively, these reviews
provide an excellent introduction to
the tangled mess of VTA DA neuron
subpopulations.
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