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Abstract & Public Summary

An essay is due, your rent check is late, the national guard has been deployed to your
city, you are experiencing violence within your own home: humans experience stress in varying
degrees and durations throughout their lives, and the severity and proportionality often align with
societal inequities. As stress neurobiologists, we play a role in describing the ways this stress
manifests in our bodies, how it forever alters the pathways in our brains and shifts our own
reactions to the world around us. In part, we do this work to understand the basic science of
stress and how it increases risk for diseases like heart disease, stroke, hypertension, anxiety,
depression, and substance use disorders. We also seek to find treatments, so that while society
inflicts unearned stressors on its most vulnerable citizens, we may use pharmacology to
ameliorate a fraction of its harms.

Our bodies use neuropeptides to modulate our behavioral and emotional responding to
stimuli, like stress. These small proteins act on receptors in our brain cells, or neurons, to
promote certain behaviors and make long-lasting changes in neural connectivity. The opioid
peptide dynorphin is produced in multiple brain regions, including those involved in decision
making and reward learning, and plays an important role in the stress response. When released in
response to drug-taking or stress, dynorphin (dyn) binds to a receptor called the kappa opioid
receptor (KOR). Years of research from the Chavkin lab and others have shown that signaling at
the kappa opioid receptor contributes to increased depression, anxiety, and substance use after
the experience of behavioral stress. Researchers have also shown that molecules which can block
dynorphin from binding to its receptor can reduce these negative psychological consequences.
This dissertation digs into two big questions surrounding the effects of kappa opioid receptors:

(1) How do the antagonists, or compounds which disrupt KOR signaling, work and how does



this knowledge help us better design therapeutic compounds in the future and (2) How do KORs
signal within dopamine neurons, a population of neurons involved in decision making & reward

that is altered by stress.

In Chapter 1, I review the literature evaluating the therapeutic potential for KOR antagonists in
treating mood disorders and substance use disorders. The chapter describes studies that
demonstrated the role of dyn/KOR in mood and substance use disorders, reviews the brain
regions critical for these behaviors, and discusses the importance of biased agonism and

development of functionally selective ligands.

In Chapter 2, I assess the role of c-Jun Kinase (JNK) signaling both by KOR antagonist
norbinaltorphimine (norBNI) and Dopamine D2 Receptor agonist quinpirole. Both agonists and
antagonists of the KOR can stimulate JNK signaling, producing reactive oxygen species and
disrupting signaling. We found that Quinpirole can stimulate JNK-dependent ROS at both D2
receptor isoforms. We also found that NorBNI pretreatment shifts the dose response to
Quinpirole at inhibiting dopamine release, indicating that JNK-ROS stimulated by the KOR can

disrupt signaling at neighboring Gi-coupled receptors.

In Chapter 3, I present findings from two collaborations assessing the regulation of presynaptic
dopamine release in the nucleus accumbens. We found that KOR-mediated inhibition of
dopamine release is less potent in female mice, and that this effect is blocked by the GRK
inhibitor CMPDI101. In a collaboration with the Zweifel lab, I also helped demonstrate that

different neuropeptide marker genes, CCK and CRHR1, segregate populations of dopamine



neurons which project to the NAc Shell and NAc Core, respectively.

In Chapter 4, I present findings which discuss the mechanism and limitations of KOR
antagonist norBNI. We found that there are sex-differences in the long-lasting nature of norBNI,
which are prevented by pretreatment with GRK inhibitor CMPD101. We also found that norBNI
is not long-lasting at dopamine terminals, an effect that may be due to the lack of ROS

production downstream of norBNI in NAc terminals.

In Chapter 5, results from a series of experiments assessing the role of potassium channels in
the kappa opioid receptor regulation of dopamine neurons. We used a CRISPR-Cas9 based
system to knockdown genes for Kv1.2, Kv3.4, and Kir3.2 or GIRK2 (KCNA2, KCNC4,
KCNIJ6). We then assess the effect of those knockdowns on basal dopamine physiology and

KOR signaling in dopamine neurons.
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Chapter 1
The therapeutic potential of the targeting the kappa opioid receptor system in

stress-associated mental health disorders

Introduction

The stress response evolved as an adaptive phenomenon that enhances our ability to
respond to threats, redirecting resources from immune protection and metabolism to short-term
survival (Chrousos & Gold 1992). A complement of signaling cascades activated by both the
peripheral endocrine, sympathetic nervous system, and central neuropeptide systems occurs as a
part of the physiological response to stress. Corticotropin-releasing factor (CRF) stimulates the
peripheral stress response by inducing the release of adrenocorticotropic hormone from the
pituitary which, in turn, activates the hypothalamic-pituitary-adrenal axis. CRF also binds to
CRF receptors (CRFR1 and CRFR2) within the central nervous system, where it stimulates
downstream effectors and behavioral responses to stress. In addition to its adaptive benefits such
as increasing arousal, the acute experience of stress can elicit feelings of fear, anxiety, and a loss
of cognitive flexibility; repeated or chronic stress is linked to an increased risk for depression,
anxiety, and substance use disorder (Kessler 1997, Gold 2002, Gold 1998, Koob 2008). In order
to understand this transition from acute, adaptive stress, to maladaptive stress and stress
disorders, it is important to study the mechanism of its molecular effectors, including
endogenous opioids.

Endogenous opioids are critical modulators of behavior: shaping responses to natural
rewards, threats, and social interaction and contributing to maladaptive behavioral responses in
disease states like mood and substance use disorders (Shippenberg 2007, Paredes 2014, Le

Merrer 2009, Yeomans 2002, Lutz 2013). Dynorphin, the endogenous ligand for the kappa



opioid receptor, is functionally involved in analgesia, feeding, temperature regulation, and the
psychological response to stress (Chavkin 1982, Morley 1983, Przewlocki 1983, Han 1982,
Chavkin 2016). Both agonism and antagonism of its receptor, KOR, can reduce drug seeking
behavior, depending on the timing of drug treatment and the signaling properties of the ligand
(McLaughlin 2006b, Smith 2012, Kuzmin 1997, Mello & Negus 1998, Chartoff 2016).
Characterizing the intricacies of KOR signaling and the neuroanatomical substrates for KOR
action can further elucidate how the dyn/KOR system contributes to such a diverse array of
stress-associated behaviors and psychological disorders.

Kappa opioid receptors are 7 transmembrane, G-protein coupled receptors (GPCRs)
which, upon agonist binding, induce nucleotide exchange, dissociating the G-proteins from the
receptor and initiating signaling (Childers & Snyder 1978, Minneman & Iverson 1976). Opioid
receptors are generally inhibitory on the activity of neurons, which is attributed to their coupling
to the Gai/, family of G proteins (Taussig 1993). Endogenous opioids derived from prodynorphin
specifically activate the kappa opioid receptor, and KORs are widely expressed throughout the
central nervous system (Chavkin 1982, Schwarzer 2009). Upon ligand binding, KORs can
activate multiple second messengers, including GBY, ERK1/2, p38a MAP-Kinase, and c-Jun
Kinase, depending on a dynamic set of possible conformations and signaling states (Bruchas &
Chavkin 2010, Urban 2007). Dynorphin can activate each of these signaling cascades, but some
synthetic agonists preferentially activate only one or several KOR second messengers, a
phenomenon known as functional selectivity (Urban 2007, Kenakin & Miller 2010). The
molecular basis for functional selectivity at KOR is not fully understood, but recent studies using
nanobody stabilized structures of the KOR show that its conformation and ligand binding affinity

change substantially depending on the structure of the molecule in the binding pocket and single
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amino acid changes can dramatically shift the nanobody stabilized structure (Che 2018, Che
2020). These insights support the long-held hypothesis that different ligands induce different
conformations of the receptor that result in different efficiency of G-protein activation. These
conformational differences are what distinguish ligands with high intrinsic effciacies, partial
agonists, and neutral antagonists. However, the functional selectivity concept posits that a
ligand’s intrinsic efficacy at GBY signaling is independent from its intrinsic efficacy at
regulating effectors controlled by GRK3/B-arrestin activation. The medicinal chemistry required
to establish the validity of this concept is still being explored (Ho 2018, Brust 2016, Bedini 2020;
Dunn & Kreek 2019). Nalfurafine is an example of an efficacious KOR agonist that seems to
show strong functionally selectivity for GBY over GRK3/B-arrestin signaling (Schattauer 2017).
Further development of functionally selective KOR agonists holds promise that opioid
medications might be generated that produce analgesia without adverse cognitive disruption
(Mores 2019, Coussens 2019). Understanding which signaling cascades are activated by KOR
ligands and where in the brain they act has been an area of active study to determine the
therapeutic potential of kappa opioid receptor-targeting drugs in treating mood disorders and
substance use disorders.

Since finding that dynorphin signaling generated the dysphoric component of stress,
studies have demonstrated that there are multiple, redundant brain regions that contribute to the
mood disturbances associated with KOR signaling. Much work has gone into parsing the
mechanism by which dynorphin contributes to human and animal behavior, and this chapter will
walk through the effect of KOR in multiple brain regions implicated in mood disorders and
substance use disorders. Recent findings about functional selectivity of the kappa opioid receptor

further inform our understanding of the mechanisms by which KOR signaling contributes to
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depression, anxiety, and substance use disorder. This review will parse both where the dyn/KOR
system acts to modulate behavior and how signaling cascades downstream of KOR shape

behavior under acute stress, after chronic stress, and during drug withdrawal and relapse.

Activation of the dynorphin/kappa opioid receptor system is associated with dysphoria,
cognitive disruption, and increased preference for drugs of abuse. Although kappa opioid
agonists were first proposed as potential pain pharmaceutics due to their analgesic properties that
were distinct from the addictive mu opioid analgesics, it quickly became clear that certain KOR
agonists has striking psychotomimetic effects: causing hallucinations, dysphoria, and mood
disturbance in humans (Pfeiffer 1986, Prisinzano 2005). This clinical observation and the finding
that KOR agonists reduce dopamine release (Di Chiara & Imperato 1988), led to the prediction
that KOR agonists may suppress drug seeking by reducing drug-induced dopamine responses
(Spanagel 1992). This prediction was borne out in studies that demonstrated that the KOR
agonist U69,593 attenuated a drug primed cocaine reinstatment and decreased cocaine seeking
behavior (Schenk 1999, Schenk 2000). Acute kappa agonist treatment can attenuate responding
to reward, attenuate responding for cocaine reward, and acutely increase the threshold for
intracranial self-stimulation (Kivell 2018, Chartoff 2016). Further, the KOR antagonist, norBNI,
can increase ethanol consumption in high-ethanol drinking rats (Mitchell 2005, Walker & Koob
2008). However, this acute reduction in behavioral responding for drugs of abuse caused by
KOR agonists is substantially counterbalanced by a prolonged increase in depressive and
anxiogenic behaviors by the kappa opioid receptor (Chavkin & Koob 2016). Because drug-
seeking behavior is increased in a KOR-dependent manner, KOR antagonists are a more

promising therapeutic than KOR agonists.
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Chronic behavioral stress, like KOR activation, can acutely reduce behavioral responding
for reward, induce mood disturbance, and disrupt cognition (Kivell 2018, Abraham 2017,
Pfieffer 1986, Fellinger 2020, Paris 2011). Substantial literature now demonstrates that the
dyn/KOR system is engaged in encoding the dysphoric component of stress: dynorphin is
released in multiple corticolimbic brain structures downstream of CRF after stressors such as
swim stress, social defeat stress, and foot shock (Land 2008). Antagonism of KOR with norBNI
or other antagonists disrupts swim immobility in a forced swim test, blocks conditioned place
aversion to stressful stimuli, and reduces social defeat (Land 2008, McLaughlin 2006a). This
dysphoric response to KOR agonists can also increase the negative affect associated with acute
pain despite its analgesic effects. For example, KOR agonist U69-593 increases acid-induced
reductions in iCSS while also reducing paw responses to pain (Negus 2010).

Many early studies deciphering the role of the dyn/KOR system in substance use disorder
indicated it could work to attenuate drug taking: data show that cocaine consumption increases
the dynorphin message in the striatum and predicted that it could act as an inhibitory brake to
oppose the excitatory, pro-dopamine release effects of cocaine, but also predicted that its
dysphoric effects would persist, perhaps contributing to the experience of withdrawal (Hurd &
Herkenham 1993, Carlezon 1998, Muschamp & Carlezon 2013) . An abundance of studies
suggest that chronic stress exacerbates compulsive drug taking and seeking: inducing relapse,
increasing escalation, and modulating the mesocorticolimbic dopamine system implicated in the
physiological adaptations to drug taking (Breese 2005, Sinha 2007, Norman 2015, Tye 2012,
Holly 2015). Both repeated forced swim stress and treatment with KOR agonists 60 minutes
prior to cocaine conditioned place preference (CPP) increase a mouse’s preference for cocaine, a

phenomenon known as cocaine CPP potentiation (McLaughlin 2006b). This CPP potentiation
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phenotype has been recapitulated with other drugs of abuse including nicotine and alcohol
(Sperling 2010, Smith 2012). KOR agonists like U50,488 can also induce this potentiation of
drug preference. KORs are necessary for stress-induced potentiation of drug preference, as
shown by the fact that pretreatment with norBNI, the KOR antagonist, prior to behavioral stress
blocks the effect (Sperling 2010). Although conditioned place preference models components of
drug salience and drug seeking behavior, these studies do not, alone, indicate that KOR
activation is sufficient to drive increased drug taking and seeking after stress. They did, however,
provide evidence that KOR antagonists may be a more effective treatment in reducing

compulsive drug seeking behavior, particularly in dependent individuals or after a stressor.

Contribution of the dyn/KOR system to substance use disorder, anxiety, and depression
KOR antagonists can reduce drug-taking in preclinical models of addiction and are in
clinical studies for use in treating substance use disorders. Systemic KOR antagonism by norBNI
can reduce the excessive alcohol sef-administration detected in ethanol dependent rats (Walker
2010). Deletion of the kappa opioid receptor decreases ethanol preference in a two-bottle choice
paradigm and subcutaneous treatment with the KOR antagonist JDTic reduced ethanol drinking
in ethanol preferring rats (Van’t Veer 2016, Uhari-d4nanen 2018). This phenotype appears to be
specific to dependent animals. In a study comparing norBNI (a KOR antagonist), nalmefene (a
KOR partial agonist/antagonist and a MOR antagonist with higher affinity for KOR), and
naloxone: naloxone reduced ethanol drinking in all rats, norBNI reduced ethanol drinking only in
dependent mice, and nalmefene reduced ethanol drinking in both populations (Nealey
2011). Inhibition of KOR can also reduce cocaine intake after extended access, block stress-

induced relapse in rats, and inhibit amphetamine-abstinence induced withdrawal (Wee 2009,
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Graziane 2013, Raffa 2008). Repeated stress exposure can increase the behavioral economics
measure of maximum price value for cocaine, Pmax, and this stress-induced increase in Pmax be
blocked by KOR antagonist norBNI (Groblewski 2014). This literature illuminates how KOR
activation can enhance compulsive drug seeking (Koob 2013). In addition to its impact on drug
use, behavioral stress KOR activation can contribute to anxiety and depressive-like phenotypes
(Lalanne 2014).

The dyn/KOR system also contributes to depression and anxiety-like behavior.
Dynorphin mRNA and KOR receptors are found in brain regions related to stress and anxiety in
rodents, such as the paraventricular neucleus of the thalamus (PVN), the bed nucleus of the stria
terminals (BNST), and the amygdala (AMY) (Lin 2006, Morris 1986). Recreational users of the
KOR agonist salvinorin A reported increased anxiety in a self-rated scale and dynorphin
expression is necessary for the generation of stress-induced anxiety- and depression-like
behavioral responses (Gonzalez 2006, McLaughlin 2003). KOR agonists can produce anxiety-
like behaviors on the elevated plus maze, and deletion of KOR or dynorphin reduces anxiety like
behaviors in the open field and light-dark box (Gillett 2013). Despite this, deletion of
prodynorphin can also increase anxiety-like behavior in some tasks and in the hands of some
experimenters (Kudryavtseva 2004, Kudryavtseva 2005). These findings indicate that KOR
signaling likely plays a role in modulating anxiety, which may depend on where in the brain
dynorphin is released and the duration or amount of release. Systemic KOR antagonists are able
to block traits associated with depression including immobility in the forced swim test, social
defeat postures, and learned helplessness in escaping footshock (Carr 2010, Mclaughlin 2006a,
McLaughlin 2003). A study of buprenorphine, a p-opioid receptor agonist and KOR antagonist,

demonstrated that the antidepressant-like effects of buprenorphine are mediated by kappa opioid
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receptors (Falcon 2016), and several compounds have been assayed for anti-depressant efficacy
in humans (Li 2016), showing mixed results depending on study design (Krystal 2020, Karp
2014). In order to improve drug design and understand the contradictions in the behavioral
effects of KOR agonists and antagonists, its important to look at how differences in dose, study
design, and the type of agonist or antagonist used contributes to this variable.

As its been clearly established that the KOR plays an important role in encoding some of
the psychologically harmful aspects of chronic stress, it is also critical to determine where in the
brain dynorphin is released and KOR is expressed to understand how dyn/KOR modulates
physiology in these brain regions to contribute to the behavioral phenotpyes of stress. Research
into the neural substrates of stress and the dyn/KOR system has uncovered multiple, possibly
redundant loci contributing to behavioral phenomenon like swim immobility, stress-induced
relapse, reduced social interaction, and other depressive, compulsive, and anxiogenic behaviors.
Within the next section, we will review the mechanisms by which dorsal raphe serotonergic- and
mesolimbic dopaminergic circuitry contribute to the behavioral effects of KOR activation. We
will then describe how KOR receptors in their projection targets in the nucleus accumbens,
prefrontal cortex, and amygdala, both on presynaptic serotonergic and dopaminergic terminals

and local neurons, also contribute to the modulatory effects of KOR on mood.

KORs are expressed on dorsal raphe serotonin neurons and contribute to stress-induced
plasticity within serotonin circuitry. Serotonin levels in the brain have long been associated
with mood disturbance and depression, and the dorsal raphe serotonin neurons are vulnerable to
physiological changes after behavioral stress (Mahar 2014, Bambico 2009, Jans 2006, Grahn

1999). Swim stress alters the physiology of serotonin neurons in the DRN, elevating the
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frequency of and reducing the amplitude of spontaneous extracellular post-synaptic potentials
(EPSPs) (Kirby 2007). Chronic stress can increase serotonin in the rat brain (Adell 1988, Mo
2008), but acute stressors can also reduce serotonin levels by increasing reuptake (Schindler
2012). Due to its role in stress and depression as well as its ability to modulate signaling through
acute, g-protein mediated events and prolonged p38-MAPK dependent changes, the KOR was
proposed to be a critical modulator of serotonin neurons.

Local KOR antagonist, norBNI in the dorsal raphe nucleus blocks place aversion to
U50,488, indicating that the receptors in the DRN are critical to the formation of an aversion to
KOR agonists (Land 2009). Further, local norBNI in the DRN prevents the social defeat stress-
mediated reinstatement of cocaine preference, demonstrating the KOR in the DRN are necessary
for this behavioral response to stress (Land 2009). Interestingly, these effects may depend on
prior experience of stress. One study in California mice found that directly injecting the KOR
agonist, U50,488, into the DRN induces anxiety-like behaviors in unstressed mice but alleviates
social defeat behaviors in defeated mice (Wright 2018). Acutely, KOR agonists may be able to
increase extracellular serotonin and attenuate cocaine primed drug reinstatement (Riiedi-
Bettschen 2010), but repeated forced swim stress and U50,488 treatment can also increase the
surface expression and reuptake of serotonin, reducing extracellular serotonin (Schindler 2012).
These seeming contradictory results make clear that KOR modulation of serotonin neurons is
variable depending on the stressor, the duration of the stressor, or the duration/dose of agonist
treatment.

KOR activation modulates the DRN to nucleus accumbens (NAc) projection in a p38-
MAPK dependent manner, shaping behavioral responding after stress. Application of U69,593 to

serotonin neurons leads to an increase in Ba+-sensitive potassium conductance attributed to a G-
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protein coupled inwardly rectifying potassium channel (GIRK), a decrease in the amplitude of
evoked EPSCs, and a decrease in the frequency, but not amplitude of mini-EPSCs (Lemos 2012).
Exposing animals to repeated forced swim stress generates dynorphin release and
phosphorylation of the kappa opioid receptor and GIRK subunit in the dorsal raphe nucleus. This
phosphorylation of the Kir3.1 subunit of GIRK leads to a p38-MAP Kinase dependent reduced
U69,593 activation of GIRK conductance. This study demonstrated that repeated forced swim
stress changes the physiological influence of KOR on DRN serotonin neurons: after stress
presynaptic glutamatergic inputs onto serotonin neurons were still inhibited by U69,593, but
GIRK channels no longer increased their conductance (Lemos 2012). This leads to the prediction
that prior stress experience primes the serotonin system to be more active and less inhibited by
KOR agonists. In the NAc, however, repeated forced swim stress increases the surface
expression of SERT, in a KOR- and p38 MAPK-dependent manner, reducing the amount of
serotonin in the postsynaptic space (Schindler 2012). More work is needed to understand how

KOR signaling modulates serotonin release both during and after a stressor.

Kappa opioid receptor expression in the VTA contributes to the behavioral response to
stress. The ventral tegmental area (VTA) dopamine system consists of a dense population of
dopamine neurons and is regulated by local GABAergic neurons and inputs from many brain
nuclei engaged in motivation, fear responding, and reward learning (Berke 2018, Pignatelli 2017,
Zweifel 2011, Schultz 1998). Dopamine neurons are important for reward learning, and have
been modeled to compute reward prediction errors, encoding the difference between an expected
reward and that received after a known cue (Schultz 1997, Cohen 2012, Bayer 2005). Despite

this long-understood relation to reward, there is substantial literature demonstrating that
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dopamine neurons encode general salience and can respond to aversive stimuli such as airpuff,
footshock, and tail pinch (Budygin 2012, Brischoux 2009, Zweifel 2011), and footshock can
increase FOS in dopamine neurons (Morrow 2000). Dopamine neurons are engaged in aversive
learning, or processing of salient stimuli that cause animals to engage in unconditioned escape or
avoidance responses (Fuchs & McKenna 2008), and a subpopulation of them are stimulated by
footshock cues and encode uncertainty in fear generalization to shock (Jo 2018). In addition to
increases in dopamine in response to aversive stimuli and cues, an absence of dopamine can
signal an aversive event or act as a “negative reward signal” (Danjo 2014, Saunders 2018). After
chronic mild stress, stimulation of dopamine neurons is sufficient to rescue depression-like
behaviors, including reducing immobility in forced swim stress and rescuing sucrose preference
in stressed mice (Tye 2013). These data lead to the prediction that selectively activating a subset
of dopamine neurons involved in aversive learning may itself induce aversive learning, but that
inhibiting all dopamine neurons or reducing dopamine release can also be an aversive stimulus
associated with negative mood. It is possible that through direct action on dopamine neurons or
action on presynaptic inputs to VT A dopamine neurons, KOR may play a role in modulating
both the increases and decreases in DA associated with stress and fearful or aversive events.
Kappa opioid receptors are expressed on the presynaptic terminals of dopamine neurons
and inhibit the release of dopamine (Di Chiara & Imperato 1988, Svingos 2001). This acute
inhibition of dopamine release by KOR agonists has been recapitulated both in vivo and in ex
vivo slices (Ehrich 2014, Ehrich 2015, Rose 2016). Elevated dopamine release during drug-
taking increases activity of D1 medium spiny neurons, which release the KOR agonist,
dynorphin. It is hypothesized that the potentiated dynorphin release during drug seeking leads to

activation of the kappa opioid receptor on DA terminals, reducing DA release and generating the
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negative affective state associated with withdrawal (Nestler 2004, Koob 2008, Trifilieff 2013).
Dyn/KOR signaling on DA neurons is likely involved in predisposing stressed individuals to
substance use disorder and in facilitating the development of a substance use disorder through
nucleus accumbens (NAc) dynorphin signaling. In a model of alcohol use disorder, KORs are
more sensitive to agonist treatment in dopamine terminals after chronic intermittent ethanol
exposure. This augments the dyn/KOR system and helps to drive a reduction of dopamine
release in the NAc, generating a sign change in dependent animals: switching ethanol from being
dopamine enhancing to dopamine inhibiting after chronic ethanol exposure (Karkhanis 2016).
Despite this robust inhibitory effect, much of the evidence points to somatic kappa opioid
receptors within the VTA as essential for behavioral responses like conditioned place aversion to
KOR agonists and cocaine place preference potentiation.

Conditional knockout of kappa opioid receptors from the ventral tegmental area reduces
anxiety-like behavior and prevents conditioned place aversion to U50,488 treatment (Van’t Veer
2013, Chefer 2013, Ehrich 2015). Lentiviral expression of KOR in the VTA is sufficient to
reinstate a CPA to U50,488: indicating that although VTA is not sufficient to cause CPA in a
wild type animal, it is in a knockout mouse. norBNI injected directly into the VTA blocks
U50,488 CPA and compulsive behaviors such as increased marble burying and burst error
responding in the differential-reinforcement-of-low-rate-schedule (DRL) task (Ehrich 2015,
Abraham 2017). This indicates that KOR activation in DA neurons disrupts behavioral
inhibition. Related to this, KOR activation appears to potentiate compulsive checking behavior in
the quinpirole model of obsessive-compulsive disorder (Perreault 2007). Repeated KOR
activation can facilitate dopamine neurotransmission and dopamine-mediated compulsive

behaviors (Escobar 2020). These effects on compulsive behavior after chronic treatment indicate
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there is a “switch” in the directionality of KORs effect on dopamine neurons after repeated
treatment.

In order to understand the mechanisms by which KOR may switch from being primarily
inhibitory at dopamine terminals and hypolocomotive, to increasing compulsive behaviors and
drug seeking after prolonged or repeated activation, it is important to look at how KORs change
DA physiology. KOR agonists hyperpolarize a subset of dopamine neurons within the VTA, an
effect that appears to be species dependent: U69,593 hyperpolarizes mPFC projecting dopamine
neurons in Sprague-Dawley rats (Margolis 2006) and inhibits NAc-projecting and BLA-
projecting dopamine neurons in C57BL6 mice (Ford 2006). When administered to mice in vivo,
a single injection of U50,488 does not change firing frequency or interspike interval of dopamine
neurons, however a second U50,488 injection the following day reduced firing frequency in the
same mice (Ehrich 2015). In wild type mice, this effect did not persist in response to a third
U50,488 agonist, but in mice lacking p38-MAP Kinase in dopamine neurons, the reduction of
firing frequency after U50,488 persisted. An acute cold swim stress ablates long term
potentiation (LTP) of presynaptic GABAergic inputs to VTA DA neurons, an effect that can be
blocked by norBNI (Polter 2014, Polter 2017). Treatment with U50,488 can also ablate the LTP
GABA effect similarly to stress, indicating that KOR on presynaptic GABAergic inputs onto
VTA dopamine neurons may attenuate inhibitory signaling onto dopamine neurons after stress
(Polter 2017). These data indicate that KOR works through multiple mechanisms within the
VTA both on presynaptic terminals and on dopamine neurons, to modulate activity after stress or
repeated KOR treatment.

KOR activation also modulates excitability and dopamine circuit dynamics in the nucleus

accumbens. There are multiple mechanisms for presynaptic inhibition including blockade of
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voltage-gated potassium channels, regulation of synaptic vesicle release machinery, and
increased potassium channel conductance but the primary mechanism(s) responsible for the
regulation of DA release by KOR are not known (Berecki 2016, Miller 1998, Martel 2011). KOR
activation by Salvinorin A can increase the rate of DA uptake through the dopamine transporter,
DAT (Kivell 2014). Nalmefene, a mixed agonist/antagonist of KOR and MOR receptors, can
reduce DA uptake through DAT, but in both ex vivo and in vivo dopamine voltammetry studies,
U50,488 and U69,593 had no impact Vmax, indicating no change to DAT reuptake of dopamine
in the NAc (Rose 2016, Ehrich 2014, Ehrich 2015). Partial KOR agonists nalfurafine and
nalmefene inhibit dopamine release without causing aversion, demonstrating the separability of
these two phenomena (Browne 2020, see Chapter 4). Increased dynorphin in the nucleus
accumbens is associated with depression and drug-use: viral-delivered shRNA against pDYN in
the NAc attenuates depression-like behavior and acute nicotine enhances striatal prodynorphin
mRNA (Cohen 2013, Isola 2009). NorBNI in the NAc can reduce drug-taking and escalation of
drug use (Rose 2016, Whitfield 2015, Schlosburg 2013), an effect potentially caused by KOR on
serotonin terminals, dopamine terminals, and medium spiny neurons.

There is substantial evidence of plasticity in dopamine circuits mediated by the kappa
opioid receptor due to stress or escalating drug use. Somatic KORs on dopamine neurons
hyperpolarize some DA neurons at baseline and reduce firing frequency in vivo after multiple

injections (Ehrich 2015).

Other brain regions contributing to the KOR-dependent behavioral response to stress.

Although dopaminergic and serotonergic circuitry appear critical for the KOR effects on mood,

kappa opioid receptor signaling has been shown to modulate behavior through action in other
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brain regions as well. KOR agonists in the intra-paraventricular thalamus (PVT) can inhibit drug-
seeking behavior. This PVT effect is dependent on dynorphin inhibition of postsynaptic PVT
neurons (Chen 2015). The basal forebrain cholinergic neurons, important for arousal, are also
modulated by dynorphin neurons, indicating a role for KOR signaling in tempering arousal
(Ferrari 2016). NorBNI injected into the locus coeruleus (LC) attenuates, but does not
completely block stress reinstatement of cocaine CPP, indicating that LC KORs contribute to this
behavior (Al Hasani 2013). Neurons in both the central amygdala (CeA) and basolateral
amygdala (BLA) are modulated by kappa opioid receptors. KOR inhibits BLA terminals in the
bed nucleus of the stria terminalis (BNST), dampening the anxiolytic effects of this BLA to
BNST circuit (Crowley 2016). Dynorphin decreased excitatory IPSCs onto CeA neurons,
opposing the action of ethanol and its anxiolytic effects (Gilpin 2013). Kappa opioid receptors in
the prefrontal cortex can also affect aversive learning. Polymorphisms of the pDYN gene can
lead to differences in reversal learning, and CPA to KOR agonist, U69,593 can be reversed by
intra-mPFC norBNI (Votinov 2015, Tejeda 2013).

Although it is clear that kappa opioid receptors are widely expressed throughout the brain
and play an important mode in the behavioral consequences of acute and chronic stress, the
multiple, redundant loci of action leave many remaining questions about how the endogenous
dyn/KOR system facilitates behavioral plasticity in response to stressors and drugs of abuse.
Better tools to measure endogenous dynorphin release and KOR activation will provide insight
into where and when KOR is modulating circuitry. The kappa opioid receptor, like many
GPCRs, can signal through multiple second messenger cascades, and KOR ligands preferentially
activate some or all of these cascades depending on the agonist, duration of action, and location

of the receptor. In this next section, we will discuss how expanded knowledge of KOR signaling
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cascades can inform sensor development and our understanding of where and when dynorphin

acts to cause the behavioral consequences of stress.

G Protein signaling at the KOR

Endogenous dynorphins, classical KOR agonists like U50,488 and U69,593, and biased
ligands like nalfurafine all cause activation of Go. and Gy, triggering G-protein signaling. In
neurons, GPy rapidly couples to G-protein coupled inwardly rectifying potassium channels,
GIRKSs, which can hyperpolarize neurons, modulating excitability. GBY signaling downstream of
the KOR also causes phosphorylation of extracellular related kinase (ERK) (Belcheva 2005,
Lovell 2015). The behavioral consequences of KOR activation are attributed in part to both
increased conductance through GIRKs and increased phosphorylation of ERK. Further, the
inhibition of presynaptic terminals by the kappa opioid receptor is G-protein dependent, and
independent of signaling via p38 MAP-Kinases (Ehrich 2015).

Biased agonists of the KOR, like 6-GNTI, RB-65, and HS666, cause less internalization
than traditional agonists like U50,488 and have a bias toward GTPYs activation over p-arrestin
recruitment (Ho 2018). These “G-biased” agonists can suppress pain and itch without causing
dysphoria or sedation, as measured by suppression of intraccranial self stimulation (iCSS) or
suppression of locomotion (Brust 2016). Although the KOR agonist nalfurafine inhibits
dopamine release (see Chapter 4), it does not cause significant dysphoria when taken as an anti-
pruritic in human patients (Inui 2015). This is likely due to it being 250-fold more potent at
ERK1/2 phosphorylation than at p38 MAPK phosphorylation (Schattauer 2017). Behavioral and
physiological effects exerted by the KOR which depend upon G-protein activation but not

arrestin-recruitment and activation of p38 MAP Kinase include the inhibition of neurotransmitter
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release, the increased excitability of dentate gyrus granule cells, swim-stress mediated increases
in pERK1/2, and increased marble burying and compulsive behavior in a mouse DRL task
(Ehrich 2015, Li 2012, McDermott & Schrader 2011, Kivell 2014, Abraham 2017).

Modulation and opening of GIRKSs likely play a role in both the acute and chronic
physiological effects of the kappa opioid receptor. Although the opening of GIRKSs is associated
with KOR GPY signaling, the phosphorylation of these channels at Tyrosine-12 (Y12) is also
linked to KOR activation of p38 MAP Kinase; this transition from increased conductance
through GIRKSs to reduced GIRK conductance after Y12 phosphorylation is critical to
understanding how DRN serotonin and VTA dopamine neurons are modulated by stress.

Kir3 channels are heterotetrameric, inwardly rectifying potassium channels. There are
three subunits commonly expressed in the central nervous system: GIRK 1, GIRK?2, and GIRK3,
also known as Kir3.1, Kir3.2, and Kir3.3 and encoded by the genes KCNJ3, KCNJ6, and
KCNIJ9. These channels are members of the Kir family, channels that conduct significantly
greater amounts of inward current than outward current (Rifkin 2018, Hille 2007). However, at
voltages near Vrest, the small amount of outward potassium current is sufficient to
hyperpolarize the neuron, reducing spike probability by increasing the depolarization required to
reach action potential threshold. At hyperpolarized potentials more negative than the reversal
potential for potassium, however, these channels can conduct large amounts of inward current,
restoring VREST.

GIRKs are stimulated by Gi,-coupled receptors like GABAg, dopamine D>, and kappa
opioid receptors (Gahwiler 1985, Lacey 1988), couple through GBY subunits, and provide
sustained inhibition on neuronal activity (Wickman 1994). GIRK1, GIRK2, and GIRK3

channels can form heterotetramers and are expressed widely throughout the brain, however,
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GIRK1 expression is limited in VTA dopamine neurons, but abundant in VTA GABA neurons
(Karschin 1996, Cruz 2004). Aside from acute activation, Kir3 channels can also be regulated
via tyrosine phosphorylation. KOR activation of p38 MAPK causes heterologous desensitization
of Kir3 and tyrosine phosphorylation in the N-terminal, cytoplasmic domain of Kir3.1 (pY12-
Kir3.1) that reduces the evoked currents through Kir3 channels (Clayton 2009). This pY12-
Kir3.1 phosphorylation is seen in the dorsal horn of the spinal cord after sciatic nerve ligation,
can be blocked by a p38 inhibitor, and does not occur in KOR knockouts (Clayton 2009). The
Chavkin lab has developed an antibody technique to detect pY 12-Kir3.1, which will be referred
to as “p-GIRK-IR” (Lemos 2011). p-GIRK-IR was detected after U50,488 treatment in the
dorsal raphe nucleus and ventral tegmental area (Lemos 2012, Ehrich 2015).

KOR activation of GIRK currents has been recorded in multiple brain regions implicated
in the behavioral response to stress, including in the serotonin neurons of the dorsal raphe
nucleus, basal forebrain cholinergic neurons, the paraventricular nucleus of the thalamus, and
dopamine neurons in the ventral tegmental area (Lemos 2012, Ferrari 2016, Chen 2015, Ford
2006, Margolis 2005). GIRK channel inhibitor Tertiapin-Q has been shown to have
antidepressant action when directly injected into the VTA or the DRN, an effect presumed to
relate to reduced 5-HT1, GABA., and D2 Receptor signaling (Llamosas 2017, Llamosas 2015).
However, it is possible that the effect of Tertiapin-Q in disrupting KOR-mediated GIRK
signaling is critical for its anti-depressant effects.

A neuron could change the impact of KORs on its physiology through multiple
mechanisms: changing the physical proximity between the receptor and GIRK channel, changing
the subunit composition, or changing its phosphorylation state. BRET and FRET imaging have

shown that G-proteins may precouple to GIRK channels, potentially through GBY (Nagi &
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Pineyro 2014, Riven 2006, Richard-Lalonde 2013). There is evidence that GIRKs and opioid
receptors exist in these precoupled complexes, and also evidence that activation of these
channels can happen due to collision (Nagi & Pineyro 2014). As previously mentioned, GIRK1
channels have not been detected using in situ hybridization in dopamine neurons, but p-GIRK
detection of pY12-Kir3.1 was found in dopamine neurons after repeated U50,488 treatment
(Ehrich 2015). This p38-MAPK dependent effect in dopamine neurons is likely related to the
p38 MAPK dependent shift from U50,488 being inhibitory to it losing its effect after 3 days of
treatment found in the same study (Ehrich 2015). In serotonin neurons, forced swim stress leads
to a p38-MAPK and KOR-dependent increase in p-GIRK, which causes a reduction in the
conductance through GIRK current (Lemos 2012). This phosphorylation and change in GIRK
conductance require the GIRK1 (Kir3.1) subunit, whose expression is not found in abundance in
dopamine neurons. Further study is needed into how KORs couple to GIRK channels in
dopamine neurons and if GIRK1/GIRK2 heteromers exist in dopamine neurons, as opposed to
the GIRK2/GIRK2 homomers and GIRK2/GIRK3 heteromers coupled to D2R and GABAB
receptors.

Another signal transduction cascade important for mechanisms of KOR action is the ERK
MAP kinase pathway. ERK is rapidly phosphorylated downstream of the kappa opioid receptor
in a PTX-sensitive manner; there is a second KOR-mediated ERK phosphorylation event that
occurs 30-60 minutes after agonist treatment that is arrestin-dependent. Recent proteomics work
has shown that although this rapid ERK phosphorylation is tied to KOR activation, its activation
after U50,488 treatment in mice varies by brain region (Liu 2018), and at a 30-minute time point
can only be detected in the CA3 region of the hippocampus. The pERK response is associated

with presynaptic inhibition of BNST terminals, salvinorin-A regulation of the dopamine
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transporter, and is seen after swim stress. Future research should investigate the molecules
downstream of ERK, how they facilitate the above effects, and if this signaling varies between
cell types and neuronal compartment. Further, clarifying the role of the “late pERK” response,
activated downstream of arrestin recruitment, may explain some effects associated with receptor
desensitization and signaling after prolonged KOR activation.

It is clear that the transition from rapid G-protein mediated signaling to arrestin
recruitment and p38 MAPK signaling cascades is critical for the development of outcomes like
conditioned place aversion and reinstatement of drug seeking. p38 MAP Kinase activation
occurs downstream of GRK3 phosphorylation of the kappa opioid receptor and arrestin
recruitment (Bruchas 2006). p38 MAPK phosphorylation is necessary for the SRC kinase
dependent phosphorylation of Kir3.1 (pY 12). Swim stress promotes both GRK3-mediated
phosphorylation of the KOR and p38 MAPK phosphorylation in the NAc, prefrontal cortex, and
hippocampus, implicating it in the behavioral response to stress (Bruchas 2007). Animals with a
conditional knockout of p38 MAPK from serotonin neurons in the DRN are stress resilient
(Bruchas 2011). These p38 MAPK-mediated effects can be ablated by genetically disrupting
GRK3 or p38 MAPK, however most biased ligands preferentially activate G-proteins and their
downstream effectors. As such, it is challenging to develop a model that looks at the effects of
KOR agonists that preferentially activate p38 MAP Kinase pathways. Endogenous allosteric
modulators that increase arrestin-mediated signaling would help characterize this pathway
independently from G-protein and ERK-mediated effects.

“Non-biased” KOR agonists can become functionally selective when “regulator of G-
protein signaling” or RGS molecules allosterically modulate KOR (Liu 2018, Gross 2019).

RGS12 increases the activation of p38 MAP Kinase after U50,488. It also reduces the potency of
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U50,488 in G-protein assays, but increases the recruitment of arrestin to the KOR (Gross 2019).
RGS12 null mice have heightened sensitivity to the analgesic effects of U50,488 and attenuated
conditioned place aversion to U50,488; fruther indicating that RGS12 works endogenously to
bias KOR signaling toward arrestin/p38 MAPk signaling (Gross 2019). It is presumed that this
biased agonism, whether through endogenous RGS molecules or due to functionally selective
ligands, is due to the stabilization of a receptor conformation that stimulates one set of signaling
partners over another, and further knowledge of these stabilized structures may inform later drug
development (Kenakin & Miller 2010, Urban 2007).

Although most of the known outcomes of KOR agonists relate to ERK activity, p38 MAP
Kinase activity, or membrane-delimited changes to ion-channel conductance by G-proteins, a
third MAPK can also be activated by KOR. Receptor binding by both agonists and antagonists of
KOR can activate c-Jun N-terminal kinase (JNK) (Bruchas & Chavkin 2010). Both norBNI and
JDTic produce their long-lasting inhibition of KOR signaling with JNK signaling.
Phosphorylated JNK stimulates peroxiredoxin 6 (PRDX6), which can stimulate NADPH oxygen
and generate reactive oxygen species (ROS) (Schattauer 2017). These ROS lead to the oxidation
of a cysteine sulthydryl in Gai and prevent reversible palmitoylation of the Gai. Depalmitoylated
Gai binds more tightly to the KOR, preventing nucleotide exchange and signaling (Schattauer
2017). Despite this known inactivation by JNK, recent findings indicate that KOR agonists can
also stimulate JNK and reactive oxygen species (Schattauer 2017). It is worth considerable future
study to determine if INK-stimulated reactive oxygen species can modulate physiology,
contributing to the behavioral response to stress. Further characterizing this JNK mechanism is

also important for understanding KOR antagonists and their therapeutic potential.
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Although the dynorphin/KOR system is not the only means by which circuit plasticity
occurs in response to stress and drug-taking, it is clearly important in developing maladaptive
behaviors and mood disorders after stress. If we are to target the kappa opioid system with novel
therapeutics, however, we have to be able to understand why initial clinical trials of KOR
antagonists have not met success criteria. It is important to note that, as described within this
chapter, KOR antagonists are typically only effective at reducing stress-induced reinstatement,
and that they only reduce drug-taking in dependent animals. Additionally, the behavioral
responses to KOR agonists vary widely by dose, where in the brain they are administered, and
the degree of functional selectivity of the agonist. If we can better parse which second
messengers are necessary to mediate important, adaptive component aspects of KOR signaling
and which facilitate harmful consequences, we may be able to better utilize this endogenous

opioid system to reduce the harm of chronic stress and treat substance use disorder.
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Chapter 2

D2 Receptors are regulated by JNK-stimulated reactive oxygen species

Data presented in this section were collected by Katie Reichard for the following manuscript:
Schattauer, S.S., Land, B.B., Reichard, K.L., Abraham, A.D., Burgeno, L.M. Kuhar, J.R., Phillips, P.E.M.,
Ong, S.E., Chavkin, C. (2017) Peroxiredoxin 6 mediates Gai protein-coupled receptor inactivation by cJun
Kinase. Nature Communications, 8:743. [PMC5622097]

Graphs & results are presented from the published paper with additional background and
discussion written for this dissertation.
Introduction

Long-acting antagonists of the kappa opioid receptor like norbinaltorphimine (norBNI)
and JDTic require c-Jun Kinase (JNK) in order to be effective (Bruchas 2007, Melief 2011).
However, prior to this 2017 study, the mechanism of receptor inactivation was not clear.
Schattauer and colleagues demonstrated, using a SILAC proteomics & mass-spectrometry
approach, that after norBNI treatment, the KOR associates more with Gai protein, indicating that
the G-protein is being “locked” to the receptor to facilitate inactivation (Schattauer 2017).
Further, they demonstrated that the Gai increased its association with Peroxiredoxin 6 (PRDX6),
a bifunctional enzyme with glutathione peroxidase activity and phospholipase A2 (PLA2)
activity (Fisher 2011). Schattauer, et al, demonstrated that norBNI produces a JNK-dependent,
PRDX6 activation that stimulates production of reactive oxygen species that can be measured
with ROS indicators like CellROX green (Schattauer 2017). This characterization of a novel

signaling pathway downstream of GPCR activation led to the following questions: can other

Gaij-coupled receptors and agonists stimulate ROS production and is local norBNI stimulated

ROS promiscuous, meaning can it inactivate other local GPCRs.
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The D2 dopamine receptor (D2DR), like the kappa opioid receptor, is highly expressed in

dopamine neurons, couples to Gai, and hyperpolarizes neurons through G-protein coupled

inwardly rectifying potassium channels (GIRKs). In dopamine terminals, D2 receptors act as
autoreceptors, inhibiting neurotransmitter release. Repeated activation of the D2 receptor with its
agonist, quinpirole, can cause compulsive behaviors and is used as a model of obsessive-
compulsive disorder in mice. Co-administration or pretreatment of mice with a KOR agonist can
potentiate this compulsive behavior, indicating that the actions of KOR agonists on dopamine
neurons can ‘crosstalk’ or affect the actions of D2 receptors on behavior. This closely linked
signaling, anatomical colocalization in dopamine terminals, and behavioral outcome make D2
receptors a good model to test if activation of INK-ROS downstream of the kappa opioid
receptor is able to shift signaling at the D2 receptor in a PRDX6 dependent manner.

In addition to the possibility that norBNI-stimulated ROS may act upon non-KOR

receptors in spatial proximity to the ROS signal, it is possible that other Gaj-coupled receptors

that stimulate JNK may generate PRDX6 signaling and functionally significant ROS production
as well. The D2DR receptor exists in short (D2DR(S)) and long (D2DR(L)) splice variants that
differ in their 3rd intracellular loop. The two splice variants have been shown to differ in their
signaling, function and desensitization (Picetti 1997). In order to determine if D2 receptors can
stimulate ROS through a JNK-PRDX6 dependent mechanism, we tested if the agonist quinpirole
was able to generate ROS in HEK293 cells expressing the D2DR. Because the variance in the
signaling in the two splice variants, we also tested if both D2DR(L) and D2DR(S) were able to
stimulate ROS after treatment with quinpirole.

In this study, we predicted that the KOR antagonist would shift the potency of quinpirole

at inhibiting dopamine terminals, via a JNK-PRDX6 dependent mechanism. We tested this by
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measuring the dose-response curve to quinpirole at inhibiting electrically stimulated dopamine
release, as measured by fast-scan cyclic voltammetry. To test the prediction the D2 agonists
would also stimulate reactive oxygen species, we transfected HEK293 cells with D2DR
receptors, treated with D2DR agonist quinpirole, and measured ROS levels using cellular ROS

indicator CellROX Green.

Materials & Methods

Cloning HA-D2DR(L) plasmid was purchased from Sino Biological. HA-D2DR(S) was made
by amplifying the D2s coding region from a pcDNA-D2s-L-Venus (Addgene Plasmid #19966)
with primers that incorporated 5’ HindIII and 3" Notl restriction sites and an HA tag. The HA-
D2DR(L) coding sequence was excised using HindIII and Notl restriction sites and the amplified
HA-D2DR(S) was subcloned into the cassette at the HindIII and NotlI sites.

CellROX Green Experiments HEK293 cells were maintained in Dulbeccos’ modified
medium/F12 with 10% fetal bovine serum and penicillin-streptomycin-L-glutamine. For D2DR
experiments, HEK293 cells were plated on coverslips 48 h prior to the experiment and
transiently transfected with HA-D2DR(L) or HA-D2DR(S) 24 h prior. Cells were serum starved
5 h, then treated with MJ33 (10 uM) or vehicle 30 min prior to 1 h treatment with quinpirole (100
nM). CellROX Green (10 uM, Molecular Probes) was added during the last 30 min of treatment.
Cells were rinsed in PBS and fixed 15 min with 4% PFA. Cells were mounted on glass slides
with VectaShield HardSet with DAPI (Vector Laboratories), and imaged within 12 h. Coverslips
were imaged on a Nikon upright fluorescent microscope with Nikon Elements AR v3.1 software
(Nikon Instruments). To prevent photoactivation, exposure to light during sample generation and

imaging was minimized. Two representative fields from each coverslip were imaged for
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CellROX (488 nm) and DAPI. Exposure times were held constant for every fluorophore
throughout the entire experiment. Image intensities for between 7 and 20 cells per image were
quantified using ImageJ v 1.42q (National Institute of Health), and these were averaged to give
an average field intensity value. This was done for the two cover slip images and averaged to
make one sample (n).

Voltammetry Fast-scan cyclic voltammetry was performed on nucleus accumbens slices from
C57BLIJ/6 male wild-type mice as previously described. Mice were treated with vehicle or
norBNI one hour prior to decap and all recordings were completed within seven hours of norBNI
injection. MJ33 pretreatment was injected thirty minutes prior to norBNI, or 1.5 hours prior to
decap. The last 8 min (four recordings) were used for calculating a quinpirole concentration
response curve in GraphPad Prism, using a three parameter least squares nonlinear regression
with top constrained to 100%.

Drugs For cell culture studies, (—)-quinpirole hydrochloride (Sigma-Aldrich) was dissolved in

H»O. For in vivo studies, norBNI and MJ33 were dissolved in 0.9% saline.

Results

Pretreatment with norBNI significantly reduces the potency of quinpirole at inhibiting
dopamine release as measured in NAc slices. To determine if norBNI could inhibit D2DR
function in vivo, slice voltammetry was used to measure quinpirole inhibition of stimulated
dopamine release in the nucleus accumbens. Mice were injected with norBNI (10 mg/kg) or
vehicle 1 h prior to harvesting brain slices (Figure 2.1a). Dopamine release was electrically
evoked and measured within 7 hours of drug administration. Dopamine was detected with fast-

scan cyclic voltammetry. The relative concentration was then averaged for the final four
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measurements at each dose and a dose response curve was generated (Figure 2.1b). NorBNI
pretreatment resulted in a significant, 2-fold rightward-shift in the quinpirole concentration
response curve, with an ECso of 53 nM (95% confidence interval 46—61 nM), relative to a
vehicle-treated ECso for quinpirole of 28 nM (95% confidence interval 21-34 nM) (Figure 2.1c¢).
This shift in potency was prevented by pretreatment with MJ33 (ECso of 40 nM, 95% confidence
interval 34-45 nM). These data indicate that KOR activation of INK/PRDX6 also results in

cross-inhibition of D2DR in vivo.

Quinpirole, a DRD2 agonist, can stimulate production of reactive oxygen species in
HEK?293 cells expressing DRD2(S) and DRD2(L) isoforms. HEK293 cells stably expressing
D2DR(L) isoform were treated with the D2 agonist Quinpirole (200 nM). After 30 min, they
were treated with CellROX green, a ROS indicator that fluoresces green and translocates to the
nucleus after exposure to H>O». Pretreatment with Quinpirole significantly increased the
measured CellROX fluorescence one hour after treatment. Pretreatment of slices thirty minutes
prior to Quinpirole with MJ33, an inhibitor of the PLA2 activity of PRDX6, prevented this
increase in ROS, as measured with CellROX Green (Figure 2.2a,b). These data, primarily
collected by Selena Schattauer in the Chavkin lab, with support from Ben Land and myself,
answered if the D2 receptor short isoform (D2DR(L)) was able to stimulate ROS after agonist
treatment, however, it did not confirm if the D2DR(S) isoform, which is more vulnerable to
Ca**-dependent desensitization, was able to stimulate ROS (Gantz 2015).

Using Gibson Assembly, we subcloned the D2DR(S) coding sequence into the plasmid
that was coding for D2DR(L) and made a successful insertion, as measured by a loss in the

HindlII restriction enzyme cutting site. HEK293 cells were then plated 48 hours prior to an
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experiment, transfected with either D2DR(L) or D2DR(S) plasmid 24 hours prior to drug
treatment, and tested for Quinpirole-dependent ROS production. Quinpirole led to an increase in
CellROX fluorescence in cells transiently transfected with the D2DR(L) and D2DR(S) isoforms
(Figure 2.2¢,d). This indicated that both isoforms of the D2DR can effectively stimulate JNK and
downstream signaling, but does not inform if either isoform can be inactivated by ROS signaling,

because the ROS is upstream of receptor inactivation.
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Figure 2.1 NorBNI pretreatment shifts potency of quinpirole at inhibition of dopamine
release: A. Schematic of quinpirole experiment Mice were injected with MJ33 or vehicle 30

minutes prior to norBNI injection. Mice were treated with norBNI and this was considered “t=0"
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for the experiment, as only experiments done within 7 hours of norBNI treatment seemed to shift
the dose response. One hour after norBNI injection, mice were decapitated and slices of the
Nucleus Accumbens (NAc) were prepared for voltammetry. Quinpirole dose-response recordings
were taken from NAc slices, within seven hours of norBNI treatment. B. Dose response to
quinpirole for each group. A dose response was curve was calculated for quinpirole using least
squares regression. The maximum was fixed to 100% of baseline for each, and the Hill slope was
fixed to -1. An extra sum-of-squares F test determined that the curves were significantly different
from each other and the EC50s were extracted for statistical comparison. C. ECso comparisons
between treatment groups. (graph from Schattauer et al 2017) EC50 values were calculated
from concentration-response curves for quinpirole inhibition of dopamine release 5—7 h after
vehicle, norBNI (10 mg kg—1, i.p.), or MJ33 (1.25 mg kg—1 i.p.) prior to norBNI. NorBNI
treatment resulted in a significant increase in quinpirole EC50, which was reduced by MJ33
pretreatment (one-way ANOVA, P <0.0001; *P <0.05, **P <0.01, ****P <0.0001, Holm—

Sidak post hoc). Error bars represent mean + SEM
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Figure 2.2: D2 Receptor stimulation by quinpirole results in MJ33-dependent ROS
production in HEK293 cells expression both the short and long isoform of DRD2. A.
HEK?293 cells transiently expressing D2DR(L) were pretreated with MJ33 (10 pM) or Vehicle
(30 min prior to drug treatment). They were then treated with Vehicle or Quinpirole (100 nM),
30 min prior to CellROX green treatment and 60 min prior to fixation in formalin. Cells were

imaged for ROS using CellROX Green. B. Fluorescence was quantified by circling and
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averaging fluorescence in 10-15 cells per cover slip Quinpirole increased CellROX Green
fluorescence; this was blocked by pretreatment with MJ33 (two-way ANOVA, significant effect
of quinpirole (P <0.01) and significant interaction (P <0.05), n=4-5; *P <0.05, **P <0.01,
Holm-Sidak post hoc analysis of MJ33 vs. vehicle pretreatment). C. HEK293 cells transiently
expressing either DRD2(S) or DRD2(L) isoform were treated with either vehicle or quinpirole
(100 nM) thirty minutes prior to CellROX green treatment and one hour prior to fixation. Cells
were then imaged for ROS using CellROX Green. Fluorescence was quantified, quinpirole
increased CellROX Green fluorescence in both DRD2(L) and DRD2(S) expressing cell lines

(two-way ANOVA, significant effect of quinpirole (P <0.05).

Discussion

Through this study, we demonstrated that Gai-coupled receptors besides KOR can signal
to stimulate PRDX6-dependent ROS. Data included in the manuscript, but not shown here,
demonstrated that morphine, a p-opioid receptor (MOR) agonist, can also stimulate the
production of ROS, and that this ROS production can be disrupted by MJ33 pretreatment or
pretreatment with the JNK inhibitor SP6. Further study would be needed to confirm DRD2
activation of JNK, as well as the dose response relationship between quinpirole dose and ROS
activation. Additionally, although the Schattuaer, et al 2017 manuscript describes reduced
palmitoylation and increased G-protein and GPCR association after norBNI treatment that is the
likely consequence of PRDX6-ROS signaling, these molecular signatures of receptor
inactivation have not been shown for D2DR or MOR.

One functional ramification of quinpirole-stimulated ROS in vivo is acute desensitization

of the receptor. Within this same study, colleagues demonstrated that pretreatment with a
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quinpirole agonist two hours prior to a second quinpirole injection produces a ~20% reduction in
quinpirole-induced hypocomotion. However, if animals were given either saline or
MJ33+quinpirole at this -2 hour timepoint, they showed a larger response to the test dose of
quinpirole, indicating that the mild, acute desensitization was dependent on PRDX6. This short
duration of action, two hours, is similar to the time frame within which effects were seen on
FSCV. This leads to a prediction that desensitization effects on D2DR from PRDX6-ROS may
be small and significant only within a short time frame after treatment. Future studies should
look at a time course of these effects and mechanisms by which presynaptic JINK-PRDX6 may
be reduced as compared to somatic. Later in this dissertation, the duration of action of norBNI in
dopamine terminals and its ability to stimulate measurable reactive oxygen species is discussed.

We also saw, both through the quinpirole data and morphine data, that agonists can
activate JNK and, in turn, stimulate ROS. In later work, it was shown that KOR agonists can also
stimulate ROS. JNK-stimulation occurs at lower doses of agonists like U50,488 because higher
doses preferentially activate GRK-Arrestin mediated signaling and p38-MAP Kinases, reducing
overall ROS (Schattauer 2019). This leads to a prediction that a KOR-agonist that preferentially
activates G-protein signaling, without activating the arrestin pathway, would stimulate ROS.
This will be addressed at a later point in this dissertation, interrogating the ability of KOR

agonist, nalfurafine, to stimulate reactive oxygen species in dopamine neurons. Further study
should investigate the ability of Gs and Gq-coupled GPCRs to stimulate JNK & reactive oxygen
species.

Ultimately, to more clearly study the effects of receptor-stimulated reactive oxygen

species, it will be critical to both detect and monitor the stimulation of ROS in living tissue. The

ROS sensor, CellROX Green, used in this study is effective in fixed tissue. The Chavkin lab has
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since utilized a genetically encoded in vivo sensor, HyPerRed, which will more thoroughly and

clearly establish if this effect is occurring in brain tissue, in awake-behaving mice, and where.
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Chapter 3
Dopamine neurons of the VT A are heterogenous and there is a sex difference

in their responses to KOR agonists

Data presented in this section were collected by Katie Reichard for the following manuscripts:

Abraham, A.D., Schattauer, S.S., Reichard, K.L., Cohen, J.H., Fontaine, H.M., Song, A.J., Johnson, S.D.,
Land, B.B, Chavkin, C (2018) Estrogen regulation of GRK2 in female mice inactivates kappa opioid
receptor signaling mediating analgesia, but not aversion. Journal of Neuroscience, 38:8031-8043.

[PMC6136151].

Heymann G, Jo YS, Reichard KL, McFarland N, Chavkin C, Palmiter RD, Soden ME, Zweifel LS. (2019)
Synergy of Distinct Dopamine Projection Populations in Behavioral Reinforcement. Neuron. pii: S0896-

6273(19)31010-4.

Graphs & results are presented from the published papers with additional background and

discussion written for this dissertation.

A population of neurons in the midbrain, ventral tegmental area (VTA) dopamine neurons, can
control depressive-like symptoms, change their firing after stress, and regulate aberrant reward
seeking in motivational circuits (Tye 2012, Chaudhury 2013, Pascoli 2015). Dopamine neurons
in the VTA fire in response to unexpected rewards and reward-predictive cues, including both
natural rewards and drugs of abuse (Schultz 1997, Stuber 2005). The absence of reward can
produce a pause in dopamine neurons, although its contribution to encoding negative reward
prediction error is unresolved (Glimcher 2011, Schultz 1997, Chang 2016). Dopamine neurons

are also known to promote behavioral responding through incentive salience signaling (Berridge
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& Robinson 1998). Despite this known role in reward encoding, dopamine neurons can also fire
in response to neutral, but salient stimuli like tones or novel objects, or fire in response to
aversive cues like toe pinch, footshock, or bitter tastes (Young 1998, Stelly 2019, Jo 2018,
Budygin 2012, Bromberg-Martin 2010). Like their heterogeneity in behavioral responding,
dopamine neurons have heterogeneous physiological responses and genetic expression (Barker
2016, Trudeau 2014). Sub-categorizing and classifying VT A dopamine neurons will be
important to understanding the plasticity that occurs during stress, or after compulsive, escalating
drug use. Although kappa opioid receptors are expressed on all dopamine neurons, the role of
KOR activation and its ability to signal likely depends on the context in which these
subpopulations of DA neuron fire, their dynorphin inputs, and the coexpression of other GPCRs.
In addition to differences in neurotransmitter content and physiological properties,
dopamine neurons express and are regulated by a variety of neuropeptides (Kalivas 1985, Tyree
and de Lecea 2017). To further investigate the functional segregation of dopamine neuron
subpopulations within the VTA, the Zweifel lab utilized mouse lines in which Cre expression
was under the control of different neuropeptide-associated genes and studied their physiology
and contribution to reward learning (Heymann 2020). Neurons isolated by the CrhrI-Cre line
primarily projected from the VTA to the NAc core, and neurons isolated by the Cck-Cre line
primarily projected from the VTA to the NAc shell. DAT-Cre mice were used as a control
population, in which all dopamine neurons in the VTA expressed Cre and drove expression of
injected viruses. TacR3-Cre mice also had a population of dopamine neurons whose expression
was more sparse than DAT7-Cre mice, but that projected throughout the NAc. The data presented
in this section demonstrate that ChR2 expression in all four of these driver lines leads to optical

stimulation of dopamine release in the nucleus accumbens, but that the location of dopamine
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release varies by driver line and is fairly consistent with visualized fibers in the NAc.

Although there are very few gene expression differences between dopamine neurons in male and
female mice (Chung 2017), sex hormones can modulate the signaling and trafficking of GPCRs
(Valentino 2013, Rhinehart 2018). Further, both chronic pain disorders and depression are more
prevalent in women (Berkley 1997, Cyranowski 2000, Ford 2004). KOR agonists have been
reported to differ in efficacy between males and females (Laman-Maharg 2018), and after
persistent observation that the kappa opioid receptor system was less responsive in female mice,
the Chavkin lab systematically reviewed KOR-mediated signalling cascades and behavioral
responses to determine if they were intact in male and female mice. Although KOR agonists led
to p38 MAPK phosphorylation in samples from both male and female mice, significant
phosphorylation of ERK1/2 MAP Kinase was not observed in tissue taken from female mice
(Abraham 2018). Behavioral analysis showed that although conditioned place aversion to
U50,488 and stress-potentiation of cocaine CPP were intact in female mice, tail-flick and hot-
plate analgesic effects of U50,488 were attenuated in female mice (Abraham 2018). These
pharmacological and behavioral data points indicated that GRK3/Arrestin dependent effects were
intact in female mice, but G-protein and ERK1/2 dependent effects were disrupted.

There were no differences in expression of KOR mRNA, but OVX restored U50,488 tail
flick in female mice, indicating that the effect was sex hormone dependent. Previous literature
indicating that estradiol can lead to G-protein independent phosphorylation of GRK2, and GRK?2
sequestration of Gy, reducing GPy-mediated signaling cascades (Dominguez 2009, Daaka
1997). In female mice, it was shown that treating ovariectomized female mice with estradiol
increased co-immunoprecipitaiton of GRK2 and Gfy, and that GRK2 phosphorylation was

increased in female mice. This leads to the prediction that an inhibitor of GRK2 phosphorylation
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should prevent Gy sequestration and restore typical GPCR signaling through Gy in the
presence of high estradiol. Treatment with CMPD101, the GRK?2/3 inhibitor restored U50,488-
mediated ERK1/2 phosphorylation in female mice. In this study, we investigated if there was a
sex difference in the ability of KOR agonists to inhibit dopaine release, and if so, if this was
attenuated by preatreatment of tissue with CMPD101. As predicted based on previous research
showing that presynaptic inhibition by KOR agonists was independent of p38 MAP Kinase
(Ehrich 2015), we found that there was a shift in the dose response of dopamine inhibition by
U69,593 in female mice. Pretreatment of nucleus accumbens slices from female mice with
CMPDI101 generated U50,488 dose response that more closely matched those of male mice.
Both of the studies presented in this chapter inform how dopamine signaling can be
modulated by neuropeptides in a heterogenous manner, based on genetic expression, projection
target, and sex hormones. This divergence in responding is likely important for our
understanding of how dopamine responses are shaped in motivational tasks and how behavioral
stress modulates these behaviors. The data presented here was previously published in two
manuscripts listed above, on which I was a contributing author.
Methods
Dopamine Voltammetry with Optical Stimulation (From Heymann, et al 2019) Crhr1-Cre,
Cck-Cre, Tacr3-Cre, and DAT-Cre mice (4 - 5 wk old) were injected bilaterally in the VTA with
a Cre-conditional Channelrhodopsin virus (AAV1-FLEX-ChR2-mCherry). Approximately 3 wks
post-surgery, mice were euthanized and decapitated. Brains were immediately submerged in ice-
cold aCSF solution in which sucrose replaced NaCl. Coronal slices (250 um) through the
striatum were kept in oxygenated aCSF (in mM: 124 NaCl, 2.5 KCI, 1.25 NaH2PO4, 2 MgS04,

2 CaCl2, 10 glucose, and 26 NaHCO3) at 37°C for 1-h prior to recording. Slices were perfused
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with oxygenated aCSF at 31-33°C at 1.5-2.0 mL/min.

Dopamine release was recorded with a carbon fiber microelectrode as described
previously in manuscript (Clark et al., 2010). Recordings were performed in three locations per
slice: nucleus accumbens medial shell, lateral shell, and core. Fluorescence was verified and
imaged after recordings. Representative recordings were taken across the A-P axis from +1.5 to
+0.7 from bregma. Dopamine release was evoked from ChR2-expressing terminals with a 3 s
train (20 Hz, 5-ms pulse width) at 485 nm using the Spectra 4-LCR-XA (Lumencor) light source.
Three stimulations were averaged to determine release from each subregion. For each section,
measurements were normalized to the largest current amplitude evoked in the slice (from any of
the 3 subregions).

Drugs U69,593 was purchased from Santa Cruz Biotechnology. The GRK?2/3 inhibitor
CMPD101 (Tocris Bioscience) was dissolved in 10% ethanol/10% Cremaphor EL (Sigma-
Aldrich)/80% water to 30 uM. For CMPD101 voltammetry experiments, aCSF with 30 uM
CMPD101 was washed onto the slice for 10 min before washing on both 30 uM CMPD101 and
increasing doses of U69,593.

Results

VTA neurons expressing the CRHR1 receptor primarily release dopamine in the NAc core,
whereas CCK-expressing dopamine neurons primarily release dopamine in the shell.
Optical stimulation of dopamine release in the NAc medial shell, lateral shell, and core varied
between the four transgenic lines: DAT-cre, CRHR1-cre, CCK-Cre, and TACR3-cre. CRHR1-
expressing neurons that project from the VTA to the NAc primarily ennervate the NAc core
(Heymann 2019). However, even with a 3 second, 10 Hz train of light stimulation, ChR2

stimulation in CRHR1-Cre sections resulted in the lowest amount of dopamine of the four
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transgenic lines (Figure 3.1, top). Stimulation of ChR2 in the CRHR1-Cre line led to release only
in the NAc core, with a much lower absolute value, indicating that this population of neurons
may co-release another neurotransmitter in addition to dopamine. Stimulation of ChR2 in the
CCK-Cre line led to substantial dopamine release volume in the NAc medial shell, consistent
moderate release in the NAc lateral shell, and little to no release in the NAc core, consistent with
the lack of visible fibers in this region (Figure 3.1, middle). Stimulation of ChR2 fibers in both
the TacR3 and DAT-Cre animals led to release of dopamine throughout the nucleus accumbens
(Figure 3.1, bottom). The amount of stimulated dopamine current in the DAT-Cre mice was
larger, which is consistent with this mouse line including all, rather than a subpopulation, of
VTA dopamine neurons. The TacR3 population led to fairly even release thoughout the NAc,
whereas the DAT-Cre stimulation had the most release in the core. This indicates that the densest
or most dopaminergic projection from the VTA is to the NAc, but that the TacR3+ population of

dopamine neurons is more balanced throughout.

Pharmacological inhibition of dopamine release by KOR agonist U,69-593 is less potent in
female mice. In a collaborative study of sex differences in KOR signaling (Abraham 2018), I
tested whether presynaptic inhibition of transmitter release by KOR activation (Chefer et al.,
2005) was different in males and females using dopamine voltammetry in the striatum.
Concentration—response curves were generated for the KOR agonist U69,593 as described
previously (Ehrich et al., 2015). Treatment with U69593 inhibited evoked dopamine release with
an EC50 of 17 nM (95% CI: 11-27 nM) in males and 63 nM (95% CI: 27-148 nM) in females.
U69,593 was significantly more potent in males than females across multiple doses (nonlinear

regression, F(4,81) 12.9, p 0.0001) (Figure 3.2a,b). There was a significant difference (F(2,19)
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5.199, p=0.0158) in the logECso between groups and post hoc analysis showed that there was a
nonsignificant trend (p=0.087) toward a difference between males and females. Slices prepared
from females incubated with 30 uM CMPD101 showed a significantly (p = 0.0013) lower U,69-
593 logECso (ECso: 10 nM; 95% CI: 6 —16 nM) compared with female slices in the absence of
CMPDI101. There was no effect of CMPD101 treatment alone on dopamine release. To further
assess dose effects of CMPD101, we examined a U69,593 dose close to the ECsg of all three
groups at a 100 nM concentration (Figure 3.2b) and found that there was a significant effect of
group (F(2,19) 9.69, p=0.0013). Post hoc analysis confirmed the potency of U,69-593 was
significantly lower in female brain slices than in either slices of male brain or slices of female

brain in the presence of CPMD101 (p=0.011).
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Figure 3.1: Characterization of optically evoked dopamine release from subpopulations of
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dopamine neurons genetically defined by neuropeptide genes. Averaged dopamine traces in
response to a 10 Hz, 3 second train of blue light, stimulating ChR2-mediated release of
dopamine into the nucleus accumbens and as recorded by a carbon fiber microelectrode using
fast-scan cyclic voltammetry. Traces on the left demonstrate absolute values, and traces on the
right are normalized to the peak of dopamine release in each slice: core for Crhr1-Cre, Medial

shell for Cck-Cre, Medial shell for TacR3-Cre, and Core for DAT-Cre.
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Figure 3.2: Sex Differences in U69,593 inhibition of dopamine release. E. Concentration—
response curves for U69,593 inhibition of evoked dopamine were determined using FSCV in
slices (n = 5-9 per group) from male & female mice. Nonlinear regression showed that KOR-
mediated dopamine inhibition was significantly different between control and CMPD101-treated
females. F. U69,593 at 100 nM produced significantly less inhibition of dopamine release in

slices from females than from males or females in the presence of 30 uM CMPDI101. Error bars

indicate SEM. *p < 0.05, **p < 0.01.

Discussion

Work in this chapter demonstrates that VTA dopamine neurons are heterogenous in their
peptide expression, and that these populations release dopamine in distinct portions of the NAc.
This peptide expression indicates that regulation of this population & mesolimbic circuitry by
peptides plays an important role in behavioral regulation. Our lab studies the kappa opioid

receptor, so to better understand the KOR regulation of DA neurons, we must study sex
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differences in the regulation of dopamine and the mechanism of inhibition. This study
demonstrated that KOR inhibition is shifted rightward in female mice, and this is modulated by
GRK inhibition (CMPD101), indicating that it is a G-protein dependent event.

The dopamine voltammetry from the CCK-Cre and CRHR1-Cre mice was part of a larger
study which showed that the CRHR1-Cre neurons were important for acquiring lever pressing
for light, whereas the CCK-Cre neurons were important for maintaining responding. In mice
expressing ChR2 in CRHR 1+ dopamine neurons, mice were able to acquire lever pressing for
light. On the other hand, mice did not acquire ChR2 stimulation in CCK+ neurons, but after
learning to press the lever for food, they maintained the lever pressing behavior for CCK+
stimulation. When ChR2 is expressed in all dopamine neurons, however, both behaviors are
more robust, indicating that both the CCK-Cre and CRHR1-Cre neurons are subpopulationst that
together do not comprise the totality of VTA dopamine neurons. As observed in the voltammetry
reported here, the CRHR1-Cre population did not release a large amount of dopamine. However,
Heymann, et al, found that dopamine was necessary for the reward-learning lever for light
behavior this population exhibited. Both ChR2 stimulation of CCK-Cre and CRHR1-Cre
terminals produced picrotoxin-sensitive inhibitory currents and CNQX-sensitive excitatory
currents in medium spiny neurons (Heymann 2019 — supplemental). This finding demonstrates
that these populations may co-release glutamate and/or GABA and follow up studies can
investigate the role of fast-acting neurotransmitters in this circuit. This initial characterization
used the expression of neuropeptide-associated genes to anatomically segregate a VTA to NAc
Shell and VTA to NAc Core circuit, but future work can clarify if peptides differentially
modulate the release of dopamine from these populations and any interaction between CRHR1,

CCK, and other peptide receptors like KOR.
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Unlike some neuropeptide receptors, the kappa opioid receptor is expressed uniformly
throughout the ventral tegmental area and on terminals throughout the nucleus accumbens. We
found that despite this expression pattern and consistent mRNA and protein expression of KOR
between male and female mice, there was a difference in the potency of U69,593 at inhibiting
dopamine release (Abraham 2018). One interesting aspect of this finding is that the sex
difference in dopamine inhibition was merely a shift in potency. However, effects like the
detection of ERK phosphorylation were completely absent in female mice. This suggests that the
ability of KOR agonists to inhibit dopamine release is likely due to overlapping or redundant
mechanisms, only some of which may be sensitive to sex hormones and Gy sequestration.
Follow up studies should more clearly characterize the mechanism by which KORs inhibit

dopamine terminals.
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Chapter 4
Regulation of kappa opioid receptor inactivation depends on sex and cellular
site of antagonist action

The data and content of this section are from a first-author manuscript, accepted, pending minor

revision at the journal Molecular Pharmacology. “Regulation of kappa opioid receptor

inactivation depends on sex and cellular site of antagonist action.” Co-Authors: Kathryn L.
Reichard, Keionna A. Newton, Zeena M.G. Rivera, Paulo Sotero de Menezes, Selena S.
Schattauer, Benjamin B. Land, Charles Chavkin.

ABSTRACT The prototypical member of the receptor-inactivating kappa opioid receptor (KOR)
antagonists norbinaltorphimine (norBNI) produces prolonged receptor inactivation by a cJun
kinase mechanism. These antagonists have potential therapeutic utility in the treatment of
stressdisorders, however additional preclinical characterization is necessary to understand
important aspects of their action. In this study, we report that norBNI does not work as
effectively in female mice as in males because of estrogen regulation of G-protein receptor
kinase (GRK); pretreatment of ovary-intact female mice with the selective GRK2/3 inhibitor,
CMPD101, made females equally sensitive to norBNI as males. Prior observations suggested
that in vivo treatment with norBNI does did not produce long-lasting inhibition of KOR
regulation of dopamine release in the nucleus accumbens. We assessed the persistence of norBNI
receptor inactivation in subcellular compartments. Fast-scan cyclic voltammetry recordings
confirmed that presynaptic inhibition of dopamine release by the KOR agonist U69,593 was not
blocked by in vivo pretreatment with norBNI under conditions that prevented KOR mediated
aversion and analgesia. We employed a novel in vivo proxy sensor of KOR activation, AAV-

DIO-HyPerRed and demonstrated that KOR activation stimulates JNK-dependent ROS
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production in somatic regions of VTA dopamine neurons, but did not activate ROS production in
dopamine terminals. The compartment selective action helps explain how dopamine somatic, but
not terminally expressed KORs are inactivated by norBNI. These results further elucidate
molecular signaling mechanisms mediating receptor-inactivating KOR antagonist action and

advance medication development for this novel class of stress-resilience medications.

INTRODUCTION

Prolonged or severe behavioral stress exposure increases risk of mood and substance use
disorders (Kessler, 1997; Gold, 2002; Gold, 1998; Koob, 2008). The release of endogenous
opioid dynorphin peptides throughout the brain contributes to these adverse behavioral effects
(Ehrich, 2015; Abraham, 2018a). For this reason, researchers have explored using kappa opioid
antagonists as antidepressants and anti-addiction therapeutics in both pre-clinical research and
human clinical trials (Buda, 2015; Carroll & Carlezon, 2013; Lowe, 2014; Chavkin, 2019). Three
different forms of KOR antagonists have been identified: nonselective (e.g. buprenorphine and
naltrexone) (Leander, 1988), selective long-acting receptor inactivating compounds (e.g. norBNI
and JDtic) (Bruchas, 2007; Melief 2011), and selective competitive antagonists (e.g. LY2456302
and BTRX-140) (Rorick-Kehn, 2014; Blackthorn Therapeutics, 2019). There are theoretical
advantages and disadvantages to each antagonist type, and it has yet to be determined which
avenue is best to pursue for clinical development. The receptor-inactivating compounds can
produce a stable effect with less concerns about patient compliance, however, several
observations about their mechanism must be resolved before moving forward with the
development of this class of medications.

A recent study showed that there is a sex difference in JNK activation by norBNI in
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C57BL6-J mice (Laman-Maharg, 2018). This work also demonstrated that in female C57BL6-J
mice, pretreatment with norBNI does not reduce immobility in the forced swim test, in contrast
to its effects in males. In addition to published concerns about effectiveness in female mice, we
also noted that norBNI was not persistently antagonizing KOR inhibition of dopamine release
when used in in vitro voltammetry assays of dopamine release (unpublished observations). In
order to understand and resolve these issues, we measured sex differences in response to norBNI
and clarified the mechanisms responsible for its long-lasting effects on KOR function (Abraham,
2018b; Becker, 2019).

The prototypical receptor-inactivating KOR antagonist norBNI has a long duration of
action in vivo with effects lasting 14-21 days, but the drug does not persistently or covalently
bind to the receptor (Smith, 1990; Butelman, 1993; Horan, 1992). Instead, norBNI has been
demonstrated to disrupt KOR-signaling by selectively activating a c-Jun Kinase (JNK) signaling
cascade which activates the phospholipase PRDX6 and subsequently stimulates the generation of
reactive oxygen species (ROS) through an NADPH-oxidase mechanism (Bruchas, 2007;
Schattauer, 2017a; Fisher, 2011). Local ROS production oxidizes the Gai subunit at a critical
cysteine palmitoylation site, disrupts G protein-receptor interaction, and thus prevents agonist-
dependent guanine nucleotide exchange (Schattauer 2017a). This KOR-inactivating process can
be blocked by inhibitors of JNK or the PLA2 activity of PRDX6 and can be detected with ROS
sensors, including the genetically encoded indicator HyPerRed fluorescent protein indicator
which sensitively reports production of hydrogen peroxide (Schattauer, 2017a; Schattauer 2019).
ROS-dependent inactivation of KOR can be produced by administering a single high dose of
norBNI, or by administering repeated low doses of norBNI (Chavkin, 2019). This action is due

to collateral agonist activity, an effect wherein a compound acts as an antagonist by selectively
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activating a subcomponent of receptor signaling, in turn inactivating subsequent signaling at that
receptor (Kenakin, 2005; Bruchas, 2007). NorBNI’s collateral agonist activity led us to
hypothesize that the long-lasting effect is likely sensitive to sex hormone regulation, and may be
subject to signaling differences between different cell-types and subcellular compartments.

In this study, we confirmed that norBNI is not a consistently effective long-acting
antagonist in female mice. We found that its antagonist activity can be restored with the GRK2/3
inhibitor Compound101 (CMPDI101) or by treating female mice with repeated, low-doses of
norBNI. We also demonstrated that norBNI was not an effective long-acting antagonist at VTA
dopamine terminals, but did block KOR-activation in VTA cell bodies. KOR activated potassium
(GIRK) currents in VT A dopamine neurons were inhibited one-week post norBNI-injection.
Consistent with prior mechanistic studies of receptor inactivation, we found KOR activation of
ROS was evident in VTA dopamine cell bodies but not in the axons and terminals of dopamine
neurons. These findings indicate that the pharmacological actions of norBNI depend on sex and

cellular site of action.

METHODS

Animals Drug- and procedure-naive C57BL/6-J mice (adult, male 20-30 g, female 17-25g) were
group housed on a 12 h light/dark cycle with food and water ad libitum. Animal procedures were
approved by the Animal Care and Use Committee of the University of Washington and conform
to the guidelines on the care and use of animals promulgated by the National Institutes of Health.
Mice expressing Cre-recombinase under the control of the endogenous dopamine transporter

locus (Slc6a3IRES-Cre or DAT-IRES-Cre) were used for viral injections (Zhuang, 2005).
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Drugs U69,593 ((+)-(50,7a,83)-N-Methyl-N-[ 7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-
benzeneacetamide) (NIDA Drug Supply) was dissolved in solvent (DMSO) to 1 mM stocks and
stored at -20°C for up to one month. -chlornaltrexamine dihydrochloride (3-CNA)
(SigmaAldrich) was dissolved 1 pg/ul in saline and stored at -20°C for up to one month.
Norbinaltorphimine (norBNI, NIDA Drug Supply) was dissolved 1 mg/mL in saline prior to IP
injection unless stated otherwise. CMPD101 (Tocris) was dissolved at 1.5 mg/mL in 10%
ethanol/10% cremaphor/80% saline prior to IP injections. CMPD101 and norBNI were delivered
in IP injections of 10 ml/1 kg of body weight to doses of 15 mg/kg and 10 mg/kg, respectively.
Nalfurafine hydrochloride ((2E)-N-[(5a,6B)-17-(cyclopropylmethyl)-3,14- dihydroxy-4,5-
epoxymorphinan-6-yl]-3-(3-furyl)-N methylacrylamide) (NIDA Drug Supply) was dissolved in

sterile water at 100 uM and stored at -20°C.

Behavioral Assays Female mice were tested for latency (in seconds) to withdraw tail (flick)
from 52.5°C water to assess anti-nociceptive effects of KOR activation (Bruchas 2007). Mice
were tested for basal latency to flick and treated with CMPD101 (15 mg/kg, i.p.), then tested 30
min later and treated with U50,488 (10 mg/kg, i.p.) and retested for latency to flick 30 min later.
For repeated lowdose norBNI pre-treatment, female mice received one injection of norBNI (1
mg/kg, i.p.) or an equivalent volume of saline daily for seven days prior to the tail withdrawal
assay. For CMPD101 and norBNI pre-treatment, female mice received CMPD101 (15 mg/kg,
1.p.) and thirty minutes later, received norBNI (10 mg/kg, i.p.) or an equivalent volume of

vehicle or saline, respectively, seven days prior to the tail withdrawal assay.

Stereotaxic Surgery (ICV) Mice were anesthetized with isoflurane and mounted on a model
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1900 stereotaxic alignment system (David Kopf Instruments). B-CNA was loaded into a
Hamilton Syringe and delivered at a rate of 200 nl/min into the lateral ventricles (Coordinates:
A/P +0.3, M/L +0.8, D/V -3.0 or A/P -0.5, M/L +1.0, D/V -2.5) (Paxinos & Franklin, 2008;
Devos & Miller, 2013). Two coordinates were used to avoid excess bleeding because of
divergent location of skull sutures. An adenovirus associated double floxed inverted (AAV-DIO)
virus was generated containing the genetically encoded ROS sensor HyPerRed (Schattauer,
2019; Ermakova, 2014). AAV-DIO HyPerRed virus was injected into the VTA of DAT-IRES-
Cre heterozygous mouse (Coordinates: A/P -3.3, M/L +/- 0.5, D/V -4.4) so that the HyPerRed

sensor would be expressed exclusively in dopamine neurons expressing Cre recombinase.

Fast-Scan Cyclic Voltammetry Mice were decapitated and the head placed in pre-oxygenated,
cold modified artificial cerebrospinal fluid (aCSF) (248 mM sucrose was substituted for NaCl).
The brain was removed, and 250 pm coronal slices containing nucleus accumbens were prepared
(Leica, model VT1000X). Nucleus accumbens slices were transferred to standard oxygenated
aCSF (124 mM NacCl, 2.5 mM KCI, 1.25 mM 12 NaH2PO4, 1.25 mM MgS04, 2 mM CaCl2, 10
mM dextrose, 25 mM NaHCO3) and incubated for 1 hr at 37° C, then held at room temperature
before recordings. Slices were placed in a recording chamber, and perfused with oxygenated
aCSF at 31-33°C throughout recording. Carbon-fiber working electrodes were fabricated as
described (Clark, 2010; Lemos, 2012), hand-cut to 150-200 um past the capillary tip. A single
electric pulse (120- 200 pA, 2 ms per phase) was applied to a parallel bipolar stimulating
electrode to evoke dopamine release, and the potential at the working electrode was held at -0.4V
versus Ag/AgCl, ramped to +1.3V and back to -0.4V at a rate of 10 Hz. Baseline dopamine

release was measured every 2 min for 20 min prior to measuring release in response to 100 nM
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U69,593. Waveform generation, data acquisition and analysis were carried out using two PCI
multifunction data acquisition cards and software written in LabVIEW v7.1 (National
Instruments, Austin, TX) as described (Clark, 2010; Lemos, 2012). Responses in the last 8 min

(4 recordings) were averaged to calculate the U69,593 response.

Electrophysiology Horizontal VTA slices were prepared using the N-Methyl D-Gluconate
(NMDG) GaCSF and HEPES solutions previously described (Ting, 2014). To record VTA G
protein gated inwardly rectifying potassium channel (Kir3, GIRK) currents, the resistance of the
electrodes was 3—7 MQ when filled with an internal solution of (mM) K-gluconate 130, NaCl 5,
Na phosphocreatine 10, MgCI2 1, EGTA 0.02, HEPES 10, MgATP 2, Na2GTP 0.5, 0.1%
Biocytin, pH 7.3. Whole cell voltage clamp recordings were performed on neurons in the VTA
expressing tdTomato reporter expressed only in DAT-expressing neurons. The cell was voltage
clamped at —60 mV using an Axopatch 200B amplifier (Molecular Devices, Foster City, CA).
Signals were digitized by a Digidata 1440 A/D converter (Molecular Devices) and stored using
pClamp 10.2 software (Molecular Devices). To record GIRK currents, once a cell was stably
patched and basal physiology assessed, the slice was bathed in high potassium (5.5 mM K+)
ACSF to enhance the currents in the cells at hyperpolarized potentials. As expected, when the
slice was incubated in high [K+], the holding current increased and inward rectification was
more apparent. The membrane potentials of VT A neurons were subjected to a voltage ramp
protocol in which they were brought from —120 mV to =50 mV over 10 sec. After three stable
ramp measurements (the average of three sweeps) were obtained, U69,593 (1 uM) was bath
applied and the slice was allowed to equilibrate for 3 min. Subsequently, a ramp measurement

was taken after 12 min of U69,593 application and the three sweeps were averaged. Following
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U69,593 application and stable current responses, BaCl2 (100 uM) was added to distinguish
Ba2+- sensitive GIRK currents. Conductance was calculated as the slope of the I-V curve in
response to a voltage ramp from -120 mV to -50 mV. Maximal inward current was calculated as

the average current in response to a -115 mV applied voltage.

HyPerRed Imaging and Analysis VTA slices were prepared as described above for the slice
recordings. Modified aCSF solution included 800 uM thiourea and 400 uM sodium ascorbate
(Rice, 1999) to reduce cellular stress and keep basal ROS levels low. Agonist-induced ROS
HyPerRed fluorescence was recorded on an upright fluorescent microscope (Olympus BX51WI),
with the fluorophore excited by CoolLED pE300 through the 20x objective at 555 nm and
collected using an Hammamatsu ORCA-Flash4.0 V2 camera and HC Image Live software.
Images were collected every 2 min with an exposure time of 100 ms to 500 ms and LED
intensity of 50%. For nalfurafine experiments, 35 images were taken over 70 minutes. aCSF was
washed on for 15 min, aCSF containing nalfurafine (100 nM) was washed on for 45 minutes, 200
uM H>O» was added for the final 10 min (images 31-35). For naloxone-nalfurafine experiments,
40 images were taken over 80 min to establish a secondary baseline of aCSF plus naloxone (1
uM), prior to wash-on of aCSF with both naloxone and nalfurafine. AF/F was calculated for the
VTA region. The region was circled in ImageJ and the fluorescent was measured over time as a
raw value. AF/F was measured as the current fluoresence minus the average fluorescence of the
four images prior to nalfurafine (“baseline fluoresence”), divided by the baseline fluorescence.
Inclusion criteria required that the VTA region significantly increase AF/F at the end of
experiment in response to H2O2 (100 uM) application. Due to mild bleaching over the course of

the experiment, a “Baseline2” was calculated as the average of the 2 images prior to H-O» wash
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on. Any image that did not show a fluorescence increase of at least 5% in response to H.O» was
excluded from this study, as in these cases we could not confirm functional protein expression or
tissue viability.

Experimental Design and Statistical Analysis Animal numbers were as follows: tail flick, male
n =7 per group; CMD101-norBNI n = 4-5 female mice per group; repeated n = 7 female mice
per group; norBNI voltammetry n = 5-6 animals per group; b-CNA voltammetry n = 4-6 animals
per group; electrophysiology n = 7-8 animals, 7-10 cells per group; HyPerRed (4 animals per
group). Due to sex-dependent effects in norBNI action (described in Figure 4.1), experimental
animals were all male in Figures 4.2-4. Data are expressed as mean = SEM and were analyzed
with Prism 7 software (GraphPad). Group differences were determined using t tests, ANOVA, or
repeated-measures ANOVA as described in the Results. Post hoc comparisons were analyzed

with Tukey’s or Sidak's test. For all statistical tests, o was set to 0.05.

RESULTS

Duration of antinociceptive action of norBNI in the tail-withdrawal assay. Male mice treated
with 10 mg/kg U50,488 show a significant increase in latency to withdraw their tails from
52.5°C water, which was normalized to 100% of maximum possible effect (MPE). As previously
reported, a single (10 mg/kg, i.p.) injection of norBNI seven days prior to analgesic testing
blocked U50,488-mediated increase in tail flick latency in male mice (Figure 4.1A) (Unpaired
ttest: t2.916,18 p=0.0092). In contrast to male mice, U50,488 alone did not significantly increase
tail-flick latency in female mice (Figure 4.1B). As previously reported, the estrous state-
dependent insensitivity to U50,488 effect is caused by estradiol-stimulated GRK2/3 signaling

(Abraham, 2018b). Pretreatment with the GRK2/3 inhibitor CMPD101 restored sensitivity to
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U50,488 in female mice (Figure 4.1B). Although CMPD101 given just prior to U50,488 restores
the effectiveness of the agonist, norBNI administered one week prior to CMPD101-U50,488
treatment did not block KOR-mediated analgesia in female mice, indicating that there is also a
sex difference in norBNI sensitivity (Figure 4.1C). To test if estradiol-GRK2/3 signaling was
also responsible for this sex difference, we administered CMPD101 prior to norBNI antagonist
pretreatment seven days before the tail flick assay. The analgesic effects of U50,488 were
blocked in mice treated with CMPD101 and norBNI, but not in those female mice treated with
norBNI alone (Figure 4.1C). Neither CMPD101 alone nor norBNI alone blocked CMPD101-
U50488 analgesia evident in female mice (One-Way ANOVA F = 5.316, p=0.0242; Tukey’s
post-hoc CMPD101-vehicle vs. CMPD101-norBNI p=0.0215). These data suggest that the
estrogen-GRK2 mechanism responsible for sex differences in KOR agonist action previously
identified (Abraham, 2018b) also contributes to the sex differences in norBNI duration of action.
Thus, estradiol-stimulated GRK2 sequestration of Gbg likely disrupts norBNI activation of JNK,
thereby disrupting receptor inactivation of KOR by norBNI stimulated JNK production of ROS

(Abraham, 2018b, Schattauer, 2017a).

Repeated low-doses of norBNI produce a long-lasting antagonist effect in female mice. The
utility of a long-acting KOR antagonist in women that requires concomitant GRK2/3 inhibition
is not practical from a compliance perspective. An alternative dosing strategy might circumvent
that constraint. We hypothesized that if female mice were treated repeatedly with a low-dose of
norBNI, the cumulative effect of dosing over multiple days of their estrous cycle including
during low-estradiol phases, might produce a long-acting block of U50,488 mediated tail flick.

This potentially safer low-dosing strategy was previously demonstrated to be effective in males
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(Chavkin, 2019).

Female mice were injected with norBNI (1 mg/kg) or saline once per day for seven days.
We subjected these mice to CMPD101-U50,488 tail flick 48 hours after the end of the week-long
pretreatment. U50,488-induced analgesia was blocked by repeated norBNI, but not affected by
repeated saline pretreatment (Figure 4.1D). There was no significant interaction, but there was a
trend toward an interaction and a significant effect of pretreatment and time (Unpaired t-test:
t2.607,11 p=0.0204). Collectively, these data demonstrate that norBNI acts effectively as an
antagonist against KOR-mediated analgesia in both male and female mice. However, in female
mice, because high estradiol can make norBNI less effective, KOR inactivation is only evident
either after pretreatment with CMPD101 or in mice repeatedly treated with low doses of norBNI.
In conjunction with recently published data (Chavkin, 2019), these results indicate that repeated,

low-dose norBNI treatment may be effective in both male and females.

A significant increase in phospho-JNK is observed in CMPD101 pretreated female mice
after norBNI. To test if the sex difference we see in norBNI action is due to estradiol-dependent
shifts in GBY sequestration, we measured the phospho-JNK immunoreactivity with Western blot
in samples taken from mouse striata given norBNI or saline with either a vehicle or CMPD101
pretreatment. Mice were given vehicle (80% saline, 10% cremophor, 10% ethanol) thirty
minutes prior to norBNI (10 mg/kg IP in saline) or saline, after an hour, we dissected their striata
and measured phospho-JNK. The norBNI alone did not cause a consistent increase over vehicle
in our preliminary data (Figure 4.1B,C). However, pretreatment with CMPD101 (15 mg/kg in
80% saline, 10% cremophor, 10% ethanol), prior to norBNI led to a significant increase over the

CMPD101/saline controls (Figure 4.1B,C). These data are preliminary, and this data will be
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finalized in a manuscript resubmission (Reichard 2020).

NorBNI antagonism of KOR inhibition does not persist in dopamine terminals.
KOR expression has been shown to be required on VTA dopamine neurons for conditioned place
aversion to U50,488 (Ehrich, 2015). However, while studying the underlying mechanisms
involved, we consistently found that in vivo pretreatment with norBNI did not have long-lasting
effects on KOR regulated dopamine release as measured using slice ex vivo voltammetry. The
discrepancy between norBNI’s long-lasting effects on KOR-dependent aversion and its lack of
long-lasting effect in vitro is surprising because the dominant theory rationalizes the KOR
aversion as a consequence of presynaptic inhibition of dopamine release (Chefer, 2013).

Traditional kappa opioid receptor agonists are known to generate a robust inhibition of
dopamine terminals in the nucleus accumbens (Di Chiaro & Imperato, 1988). To systematically
establish whether presynaptic inhibition can be blocked by norBNI, C57BL6-J mice were
injected with 10 mg/kg norBNI or an equivalent volume of saline one week, 24 hours, or 1 hour
prior to brain dissection and tissue sectioning (Figure 4.2A-D). NorBNI acted as an effective
antagonist in animals sectioned 1 hour post IP injection of norBNI, but neither 24 hour nor one-
week pretreatment with norBNI was effective at blocking the U50,488 effects on evoked
dopamine release (One-way ANOVA F =8.17, p=0.0012, Tukey’s post-hoc Saline vs 1-hour p
=0.0031, Saline vs. 24 hr p = 0.8396, Saline vs. 1 week p = 0.9381). These results confirm that
norBNI could penetrate to the ventral striatum and acutely block KOR but did not produce long-
lasting receptor inactivation at VT A dopamine terminals.

Covalent inactivation of KOR by B-chlornaltrexamine effectively blocked KOR

signaling for up to a week. To test if a higher rate of receptor recycling in the terminals as
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compared to cell bodies explained the shortened duration of action of norBNI in dopamine
terminals, we used beta-chlornaltrexamine (B-CNA) to block opioid signaling. B-CNA is a
nitrogen mustard analog of naltrexone that covalently binds to the ligand binding site in the
opioid receptor to irreversibly prevent agonist occupation (Schoenecker, 1987). ICV injection of
1 ng B-CNA significantly blocked KOR agonist-mediated inhibition of dopamine release from
dopamine terminals after either 48 hours or one-week post injection (Figure 4.2E,F) (One-way
ANOVA F =7.545, p = 0.0067, Tukey’s post-hoc Sham vs 48-hour p = 0.009, Sham vs. 1 week
p = 0.0129). Because B-CNA effectively blocked KOR signaling a week post-treatment, faster
receptor turnover in dopamine nerve terminals cannot explain the lack of long-lasting norBNI
antagonism.

NorBNI antagonism of U69,593 mediated activation of GIRK currents persists up to
a week in dopamine cell bodies. The lack of long-lasting norBNI effects in dopamine terminals
raises the possibility that the cellular machinery for long-lasting inactivation by norBNI is not
expressed by dopamine neurons. To address this, as well as any concerns that slice preparation
itself disrupts the norBNI receptor inactivation, we tested whether norBNI produced a
longlasting inhibition of the physiological responses to KOR activation evident in the cell bodies
of dopamine neurons. KOR agonists, like other Gi/o-coupled receptors can acutely reduce the
excitability in the somatodendritic compartment by increasing conductance of GIRK channels,
and norBNI has been previously shown to acutely block this response in VTA dopamine neurons
(Margolis, 2006).

We injected mice with 10 mg/kg norBNI or saline one week prior to in vitro
electrophysiological recording. Dopamine neurons, identified using tdTomato reporter

expression in DAT-IRES-cre mice (Figure 4.3A), consistently showed an increase in the BaCl-
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sensitive GIRK current and membrane conductance following in vitro application of 1 uM
U69,593 (Figure 4.3B) (Paired ttest, current at -115 mV: t2.4,9, p = 0.0397, conductance: t3,9, p
=0.015; n = 8 animals, 10 cells). However, cells from mice pretreated with norBNI 1 week prior
to brain dissection showed no significant increase in GIRK current or conductance in response to
1 uM U69,593 (Figure 4.3C) (Paired t-test, current at -115 mV: t0.962,6, p = 0.374,
conductance: t0.242,6, p = 0.817; n = 7 animals, 7 cells). These data show that norBNI does
block KOR-mediated facilitation of somatic GIRK currents in VTA dopamine neurons for at
least a week post-injection. In most VTA dopamine neurons we patched (primarily in the lateral
aspect of the VTA and labeled with DATCre TdTomato fluorescent reporter), we showed
potentiated GIRK current in response to KOR agonists. Because long-lasting KOR inactivation
is a consequence of INK/PRDX6-mediated ROS generation (Schattauer, 2017a), these results
suggest that norBNI may effectively activate this signaling cascade in the cell bodies but not in
terminals of VTA dopamine neurons. The local effects of norBNI have not previously been
reported and suggest that neither the kappa receptors nor the signal transduction mediators can
effectively migrate between somatic and terminal cellular compartments.

We recently developed a virus containing a sensor for H202 that acts as a proxy for JNK-
ROS activation by KOR (Schattauer, 2017a, 2019). To further delineate the differences in KOR
signal transduction in dopamine neuron cell bodies and terminals, we measured the ROS
generation stimulated by KOR agonist activity. We used the functionally selective KOR agonist
nalfurafine (Schattauer, 2017b). Nalfurafine is a better reagent to address these mechanistic
questions because it is a KOR agonist that does not effectively activate p38 MAPK, which
inhibits ROS generation (Schattauer, 2019). We have observed that it stimulates ROS to a greater

extent than U69,593 and more rapidly than norBNI. As shown in Figure 4.4A, nalfurafine
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potently inhibited the release of dopamine with a logEC50 of -8.54 (95% CI -8.72 to -8.33)
(equivalent to 2.9 nM). Nalfurafine was approximately 10-fold more potent than U69,593, with
comparable efficacy (Figure 4.4A). To visualize neuronal ROS dynamics (Figure 4.4B), we
recorded fluorescence emitted from the virally encoded ROS indicator, AAV-DIO-HyPerRed
selectively expressed in VTA dopamine neurons. The HyPerRed protein, when oxidized in the
presence of H202, forms a reversible disulfide bond that increased a ratiometric increase in
fluorescence (Ermakova, 2014).

VTA dopamine neurons in DAT-IRES-Cre mice express the HyPerRed protein (Figure
4.4C). Fluorescence intensity was significantly increased by 100 nM nalfurafine as shown in
these representative images (Figure 4.4C). To confirm HyPerRed sensitivity, slices were treated
with 200 uM H>O: after opioid exposure (Figure 4.4C&E, right panels). Nalfurafine caused a
consistent, slow onset ~15% increase in the HyPerRed signal in VT A dopamine neurons, with a
peak about 25 minutes after the onset of drug perfusion (Figure 4.4D). The nalfurafine-induced
increase in HyPerRed fluorescence in VTA cell bodies was not evident in slices pretreated with
the non-selective opioid receptor antagonist naloxone (10 uM) (Figure 4.4C,D). Both naloxone-
nalfurafine and vehicle-nalfurafine samples showed an increased HyPerRed fluorescence signal
in response to 200 uM H202 (Panel 3 of Figure 4.4 C,E). Dopamine terminals in the nucleus
accumbens of in vitro midbrain slices also expressed the HyPerRed construct and responded to
200 uM H202 treatment (Figure 4.4 E); however, no significant increase in HyPerRed

fluorescence in response to nalfurafine was observed in dopamine terminals (Figure 4.4 E,F).
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Figure 4.1 — Long-acting norBNI antagonism in females is effective if given in repeated
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doses or after CMPD101. Note: all groups are independent studies with unique control group,
each experiment is separated by a dashed line. They are shown as maximum possible effect
(%MPE), to compare across groups. (A) First panel: Male mice were injected with either saline
or 10 mg/kg norBNI (i.p.). One week later they were injected with 10 mg/kg U50,488 and tested
for a shift in tail withdrawal latency after immersion in 52.5,C water. Male mice pretreated with
norBNI did not show a significant increase in tailflick latency, but those pretreated with saline
did. (Unpaired t- test: t2.916,18 p=0.0092). Second panel: Female mice did not show an increased
latency to flick after U50,488 treatment (data reprinted from Abraham et al 2019), but did after
pretreatment with CMPD101(15 mg/kg), U50,488. Third panel: One-week pretreatment with
either CMPD101 alone or norBNI alone did not affect U50,488 increase in tail-flick latency, but
treating mice with CMPD101 prior to norBNI led to a long-acting block of the U50,488 increase
in tail-flick latency (One-Way ANOVA F = 5.316, p=0.0242; Tukey’s post-hoc CMPD101-
vehicle vs. CMPD101- norBNI p=0.0215). Fourth panel: Female mice treated with repeated
saline injections showed an increase in tail-flick latency to CMPD101 plus U50,488, but those
treated with repeated norBNI doses did not. (Unpaired t-test: t2.607,11 p=0.0204) (Each group
separated by dotted lines was normalized to the max possible effect within the group. All groups
were compared using a one way ANOVA p < 0.05; post-hoc Bonferonni *,** indicates p<0.05,
p<0.01). (B) Western blots showing immunoreactivity (IR) for Phospho-JNK and Actin in
samples taken from the striata of female mice injected with CMPD101 or Vehicle pretreatment
and then treated with either Saline or NorBNI. (C) Quantitation of Phospho-JNK demonstrating
that NorBNI causes a significant increase in JNK-IR in striata from female mice with CMPD101

pretreatment, but not in mice without.
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Figure 4.2 — norBNI does not cause a long-lasting block of KOR inhibition of dopamine

release in the nucleus accumbens (NAc) core, whereas b-CNA receptor inactivation persists

71



at least a week in NAc terminals. (A,B,C) Example traces demonstrating evoked dopamine
release in response to a 120-180 pA electrical stimulation before (black) and after (grey) washing
on KOR agonist U69,593 (1 uM) in animals who had either been pre-treated with an IP injection
of saline or norBNI prior to brain dissection and tissue sectioning. Inset showing Current-
Voltage traces demonstrating that peak dopamine current occurred around 0.7 V. D. U69,593
inhibits dopamine release in NAc core slices, and this effect was significantly attenuated by
pretreatment with norBNI one hour prior to slicing, but not by 24 hour or 1-week pretreatment
with norBNI (One Way ANOVA p < 0.05, post-hoc saline vs 1 hour p <0.01). E. Example
traces of evoked dopamine before and after U69,593 in sham pretreated animals. Inset showing
Current-Voltage traces demonstrating that peak dopamine current occurred around 0.7 V F.
Intracerebro-ventricular (IVC) injection of 1 pg B-Chlornaltrexamine significantly attenuated the
effect of U69,593 on inhibition of dopamine release (One-Way ANOVA p< 0.01; Sham vs 1

week p< 0.05, Sham vs 48 hr p < 0.01)
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Figure 4.3 — KOR Agonist U69,593 Activates a GIRK current in VTA dopamine neurons
that can be blocked by norBNI pretreatment A. Fluorescent cells in the VTA DAT-ires-cre
Flox-tdTomato mice were patched and held at -60 mV. GIRK currents were elicited by
subjecting the cells to a voltage ramp from -120 mV to -50 mV. B. GIRK current at baseline and
in response to 1 pM U69,593: example trace, current at -115 mV, and conductance. Treatment
with the KOR agonist significantly increased GIRK currents (paired t-test, p<0.05) and
conductance as calculated by the slope of the line from -120 mV to -50 mV (paired t-test,
p<0.05). C. GIRK currents as measured at baseline and after U69,593 from animals pretreated
with: example trace, current at -115 mV, and conductance. D. Peak current after U69,593 minus
peak current at baseline denoted as “DpF after U69,593” is significantly different in controls as

compared to animals pretreated with norBNI. (* indicates p<0.05).
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accumbens. It is more potent than the agonist U69,593 (logECso-Nalfurafine = -8.54 vs. logECso-
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U69,593 = -7.72). In all groups tested, 200 uM H>O, was applied after agonist treatment. B. The
agonist nalfurafine preferentially activates the G-protein mediated signaling at the KOR receptor,
including dopamine inhibition and JNK signaling, allowing us to confirm if the INK-ROS
signaling also activated by norBNI is occurring in dopamine neurons. C. VTA dopamine neurons
HyPerRed fluorescence response pseudocolored in “Red Hot” in FIJI to represent intensity. Cells
with clear nalfurafine and H202 responses indicated with carat (scale = 100 pm) D. Oxygenated
aCSF was perfused at 2 ml/min over sections, with images every two minutes. At t = -7 naloxone
was washed onto naloxone-nalfurafine slices. At t =0, aCSF with 100 nM nalfurafine was
washed over slices. At ~20 min post-nalfurafine wash-on, VTA HyPerRed fluorescence begins
to increase. This persists for ~15 minutes. Images were taken every two minutes. The nalfurafine
group was significantly different from the naloxone-nalfurafine group at t = 28-34 (Two-Way
ANOVA F (23, 69) =4.815, p < 0.0001. Multiple comparisons, time of 27,35 p<0.05, time of
29-33 p<0.01). E. Comparable recordings of HyPerRed expressing fibers in the NAc showed
clear H202 response (scale = 100 um). F. Neither nalfurafine treated slices or naloxone-
nalfurafine treated slices showed a significant response to nalfurafine (Two-Way ANOVA

F(25,150) = 0.3309, p >0.9).

Discussion

In this study, we found that norBNI is an effective long-acting antagonist in female mice,
when given in repeated, low-doses. However, like unbiased KOR agonists, norBNI signaling is
disrupted by GRK2-mediated phosphorylation in female mice, likely due to high levels of
estradiol. We also found that norBNI effectively blocks KOR activation of GIRK currents in

dopamine cell bodies for a week after pre-treatment. However, norBNI does not produce a
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longlasting block of KOR-mediated inhibition of presynaptic dopamine terminals. This is in
contrast to the long-lasting effects of norBNI in serotonergic terminals (Schindler, 2012).
Together these data emphasize the importance of somatic KOR on VTA dopamine in mediating
the behavioral effects of stress. We also found that nalfurafine, a KOR-agonist used to treat pain
and itch in humans without psychotomimetic effects or dysphoria (Endoh, 2000; Inui, 2015)
inhibits dopamine release with higher potency than U50,488, despite its inability to generate
aversion or dysphoria. These data further emphasize that presynaptic inhibition of dopamine
alone is not sufficient to generate conditioned place aversion or dysphoria in response to KOR
agonists.

We found that norBNI is not long-lasting in female mice, unless they are pretreated with
CMPDI101. This indicates that, as with KOR agonists, interaction between increased estradiol
level and GRK2/3 signaling may disrupt the collateral-agonist activity of norBNI in activating
JNK. Animals pretreated with norBNI alone had more variance in their tail-flick response,
indicating this likely is an estrous dependent effect as was found for agonist active KOR
responses in female mice (Abraham, 2018b). We also would expect, due to this sex difference,
that all long-acting JNK-dependent antagonists, including JDTic would not work in females
during high-estradiol periods of their cycles. We would predict that in humans, JNK-dependent
antagonists would potentially be more effective in people taking estradiol-suppressing
medications, in menopause, or if taken during low-estrogen points in cycle, which are easier to
determine in humans than mice. Regardless, repeated low-dose is a more effective dosing
regimen because it reduces compliance issues of missing a single dose without as many potential
off target effects of a single high-dose of norBNI (Chavkin, 2019). This repeated dosing

attenuates the sex difference in norBNI’s action. It will be important to further assess the

76



effectiveness of low-dose repeated norBNI at blocking behavioral effects of stress such as
immobility in forced swim test, especially in females (Laman-Maharg, 2019).

Our finding that norBNI acts as a long acting antagonist blocking the analgesic effects of
KOR recapitulate previous results. However, the finding that norBNI does not block KOR-
inhibition of dopamine terminals is novel and contributes to both our understanding of collateral
agonism by compounds like norBNI and subcellular signaling differences. We believe this effect
may be restricted not just to terminals, but specifically dopamine neurons. Previous work
demonstrated that pretreatment with norBNI 5 days prior blocks the KOR-mediated increase in
SERT translocation to the membrane in serotonin terminals in the nucleus accumbens (Schindler,
2012). We originally predicted that the balance of receptors recycling to the membrane after
endocytosis and proteolysis may differ in terminals, leading to sufficient degradation and
replacement of KOR in presynaptic terminals that after a week, there were no longer enough
“locked” receptors to block inhibition. However, the finding that B-Chlornaltrexamine
effectively attenuates KOR inhibition of dopamine release for a week disproves this hypothesis.
As such, we predict that this indicates there are differences in the signaling effects of norBNI’s
collateral agonist activity specifically in dopamine presynaptic terminals. This prediction is
further confirmed by the lack of ROS generation in response to nalfurafine in dopamine
presynaptic terminals, as compared to the response within the ventral tegmental area.

One potential explanation for the inability of norBNI to be long-acting at dopamine terminals
is that the biochemical environment is less conducive to ROS-mediated signaling (Smythies,
2000; Stokes, 1999). The metabolism of dopamine by monoamine oxidase produces reactive
hydrogen peroxide as a byproduct and dopamine can become oxidative itself by generation of

dopamine-oquinone (Stokes, 1999). Additionally, dopamine neurons have been shown to have
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more active innate antioxidant activity to counteract ROS generation by catecholamine
metabolism (Smythies, 2000). Dopamine terminals may be either too inundated by ROS, or may
too tightly regulate ROS to facilitate JNK-dependent ROS signaling. In a small subcompartment
with higher ROS production, the additional ROS generation from norBNI activation of JNK may
not be effective to cause depalmitoylation of G proteins and would not be detectable above
baseline values, as measured by HyPerRed. Although we hoped that treatment of slices with
sodium ascorbate and thiourea would abrogate these concerns, it is still possible that the ROS
levels in dopamine terminals are already too efficiently suppressed to be detected by a cytosolic
sensor. Further development of the HyPerRed or related sensors to be membrane targeted may
improve our signal to noise in such ROS-sensitive neurons.

In addition to our findings demonstrating the heterogeneity of signaling between cell
compartments, the finding that norBNI does not have a long-lasting effect on presynaptic
inhibition of dopamine release by KOR generates several key predictions about animal behavior.
It has been previously shown that dysphoric components of stress that lead to conditioned
avoidance and potentiation of preference for a drug reward depend on KOR on dopamine
neurons. norBNI blocks conditioned place aversion to a KOR agonist (McLaughlin 2006b), and
the data presented here indicate that this effect cannot be attributed to inhibition of dopamine
release. This is further supported by the fact that p38 MAPK is necessary for the aversive effects
of KOR, but not necessary for presynaptic inhibition of KOR. Pretreatment with norBNI
produces a long-lasting block on increased swim immobility and stress-enhanced cocaine CPP
(Laman-Maharg, 2018; Chartoff, 2012), indicating that presynaptic inhibition of dopamine
release is not sufficient to cause these effects. As such, we predict that blockade of kappa opioid

receptors in NAc terminals alone would not be sufficient to block behavioral effects of KOR on
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mood and drug seeking. These findings lead us to predict that G-biased agonists would not be
able to produce conditioned place aversion or potentiate drug reward, but would still inhibit
dopamine release. Further studies should try to delineate the molecular mechanisms of
presynaptic inhibition by KOR to better separate the functional role of this robust physiological

effect.
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Chapter 5
The contribution of potassium channels to KOR regulation of dopamine

neurons

The data presented in this section are part of an ongoing project utilizing the conditional
CRISPR-Cas9 gene editing system developed in Hunker, et al 2020. These studies were designed

by, conducted by, and analyzed by me (Katie Reichard), unless otherwise noted.

Introduction

Elevated dopamine release during drug-taking increases activity of D1 medium spiny
neurons, which release the KOR agonist, dynorphin (Cole 1995, Nestler & Malenka 2004). It is
hypothesized that escalation of drug taking and the acute dysphoric effects of withdrawal depend
on dynorphin-mediated activation of KORs on dopamine terminals (Wee and Koob 2010),
however it is challenging to test this hypothesis because KOR conditional knockouts remove the
receptor in both VTA cell bodies and DA terminals and local norBNI experiments block KOR on
all cell types in the NAc. Presynaptic inhibition by Gai-coupled receptors can occur through
multiple mechanisms, including blockade of Ca> currents and facilitation of K- currents (Miller
1998). Prior work shows that potassium channels contribute to presynaptic inhibition by KOR in
the BNST and hippocampus (Li 2012, Simmons & Chavkin 1996). By determining the
contribution of potassium channels to presynaptic inhibition, this study will present new
druggable targets in preventing and treating addiction. If the mechanism of KOR inhibition of
presynaptic DA release is determined, it may also be possible to isolate KOR inhibition of

terminals and measure its unique contribution to drug-seeking behaviors.
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KOR-mediated presynaptic inhibition of GABAergic neurons in the BNST requires ERK
signaling (Li 2012). Additionally, in the hippocampus cannabinoid receptor 1 (CB1) and
metabotropic glutamate receptors (mGluR), other Gai/o- coupled receptors, reduce
neurotransmitter release via ERK phosphorylation of Munc18-1, a protein involved in vesicle
fusion (Schmitz 2016). KORs can also activate a dendrotoxin sensitive K:-channel in mossy fiber
terminals in the hippocampus, which contributes to presynaptic inhibition (Simmons 1996). The
blockade of voltage-gated calcium channels (VGCC) is another common mechanism for
presynaptic inhibition (Berecki 2016). There are indications that some of these mechanisms may
be redundant, but the complement of ways by which KOR inhibits presynaptic terminals likely
varies based on cell type, synapse type, and gene expression.

In order to study presynaptic inhibition of dopamine release by the KOR and its
contribution to animal behavior, we sought to determine the mechanism(s) by which KOR
inhibits dopamine release in NAc terminals. Opioid receptors and dopamine D2 receptors have
both been shown to act through the delayed rectifier, shaker family of potassium channels, Kv1
(Faber & Sah 2004, Simmons & Chavkin 1996, Wimpey & Chavkin 1991, Fulton 2011, Martel
2011). In addition to Kv1 family channels, Kv3.4 channels have been identified presynaptically
at corticostriatal synapses and their expression has been detected in dopamine neurons (Meneses
2016, Chung 2017). Kv3.4 channels fast-inactivation kinetics can be modulated by GPCR
agonists, increasing K- conductance and inhibition of neurotransmitter release (Ritter 2012).
Although axonally-expressed voltage-gated potassium channels may play an important
functional role in KOR inhibition of dopamine release, G-Protein Coupled Inwardly Rectifying

Potassium Channels (GIRKSs) play a known role in KOR regulation of somatic excitability.
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Disruption of GIRKs should reduce KOR regulation of cell bodies without disrupting
presynaptic inhibition and serves as a negative control.

Despite not being important for presynaptic inhibition, GIRKs are an important
mechanism by which KOR can regulate excitability in the somatodendritic compartment. Prior
work from the Chavkin lab demonstrated that in dorsal raphe nucleus serotonin neurons, GIRK
currents are potentiated by KOR agonist U69,593, but that prior exposure to repeated forced
swim stress, GIRK conductance was reduced and channels were phosphorylated in a p38 MAP-
K dependent manner (Lemos 2012). Additionally, phosphorylation of the GIRK subunit, Kir3.1,
was found in VTA dopamine neurons after repeated, high dose U50,488 treatment (Ehrich 2015).
This Kir3.1 phosphorylation suggests that the GIRK 1 subunit is expressed in dopamine neurons,
however several studies indicate that the predominate and obligate subunit in VTA dopamine
neurons for GIRK channel function is GIRK2 or Kir3.2, encoded by the gene KCNJ6 (Karschin
1996, Cruz 2004). Due to the importance of GIRK channels in facilitating KOR regulation of
neuronal excitability and the importance of KOR on dopamine neurons in the behavioral
aversion to KOR agonists, we hypothesized that disrupting GIRK currents in VTA dopamine
neurons would disrupt aversion to the KOR agonist U50,488. Because GIRK?2 is the
predominantly expressed subunit in VTA dopamine neurons, we predicted that knockdown of
this channel would disrupt expression of GIRKs throughout the VTA, and thus KOR regulation
of VTA soma and dendrites.

This chapter utilizes a vector-based CRISPR-SaCas9 system developed by Dr. Avery
Hunker in the Zweifel lab (Hunker 2020). This method allowed us to target multiple potassium
channels in a short time-frame, avoiding the prolonged and expensive process of developing

knockout mice. The advantages of this method are speed, cost, and post-development
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knockdown reducing compensatory mechanisms. Disadvantages include incomplete knockdown
and challenges in confirming the knockout because small indel deletions lead to mutations too
small to detect with in situ hybridization techniques and only confirmable with more expensive
and technically challenging FACS sort and sequencing. The data presented herein are incomplete
and do not support the hypotheses discussed above, however, they do provide a basis for future
research, suggest some paths to take (and avoid), and demonstrate implementation of the novel
CRISPR-SaCas9 system. The discussion will address what, if any, conclusions can be made from
these data and suggest some follow up studies for the Chavkin lab and collaborators.

Methods

Guide RNA design (modified from Hunker, et al 2020) sgRNAs were designed first by attaining
the full-length sequence of each gene from the UCSC genome browser database
(http://genome.ucsc.edu/) (Kent et al., 2002). The exons of each splice isoform of each gene
were identified and aligned (Mouse Genome Informatics database). For all genes the first (most
5”) exon was present in all known splice isoforms and was selected as the sequence to search for
PAMs. The Exon 1 sequence was uploaded to the CRISPOR website (crispor.tefor.net) to
determine possible sgRNAs and PAM sequences for SaCas9 enzyme. The final sgRNA was
chosen based on specificity, probability of frameshift mutations, and location on exon. Each
sgRNA was ordered as short oligos (Integrated DNA Technologies (IDT)) with a 5’CACC- 3’
overhang on the forward primer, and a 5’~AAAC 3’ overhang on the reverse primer to facilitate
integration into the AAV1-FLEX-SaCas9-sgRNA vector. The following are oligos used for the
generation of the sgRNAs in this study. (Rosa) forward: AAAGGCTAACCTGGTGTGTGG,
reverse: GGAGCGGGAGAAATGGATATG; (KCNJ6) forward:

CCCATCCTTCCTCACGTACCT, reverse: AGGTACGTGAGGAAGGATGGG-C; (KCNCH4)
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forward: GGGATCCGCCAACCAGGCAAG, reverse: CTTGCCTGGTTGGCGGATCCC;
(KCNA2) forward: GAAGCAATGGAGATGTTTCGG, reverse:
CCGAAACATCTCCATTGCTTC.

Cloning AAV-FLEX-SaCas9-sgRNA Constructs The pAAV1-FLEX-SaCas9-sgRNA plasmid
(Hunker, 2020) was digested overnight with Bsal-HFv2 and gel purified (Qiaquick Gel
Extraction Kit, QTAGEN). The ordered sgRNA oligos were resuspended to a concentration of
100uM. The oligos were phosphorylated at 37C for 30min using the following reaction: 1uL of
each 100uM oligo, 1uL T4 ligase buffer (NEB), 0.5uL phosphonucleotide kinase (PNK, NEB)
and 6.5ul H20. To anneal the oligos, the entire reaction was placed at 100C for 5 minutes and
allowed to slowly return to room temperature. 50 ng of digested pAAV-FLEX-SaCas9-sgRNA
and 1uL T4 ligase (NEB) were added directly to the reaction and incubated at room temperature
for 2 hours. 2uL of the reaction was placed in 50 pl of XL-1 Blue competent cells (Agilent) and
heat shocked at 42°C for 45 second. 5 mL of LB was added and the transformed bacteria was
allowed to grow at 37°C in shaking incubator for 75 minutes prior to plating. Colonies were
grown in LB + AMP for 14-18 hours and minipreps (QIAGEN) were performed to extract DNA
and identify transformed colonies containing the edited plasmid. A restriction digest using Bsal-
HFv2 and HindIII-HF was performed to screen for positive colonies. One positive colony was
selected and the DNA was extracted using a maxiprep kit (Invitrogen). The insertion of the
sgRNA was confirmed via Sanger sequencing (Genewiz).

Surgery Mice were anesthetized with isoflurane and mounted on a model 1900 stereotaxic
alignment system (David Kopf Instruments). Adenoassociated viruses used for this project
(AAV1-FLEX-SaCas9-sgRNA, AAV1-FLEX-eYFP, and AAV1-FLEX-ChR2 (Zweifel lab))

were injected into the VTA of DAT-IRES-Cre heterozygous mouse (Coordinates: A/P -3.3, M/L
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+/- 0.5, D/V -4.4). For voltammetry and behavior experiments, experiments were completed 6
weeks after surgery to allow ample time for both gene editing and depletion of axonally
expressed ion channels.

Voltammetry Preparation of NAc slices for fast-scan cyclic voltammetry assays were completed
as previously described in this dissertation. To evoke dopamine release from ChR2-expressing
terminals, a Prizmatix LED (473 nm) was placed in the bath proximal, but above the slice and
carbon fiber microelectrode. Trains of blue-light (25 mW; 20 Hz; 10 ms pulses; varying pulse
number) were generated using two PCI multifunction data acquisition cards and software written
in LabVIEW version 7.1 (National Instruments). To facilitate comparison between dopamine
release volume in Rosa control vs. K+ channel CRISPR mice, we kept the recording electrode
the same for each cohort. For the oxo-m experiments, a single 0.2 ms pulse of 473 nm light was
used to stimulate dopamine release (Shin 2015).

Animal Behavior For both conditioned-place preference and aversion assays, mice were trained
in a balanced, two-chamber plexiglass apparatus with two different floorings (bars and metal
mesh) and a removable opening between both chambers. All conditioning and testing sessions
lasted 30 min and were recorded on video for analysis in Ethovision version 3.0 (Noldus). Mice
were placed in the opening between both chambers, halfway between each and allowed to roam
freely for thirty minutes. Their initial preference was then measured and used to determine drug
pairing. For cocaine CPP assays, the saline-paired compartment was set as the more-preferred
chamber from the pre-test and the cocaine-paired compartment was set as the least-preferred
chamber. Mice received cocaine (5 mg/kg, i.p) in the morning and saline (10 mL/kg, i.p.) in the
afternoon 4 h after the morning training for two consecutive days. CPP was assessed on day 4 by

allowing the mice to roam freely in both compartments and recording the time spent in each.
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Preference scores were calculated by subtracting the time spent in the cocaine-paired
compartment post test minus the pre-test. For U50,488 CPA assays, the saline-paired
compartment was set as the least-preferred chamber from the pre-test and the cocaine-paired
compartment was set to the more-preferred chamber. Mice received saline in the morning (10
mL/kg, i.p.) and U50,488 (2.5 mg/kg, i.p.) in the afternoon 4 h after the morning training for two
consecutive days. CPA was assessed on day 4 by allowing the mice to roam freely in both
compartments and recording the time spent in each. Scores were calculated by subtracting the
time spent in the U50,488-paired compartment post test minus the pre-test. Locomotor scores
were calculated using Ethovision tracking; distance traveled during 30-minute cocaine pairing
was measured during the first AM cocaine session.
Electrophysiology GIRK currents were recorded as previously described (Chapter 4), except
dopamine neurons were identified by eYFP expression.
Drugs TEA (10 mM, concentration nonspecific for all potassium channels - Sigma Aldrich), 4-
AP (100 uM concentration specific to delayed rectifier family - Sigma Aldrich), and a-
Dendrotoxin (30 nM concentration specific for Kv1.1,1.2,1.6- Alomone Labs) were washed onto
the slice for 10 min prior to washing on 100 nM U69,593. Oxotremorine (0xo-M), quinpirole,
and baclofen were purchased from Tocris. U69,593, U50,488, and cocaine hydrochloride were
provided by NIDA Drug Supply.
Results

Non-specific potassium channel blockers TEA and 4-AP attenuate pharmacological
inhibition of dopamine release by KOR agonist. To assess the contribution of presynaptic,
voltage-gated potassium channels to the inhibition of dopamine release by KOR, we assessed the

impact of potassium channel blockers TEA, 4-AP, and a-dendrotoxin on this effect. After
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electrically stimulated dopamine release was stabilized to a baseline, aCSF contaning TEA, 4-
AP, or a-DTX was washed on the slice and a new baseline was calculated. TEA and 4-AP both
increased basal dopamine release (Fig 3A), but a-DTX did not, consistent with its increased
specificity (Dolly & Parcej 1996). After a new baseline was established in the presence of the
channel blocker, aCSF containing either TEA, 4-AP, or a-DTX and U69,593 was washed onto
the slice. The time course of stimulated dopamine release, as percent of baseline, compares the
inhibition of dopamine release in the presence of U69,593 and vehicle alone or in the presence of
U69,593 and a channel blocker. Both 4-AP and TEA attenuate the inhibition of release, whereas
a-DTX does not appear to shift the ability of U69,593 to inhibit dopamine release (Fig3 B-G).
The percent inhibition was quantified by averaging the final four stimulations after drug
treatment (14-20 minutes after wash-on). U69,593 in the presence of 4-AP and TEA was
significantly less than the inhibition in vehicle or a-DTX (One-way ANOVA, F statistic 47.4, p
< 0.0001; Tukey’s multiple comparisons: Veh vs. 4-AP p <0.0001, Veh vs. TEA p < 0.0001,
Veh. vs. a-DTX p = 0.08).

AAV-FLEX-SaCas9-sgRNA[K Channel] constructs were expressed in dopamine
neurons. We injected DIO SaCas9 virus expressing guide RNAs targeting either voltage-gated
potassium channels KCNA2 and KCNC4 or the GIRK channel KCNJ6 (Figure 5.1A) into the
VTA of DAT-IRES-Cre mice along with either AAVI1-FLEX-ChR2-eYFP or AAV1-FLEX-
eYFP and preserved the VTA for immnohistochemistry. The HA-tag (red) overlaps with cells
expressing ChR2-eYFP and TH antibody staining dopamine neurons for all three potassium
channel viruses and for the control virus targeting the Rosa locus (Figure 5.1B). The HA+ cells
confirm viral transduction, but do not confirm knockdown, which must be done functionally with

physiology and/or with sequencing (see Figure 5.4).
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Selective, CRISPR-mediated knockdown of KCNAZ2, but not Rosa control or
KCNJ6 increase optically evoked dopamine release Mice co-injected with the DIO SaCas9
and DIO ChR?2 virus were used for ex vivo fast-scan cyclic voltammetry. We measured nA of
dopamine in response to a short train of blue light (20 Hz, 5 pulses, 10 ms pulse; 473 nm)
applied through an LED fiberoptic directly onto the slice in the bath (Figure 5.2D). The evoked
DA release was significantly higher in samples taken from the KCNA2 mice as compared to the
Rosa controls, but not for the KCNJ6 mice, or the KCNC4 mice (One-way ANOVA F statistic
7.55; Tukey’s multiple comparison: Rosa vs. KCNA2 (p = 0.003), KCNJ6 (p = 0.995), KCNC4
(p=0.315).

Selective, CRISPR-mediated knockdown of voltage-sensitive potassium channels
Kv1.2 (KCNA2) and Kv3.4 (KCNC4) does not alter inhibition of dopamine release by KOR
agonist U69,593 or D2R agonist quinpirole We optically stimulated dopamine release from
NAc terminals expressing ChR2 in animals coinjected with AAV1-FLEX-SaCas9-sgRNA with
guide RNAs targetting either KCNA2, KCNC4, or KCNJ6 (experimental) or the Rosa locus
(control). After establishing a stable baseline of dopamine release, we washed on 100 nM
U69,593 or 100 nM dopamine to determine if genetic knockdown of the potassium channels
changed the efficacy of the compound. Neither the % Inhibition of dopamine release by
Quinpirole (E) or U69,593 (F) in experimental groups were significantly different from controls.

Knockdown of KCNA2 gene increases optically evoked dopamine release.
Preliminary data (Figure 5.2D) indicated that knocking down expression of the Kv1.2 potassium
channel increases optically evoked dopamine release in the NAc core. To test this, I stimulated
release with a series of increasing pulses (fixed frequency at 20 Hz and pulse width of 10 ms)

and measured the evoked dopamine release in slices taken from mice injected with either ChR2

88



and the Rosa CRISPR virus or ChR2 and the KCNA2 CRISPR virus. KCNA2 CRISPR
significantly increased the evoked dopamine current in response to 5, 10, and 20 pulses of blue
light (Figure 5.3A). These data indicate a potential role of the Kv1.2 channel in regulating
dopamine outflow at the terminal and indicate it may be important for regulating reward-related
behavior and responses to salient, motivational stimuli.

Knockdown of KCNA2 gene does not alter the effect of muscarinic acetylcholine
agonist oxotremorine on evoked dopamine release. Prior literature indicated that oxo-M can
modulate axonal outflow by blocking voltage-gated potassium channels, thus increasing
neurotransmitter release (Shin 2015). To determine if the increase in dopamine release caused by
ox0-M is, in part, regulated by a Kv1 current, we applied oxo-M to the slice after establishing a
stable baseline of light-evoked release (1 pulse, 20 ns pulse width). The dopamine release
increased in response to 0x0-M in slices taken from both ROSA and KCNA2 CRISPR treated
animals, indicating that knockdown of the Kv1.2 channel does not disrupt muscarinic regulation
of dopamine release (Figure 5.3B).

Knockdown of KCNA2 gene does not change novelty locomotor response, cocaine
conditioned place preference, or operant learning for food. In an effort to determine if the
increased dopamine release detected in the KCNA2 knockout animals modified dopamine-
mediated behaviors, we assessed cocaine responding and operant behavior. To assess cocaine
behaviors, we used a conditioned place-preference assay. Mice were allowed to freely roam a
two-chambered box. We calculated their preference for each compartment, then on two
subsequent days, injected them with 5 mg/kg cocaine before placing them for 30 minutes into
their less-preferred chamber and saline before placing them in their previously preferred

chamber. We calculated their locomotor behavior during the first cocaine pairing (Figure 5.3C).
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On a fourth day, we allowed the mice to again freely roam the containers and determined the
shift in their preference after two cocaine pairings. Their cocaine preference is calculated as
cocaine paired chamber post-pairing minus cocaine paired chamber pre-paring (Post-Pre, in
seconds). Both the control and KCNA2 knockdown mice developed a significant preference for
the cocaine paired chamber (Figure 5.3D).

GFP+ Cells from animals co-injected with the AAV1-FLEX-KASH-GFP and
AAVI1-FLEX-SaCas9-SgRNA(KCNJ6) developed multiple insertion and deletion (indel)
mutations. Five weeks after we injected the KASH-GFP and CRISPR viruses into the VTA of
DAT-IRES-Cre mice, we rapidly decapitated the mice, took VTA punches, and flash froze the
tissue in liquid nitrogen. The tissue was processed for nuclear isolation and FACS sorting
(Hunker 2020) and the KCNJ6 gene was sequenced using Sanger sequencing of regions isolated
with primers developed for exon one of KCNJ6 in the guide RNA targeting region. The most
frequent mutations found in the targeted region are listed (Figure 5.4 A) for GFP+ and GFP-
cells. The most comment mutations included a two base-pair deletion (15.5%) and a single base-
pair insertion (8.1%); the frequencies of mutation were calculated (Figure 5.4C). Although one
three-base pair deletion was detected, the majority of the detected indels would lead to a
frameshift and, thus, likely loss of function mutation (Figure 5.4 C). Less than one percent of the
GFP- cells contained a mutation (Figure 5.4 A,D). To verify knockdown of the protein,
functional assays are necessary to confirm that there is a loss of channel function.

Knockdown of KCNJ6 attenuates the BaCl. sensitive current evoked in response to
G.agonists baclofen. We co-injected AAV1-FLEX-eYFP with AAV1-FLEX-SaCas9-sg(Rosa)
or AAVI-FLEX-SaCas9-sg(KCNJ6) into DAT-IRES-Cre mice and patched from eYFP+

neurons in the VTA. A voltage ramp from -120 mV to -60 mV elicits a large Ba>-sensitive
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current that is attributable to conductance through GIRKs. When the GABA. agonist baclofen is
applied to slices taken from animals injected with the rosa control virus, both the peak inward
current and conductance of the Ba-sensitive GIRK current increased (paired, two-tailed t-test; p
<0.05). Our preliminary data (n=3 cells; 3 mice) indicate that baclofen does not cause a
consistent increase in peak current or conductance recorded from eYFP+ dopamine neurons after
co-injection with the virus targeting KCNJ6. This is preliminary functional measurement of a
knockdown of GIRK current, indicating that the viral strategy of knocking down the GIRK?2
subunit may be an effective means to knockdown fucntional GIRK channels in dopamine
neurons. To quantitate this shift in current, we subtracted the peak current at baseline from the
peak current after baclofen (APeak Current; Figure 5.4 I) and saw that there was a trend toward a
difference between the two groups (unpaired t-test, p = 0.092). We similarly compared the
change in conductance (AConductance, Figure 5.4 1), and determined that there was a trend
toward a significant effect of treatment at reducing the GIRK conductance elicited by baclofen
(unpaired t-test, p=0.051).

Knockdown of KCNJ6 may functionally disrupt U69,593-elicited GIRK currents
without disrupting conditioned place aversion. The ultimate goal in using this construct is to
assess the role of KOR-activated GIRK currents in VTA dopamine neurons and their
contribution to behavioral responses to stress. Although the prior data demonstrated genetic and
functional validation of knockdown, the effect of GIRK knockdown on KOR-mediated effects
has not been tested. The data here are very preliminary and inconclusive, but indicate there may
be rationale for continued study. We recorded GIRK currents using the same voltage paradigm
as shown for baclofen (Figure 5.4 E,G), but instead recorded the currents before and after

treatment with KOR agonist U69,593 (Example traces Figure 5.5 A,C). We detected increases in
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the Ba>-sensitive peak current and conductance in 3 of 4 cells tested from the animals treated
with the Rosa control construct (Figure 5.5B). This study is incomplete, and 1 of 2 cells tested
from the mice treated with the KCNJ6 construct showed an increase current in response to
U69,593 (Figure 5.5D). Further studies are needed to increase the n and determine the proportion
of eYFP+ cells in animals co-injected with the KCNJ6 construct that have a loss of GIRK
current, thus determining the extent of the knockdown. It is also possible that GIRK3 homomers,
or GIRK1/GIRK3 heteromers can form and couple with KORs in dopamine neurons in the
absence of GIRK2; leaving the possibility that KOR signaling at GIRKs is more intact in the
KCNJ6 knockdown than baclofen signaling.

Two-thirds of eYFP positive neurons also express HA tag. To ensure that our strategy
of co-injecting AAVI-FLEX-eYFP with the AAV1-FLEX-SaCas9-sgRNA constructs is
effective, we used immunohistochemistry to estimate the overlap in the viral expression after
coinjecting the two viruses at a ratio of 4:1 (SaCas9:eYFP). We used an anti-HA antibody to
detect the HA tag on the SaCas9 and detected eYFP with the natural fluorophore, without
boosting. We counted cells after merging the eYFP and HA (Red) channel in ImageJ, finding
that 66% of eYFP+ neurons also contain HA (Figure 5.5E). HA+ neurons overlapped 85% with
eYFP+ (Figure 5.5E). This degree of overlap indicates that although the majority of eYFP
positive cells are likely expressing the SaCas9 virus, about one third of eYFP+ cells may not
have SaCas9 express and thus gene editing. Therefore, a proportion of the eYFP+ cells we patch
are likely to not have a CRISPR-mediated gene editing event in the KCNJ6 locus. To further
confirm that the KCNJ6 knockdown is effective, it will be necessary to patch enough neurons to

ensure that at least two-thirds of the neurons patched have a loss of GIRK current after AAV1-
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FLEX-SaCas9(Kcnj6). It may also be effective to change the dilution so that the eYFP virus does
not spread significantly beyond the virus with which it is co-injected.

Preliminary study indicates that knockdown of KCNJ6 does not prevent
conditioned place aversion to KOR agonist U50,488. To determine if KOR activation of
GIRK currents are necessary for the development of a conditioned place aversion to U50,488, we
tested U50,488 CPA in Rosa controls and KCNJ6 knockdown mice. A pre-test, in which animals
freely roamed two chambers with different flooring, determined each mouse’s preferred context.
On two subsequent days, they received saline paired with their least-preferred chamber for thirty
minutes in the morning and 2.5 mg/kg paired with their preferred chamber for thirty minutes in
the afternoon. On the fourth day, the mice freely roamed the two compartments and their
preference was calculated. These scores are reported as Post-Pre in the chamber paired with
U50,488. The control mice post-pre scores were significantly different from zero, or no
preference (one-sample T and Wilcoxon test, p = 0.019). The KCNJ6 knockdown mice did not
show a significant aversion to the U50,488-paired chamber, but there was a trend (One-sample T
and Wilcoxon test, p = 0.067). We also ran two animal controls for each group that received
saline in both chambers. These mice slightly decreased their time in the pre-test preferred
chamber, but not to the same extent as the U50,488 paired chamber, suggesting the aversion seen
in experimental animals was real (data not shown; One-sample T and Wilcoxon test, Rosa p =
0.072 and p = 0.53; significantly underpowered). These data indicate that KCNJ6 may not be
necessary for KOR-mediated aversion, and thus not be the molecular mechanism by which KOR
on dopamine neurons facilitates a CPA. Further testing is necessary to validate the extent of viral
expression and knockdown, the degree to which loss of GIRK2 eliminates U69,593-mediated

currents in dopamine neurons, and the slight shift in preference seen in the saline-saline animals.
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Discussion

The first question addressed in this study was if presynaptic inhibition of dopamine
release by the KOR was facilitated by increased potassium conductances through voltage-
sensitive potassium channels. We first tested this hypothesis with non-specific channel blockers
and found strong evidence that a potassium channel contributes to this KOR-mediated inhibition
(Figure 5.1). Both the Kv1 and Kv4 families are regulated by 4-AP, and mRNA expression data
show that the genes KCNA2 and KCNC4 which encode Kv1.2 and Kv3.4 are two of the most
highly expressed of these K- channel families in dopamine neurons. For this reason, in addition
to some suggestive evidence in the literature (Fulton 2011, Ritter 2011) we chose to target
KCNA2 and KCNC4 as putative potassium-channel mediators of KOR terminal inhibition in
dopamine neurons. We were unable to demonstrate a shift in the sensitivity to KOR agonist
U69,593 or D2 agonist quinpirole after knocking down either channel. Fulton 2011 demonstrated
that Kv1.2 knockdown caused a slight attenuation in the Quinpirole inhibition (~10-15%) that
was not recapitulated in our findings, however we did replicate their finding that knockdown of
the KCNA2 gene increases dopamine outflow. These data present several possibilities: (1) in the
six-week period between viral injection, gene deletion, and channel protein depletion, significant
compensatory mechanisms account for the loss of the Ky channel subunit in question including
redundant mechanisms through other Kv channels, DAT regulation, or VGCCs, (2) neither of
these channels is important for KOR regulation of presynaptic terminals, (3) heteromeric
channels are responsible for the effect and thus a single subunit knockdown strategy is
ineffective. Further investigation into the role of VGCCs is necessary to assess the first and
second possibility. To test the third possibility, double knockouts or a knock-in of pore-blocking

mutated form of the Kv subunits could be used.
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The second major finding investigated was the effect of KCNA2 knockdown of
dopamine mediated behaviors due to its increase in basal dopamine outflow. Our finding that
reduction of Kv1.2 currents in dopamine terminals increases outflow was a replication of
previous work done in a germline, global knockout (Fulton 2011). These data suggest that the
Kv1.2 subunit is particularly important for regulating axonal outflow in wild-type dopamine
neurons, leading to a prediction that loss of this regulation may change dopamine-mediated
behaviors which are regulated at the point of neurotransmitter release. Although the knockdown
did not affect cocaine place preference or locomotion, it may be the case that more complex
learning tasks like probability discounting would reveal how increased dopamine outflow due to
loss of K.1.2 may change behavior. Future studies should use in vivo dopamine imaging and
operant behavior studies to characterize the role of K.1.2 in dopamine-mediated behaviors.

The study assessing the knockdown of GIRK?2 channels in dopamine neurons had mixed
results. The sequencing data demonstrate multiple likely loss-of-function indel mutations caused
by the AAV1-FLEX-SaCas9-sgRNA(Kcnj6). The data also demonstrate that the KCNJ6
CRISPR virus reduces the Ba>-sensitive current elicited after application of baclofen. However,
our hypothesis that GIRK2 channels were necessary for the expression of U50,488 conditioned
place aversion did not hold up to scrutiny in our preliminary data. There are several possibilities:
(1) Not enough neurons had a loss of KCNJ6 to cause a shift in behavior, (2) GIRK2 subunit is
not necessary for KOR regulation despite the genetic data indicating its the predominant Kir3
channel, and (3) GIRK channels are not necessary for U50,488 conditioned place aversion.
Based on the very early data measuring U69,593 elicited GIRK currents in the KCNJ6
knockdowns, we saw one cell with and one cell without a potentiation in Ba>-sensitive current.

This suggests that either the first or second possibility may be the case. Our IHC data support the
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possibility that the SaCas9 virus did not infect as many neurons in the VTA as the eYFP virus,
and thus may not have infected enough neurons to substantially shift behavior. Additional
knockdown studies disrupting GIRK1 could serve to demonstrate a potential other mechanism of
action: KOR may act on a small population of GIRK channels in VTA dopamine neurons, with
low expression levels but substantial input to KOR-regulated behaviors. Novel in situ
hybridization methods with larger signal boosting like RNAscope will allow investigators to
follow up on this question by trying to detect GIRK1 in dopamine neurons, as its expression has
been previously suggested with phospho-antibody studies (Ehrich 2015).

The data in this chapter present multiple opportunities for follow up study, further

exploring the mechanisms by which KORs regulate dopamine neurons.
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Figure 5.1: Non-specific potassium channel blockers attenuate the inhibition of dopamine
release by KOR agonist U69,593. A. Example trace of dopamine release after electrical
stimulation in vehicle and after U69,593 (100 nM) B,E. Pretreatment of NAc slices with 4-AP
attenuates the ability of KOR-agonist, U69,593 to inhibit dopamine release. C, F. Pretreatment
of NAc slices with TEA (1 mM) significantly attenuates the ability of KOR-agonist, U69,593, to
inhibit dopamine release. D, G. Pretreatment of NAc slices with alpha dendrotoxin (100 nM) has
no significant effect on the ability of U69,593 to inhibit dopamine release. H. Summary data
indicating that the %-inhibition by U69,593 in the presence of both 4-AP and TEA is
significantly different from vehicle, whereas alpha dendrotoxin is not. Due to the concentration
of TEA and 4-AP used, this indicates that a voltage-sensitive potassium channel nof in the Shaw
family contributes to KOR-mediated presynaptic inhibition of dopamine release (Veh vs. 4AP p

<0.0001, Veh vs. TEA p <0.0001, Veh vs. DTX p = 0.08).
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Chapter 5 - FigureB2
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Figure 5.2: Selective knockdown of potassium channels in dopamine neurons using AAV-

FLEX-SaCas9-U6-SgRNA. A-B. The AAYV virus expresses an invirted SaCas9 enzyme under a

CMYV promoter, as well as the sgRNA under a U6 promoter. Viruses were cloned using the
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AAV-FLEX-SaCas9 backbone and cloning the sgRNA in front of the U6 promoter. The SaCas9
enzyme recognizes PAM sequences, and if a complementary sgRNA strand is expressed, it will
recognize the DNA and “clip” the genome upstream of the PAM sequence. The sgRNA
sequence and te corresponding PAM within each gene are listed in A. All sgRNA sequences are
from Exon 1 of each gene. C. Immunohistochemistry of VTA sections taken from the same
brains as live NAc imaging to confirm viral expression. ChR2 expression is in green, TH
expression in far red, and HA tag recognizing the SaCas9 expression in red (Alexa-555).
Substantial overlap between ChR2 and HA indicates that most neurons which expressed ChR2
also expressed the SaCas9 and sgRNA. There were TH+ neurons which did not express either
virus, indicating that the ChR2 strategy to only excite neurons which took up virus likely reduced
variability in the results. D. Stimulating dopamine release with a 5 pulse, 20 hz train of blue light
produced release in the NAc Core of mice coinjected with AAV1-DIO-ChR2-eYFP and their
respective CRISPR construct. DA responses from mice injected with AAV-FLEX-SaCas9-U6-
sgRNA-KCNA2, the CRISPR construct targeting Kv1.2, had significant increases in DA release.
There was a trend toward an increase in DA response in the mice injected with AAV-FLEX-
SaCas9-U6-sgRNA-KCNC4, the CRISPR construct targeting Kv3.4. Mice injected with
construct targeting KCNJ6 (GIRK2) were not significantly different from those with guide
RNAs targeting the control ROSA locus. E, F. The % inhibition by D2R agonist Quinpirole (100
nM) and KOR agonist U69,593 (100 nM) were not changed by knockdown of the potassium

channels.
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Chapter 5 - Figure 3
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Figure 5.3 Assessment of the KCNA2 knockdown on the regulation of evoked dopamine
release and dopamine-mediated behaviors. (A) Dopamine current evoked by increasing
number of blue-light pulses at 20 Hz. At 5,10, and 20 pulses, slices taken from KCNA2
knockdown mice exhibited significantly more light-evoked dopamine release than Rosa controls
(Two-Way ANOVA; Interaction p = 0.07, multiple comparisons Rosa vs. KCNA 2: one pulse p
=0.118, five pulses p = 0.004, ten pulses p = 0.0005, twenty pulses p < 0.0001). (B) Time-course
of change in DA release after treatment with oxotremorine (Oxo-M) or vehicle showing that oxo-
M increased dopamine release above baseline in both Rosa controls and KCNA2 knockdown
mice. (C) Distance traveled in 30 minutes after treatment with 5 mg/kg Cocaine; there is no
difference between control and KCNA2 group. (D) Preference scores for cocaine-paired chamber
after cocaine conditioned place preference assay; Both Rosa control and KCNA2 knockdown

mice developed a place preference for cocaine (Behavior collaboration with Carlie Neiswanger).
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Chapter 5 - Figure 4
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Figure 5.4 Genetic and functional validation of AAV1-FLEX-SaCas9-sgRNA (Kcnj6) (A)
Sequencing of GFP+ nuclei. Top: sgKcnj6 sequence with PAM underlined and SaCas9 cut site
indicated by black arrow. Middle: Sanger sequencing results displaying multiple peaks beginning
at the cut site. Bottom: Top ten mutations at cut site with the percent of total reads they on which
they occur on the left. Base changes: bolded. Insertions: underlined. Deletions: marked with a “-
”. (B) Top: Sequencing of GFP- nuclei displaying no evidence of mutations at SaCas9 cut site.
(C) Frequency distribution of insertions and deletions for Kcnj6 from GFP+ nuclei. (D) Percent
of wildtype, deletions, insertions, and base changes as percent of total reads for GFP+ and GFP-
nuclei. (E) Example trace showing a Ba>-sensitive GIRK current potentiated by baclofen (50
uM) taken from eYFP-labeled VTA dopamine neuron in slices from Rosa control mice. (F) Both
the peak inward current and conductance significantly increased after baclofen treatment in Rosa
control mice (paired t-test; current p = 0.031; conductance p = 0.011). (G) Example trace
showing a Ba-sensitive GIRK current potentiated by baclofen (50 uM) taken from eYFP-
labeled VTA dopamine neuron in slices from KCNJ6 knockdown mice. (H) Neither the peak
inward current nor the conductance increased significantly after baclofen treatment in KCNJ6
knockdown mice (paired t-test; current p = 0.554; conductance p = 0.608; a note: low n,
underpowered and groups should be added to prior to formal publication). (I) Change in peak
current calculated as peak current (baclofen) minus peak current (baseline) and change in
conductance calculated as conductance (baclofen) minus conductance (baseline); there is not a
decrease in the A Current and A Conductance between Rosa controls and KCNJ6 knockdown,

but it is not statistically significant (current p = 0.09; conductance p = 0.051).
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Figure 5.5 Impact of KCNJ6 knockdown on KOR signaling and U50,488 Conditioned Place

Aversion (A) Example trace showing a Ba»-sensitive GIRK current potentiated by U69,593 (1
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uM) taken from eYFP-labeled VT A dopamine neuron in slices from Rosa control mice. (B)
Quantitation of the peak inward current and conductance before and after U69,593 treatment in
Rosa control mice, the differences between the baseline and post-U69,593 values are not
statistically significant (two-tailed t-test: current p = 0.077; conductance p = 0.1033). (C)
Example trace showing a Ba>-sensitive GIRK current after treatment with U69,593 (1 uM) taken
from eYFP-labeled VTA dopamine neuron in slices from KCNJ6 knockdown mice. (D)
Quantitation of the peak inward current and conductance before and after U69,593 treatment in
KCNIJ6 knockdown mice. (E) Pi charts showing the percent overlap of eYFP within HA+ cells
(top) and percent overlap of HA within eYFP+ cells bottom) (F) Quantitation of the percent
overlap from seven imaged VTA sections taken from two DAT-IRES-Cre mice co-injected with
AAV1-FLEX-SaCas9-sgRNA(Kcnj6) and AAVI-FLEX-eYFP. (G) Representative image
showing VTA with eYFP in green and HA tag in magenta. Most magenta overlaps with green.
(H) U50,488-induced conditioned place aversion scores, calculated as post test minus pre test
times in the U50,488-paired side for Rosa controls and KCNJ6 knockdown mice (One-sample T
and Wilcoxon test, Rosa p = 0.019; KCNJ6 p = 0.060). (Behavior in collaboration with Ben

Land, PhD and Carlie Neiswanger).
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Closing Remarks & Conclusions

This dissertation demonstrates novel insights into the mechanisms of norBNI and advances in
tool and technology use in its depiction of HyPerRed and application of the AAV1-FLEX-
SaCas9 CRISPR constructs. It expands upon the mechanisms and constraints of long-acting
kappa opioid receptor antagonists, such as norBNI, by characterizing sex differences in the JNK-
ROS mechanism, exploring the transferability of this mechanism to other receptor systems, and
determining the extent of receptor inactivation in different neuronal compartments of dopamine
neurons. The lack of long-acting norBNI effect, in conjunction with the finding the nalfurafine
inhibits dopamine release despite not being a dysphoric compound, are counter to the prevailing
hypothesis that dynorphin release in the NAc causing dopamine inhibition is responsible stress
and drug-withdrawal associated decreases in mood. We also utilized and optimized a new tool in
neuroimaging, HyPerRed, to answer questions about localized ROS generation downstream of
GPCR activation in dopamine neurons. This study both helped answer an experimental question
about norBNI’s action in dopamine terminals, but also helped determine the timecourse and
dynamics of KOR agonist-induced ROS in living brain tissue. Although inconclusive, the studies
using CRISPR SaCas9 viral strategies to excise potassium channel subunits from dopamine
neurons outline a workflow for using these tools and present a variety of follow up experiments.
The Kv1.2 (Kcna2) channel knockdown showed robust increases in dopamine release, and may
be a helpful model for studying reward valuation. The GIRK2 (Kcnj6) channel knockdown was
functionally and genetically validated and, perhaps in combination with a GIRK1 knockdown,
will be helpful in elucidating the p38 MAP Kinase regulation of VTA dopamine neurons and
DRN serotonin neurons. Although plodding, hopefully these small new pieces of knowledge and

attempts at new techniques support the next student who follows down this road.
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