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ABSTRACT

DETERMINATION OF MORPHOLOGICAL AND MOLECULAR ADAPTATIONS IN
VENTRAL TEGMENTAL AREA DOPAMINE NEURONS BY CHRONIC MORPHINE.

By

Sarah Emily Cooper

Opiate drugs are the leading treatment for severe or chronic pain in the USA
despite their extremely addictive properties. Chronic opiate exposure induces unique
neuroadaptations in the mesocorticolimbic system, particularly in ventral tegmental area
(VTA) dopamine (DA) neurons. For example, opiates reduce VTA DA neuron soma
size, a change correlated with increased DA activity and reward tolerance. Prevention of
this morphological change is sufficient to rescue the morphine-induced changes to
behavior, suggesting its direct involvement in addiction-related processes. To better
understand the circuit-based consequences of morphine-induced neuroadaptations, we
compared the morphology of VTA DA neurons that project to the nucleus accumbens
(NAc) and medial prefrontal cortex (mPFC) in sham and morphine treated mice. Chronic
morphine treatment significantly altered the soma size of NAc m.shell- and PFC-
projecting VTA DA neurons, but conversely had no effect on NAc I.shell projecting VTA
DA. While VTA DA structural and functional plasticity are central to morphine reward
and addiction, the molecular responses driving these neuroadaptations remain elusive.
To date, studies of drug-induced changes in VTA gene expression have been limited to
the homogenization of the entire VTA, which includes GABAergic and dopaminergic
(tyrosine hydroxylase (TH)-positive) neurons. While several candidate genes have been

identified with this approach, it is unknown whether these changes occur specifically in



DA neurons and contribute to the structural neuroadaptations. To determine morphine-
induced gene expression changes specifically in VTA DA neurons, we utilized
Translating Ribosome Affinity Purification (TRAP). We crossed DA- (TH- or dopamine
transporter (DAT)-Cre) driver lines with Rosa26 EGFP-L10a mice, thereby allowing for
isolation of mMRNA from VTA DA neurons. In both DA-specific lines (TH-193-GFP and
DAT!10a-GFP) "we found significant enrichment of DA-specific markers and depletion of
GABAergic markers in DA-specific IP fractions compared to input controls, consistent
with successful purification. We then completed RNA sequencing on samples from
DAT!10a-GFP 35 an unbiased approach to identify changes that occur specifically in VTA
DA cells. Using differential gene expression (DEG) analysis, we first identified 4,499
significantly enriched/depleted genes in sham-treated VTA DA-specific IP compared to
sham-input (VTA DA transcriptome). In the following DEG analyses, we identified 410
significant morphine regulated genes in whole VTA input, and 393 significant morphine
regulated genes in VTA DA-specific IP. We then validated select candidate genes in
separate DATH0aGFP TRAP samples using RT-PCR. Overall, the results of this
dissertation identified projection-specificity of morphine-induced changes in VTA DA
neuron morphology and identified morphine-induced gene expression changes
specifically in VTA DA neurons. These findings are critical in driving our understanding
of morphine-induced adaptations in specific VTA DA circuits as well as to identify novel
mechanisms that underlie opiate-induced neuroadaptations in the VTA in order to

develop innovative targets for improved therapeutics.
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Chapter 1. Introduction

1.1. The United States Opioid Epidemic

Due to a dramatic increase in opioid overdose deaths in the United States over
the last 20 years, ‘Opioids and Addiction’ rose to the top of the Surgeon General’s
priority list and has been officially termed a public health emergency (U.S. Dept of
Health and Human Services (HHS), 2017). In fact, there has been a 500% increase in
opioid-related overdose deaths from 1999 to 2016 with an average of 115 Americans
dying every day (Center for Disease Control and Prevention (CDC), 2017). The opiate
epidemic did not develop in a uniform, linear manner. Instead, it appears to have
occurred in 3 distinct waves (Figure 1). Initially there was a significant increase in
prescription opioids overdose deaths (1999-2010), followed by a dramatic increase in
heroin overdose deaths in 2010, and finally an increase in overdoses involving synthetic
opioids, particularly fentanyl, from 2013-2016 (CDC, 2017a). The progression of
overdose deaths has been attributed in part to the overprescribing of opioids, which has
led to a growing population of people with opioid dependence that also has increased

risk for opioid addiction and misuse (Kanouse & Compton, 2015).

Beginning in the early 1990s, there was an increase in prescription rates of
opioids due to increased concern for adequate pain management (Kanouse & Compton,
2015). Previously, prescription opioids were cautiously utilized for acute care following
surgery within hospital settings or for chronic pain associated with terminal cancer
treatment (Kanouse & Compton, 2015). In 1992, the Agency for Healthcare Quality
Research issued a two-part statement which asserted that 50% of surgical patients

were not receiving adequate pain treatment and that improved pain management was

1



3 Waves of the Rise in Opioid Overdose Deaths
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Figure 1. 3 Waves of the Rise in Opioid Overdose Deaths. Opioid overdose death
rates within the United States from 1999-2016. Figure Source: (CDC, 2017a). Data
source: National Vital Statistics System Mortality File.

the patient’s right (reviewed in (Kanouse & Compton, 2015; Kotecha & Sites, 2013)).
Also, during this time period, pharmaceutical companies were heavily promoting newly
released formulations of prescription opioids, such as OxyContin (Oxycodone HCI), with
claims of reduced abuse liability (reviewed in (Kanouse & Compton, 2015)). Collectively,
this resulted in health care providers being encouraged to prescribe opioids for
treatment of chronic pain with backing from both the pharmaceutical industry and
medical societies such as the American Pain Society and American Academy of Pain

Medicine (Haddox JD, 1997; Kolodny et al., 2015). This resulted in a profound increase



in opioid prescriptions, where sales of oxycodone, hydrocodone, and methadone from

1999-2005 increased by 533%, 198%, and 933%, respectively (Manchikanti, 2007).

The increased prescription of opioid drugs such as oxycodone has led to multiple
lawsuits filed by several states, cities and counties. These suits allege that large
pharmaceutical companies utilized advertising practices and propaganda that
contributed to and encouraged the overprescribing of new prescription opioids
(Jennings, 2018; Katie Benner, 2018; Semuels, 2017). This judicial action against
pharmaceutical companies is similar to the campaign launched against major tobacco
firms from 1954 to 1998 for recovery of tobacco-related health costs (Daynard, Bates, &
Francey, 2000). These actions resulted in the largest civil litigation settlement in US
history in 1998, where four major tobacco companies agreed to contribute annual
payments to the states for tobacco-related health care costs in perpetuity and agreed to
cease certain tobacco marketing practices (Daynard et al., 2000; Semuels, 2017). It
remains to be seen if a similar legal tactic will be successful for compensation for opioid

epidemic-related health care costs.

Regardless of where legal blame will fall for the current opioid epidemic, there is
indisputable evidence for a substantial change in opioid prescribing practices beginning
in the late 1990’s. In 2010 total sales of opioid prescriptions were nearly 4 times greater
than in 1999 (CDC, 2011). In fact, enough prescription opioids were sold in 2010 for
each person in the United States to receive a typical dose of 5mg oxycodone every 4
hours for 1 month (CDC, 2011). Along with an increase in availability of prescription
opioids there were also few regulations on prescription strength. In a study reporting on

data from 1997-2005, the average daily prescribed opioid dose was between 30-60

3



morphine milligram equivalents per day (MME/day) (Von Korff et al., 2008). In a meta-
analysis conducted in 2018, it was determined that there is a significant risk of
unintentional overdose with doses greater than 20 MME/day (Adewumi, Hollingworth,
Maravilla, Connor, & Alati, 2018). With such prolific prescribing practices, it is not
surprising that incidence of unintentional overdose greatly increased given that the most
frequent dose range (20 — 50 MME/day) was above this threshold. In an attempt to
promote safe prescribing practices, the CDC recently modified published guidelines for
prescribing opioids for chronic pain, suggesting caution when increasing dosage to 220
MME/day and to avoid increasing dosage to 290 MME/day (CDC, 2017b). This seems
like a promising step, but it will be important to determine whether this new prescription

guideline is ultimately sufficient to mitigate opioid overdose risk.

With over a decade of increased opioid prescription rates and overdose deaths, it
is not surprising that the rates for opioid misuse and abuse have also increased. From
1997-2011 there was a dramatic 900% increase in admissions for treatment of
prescription opioid addiction (Kolodny et al., 2015). Misused prescription opioids are
often obtained friends or family members in addition to personal prescriptions from a
single doctor (Lipari, 2017). Critically, previous prescription opioid misuse is a significant
risk factor for heroin abuse (Kanouse & Compton, 2015). It is estimated that those with
previous prescription misuse are 40 times more likely to become addicted to heroin.
This contrasts with other addictive drugs such as alcohol or cocaine, which are
associated with 4- and 15-times risk for heroin addiction, respectively (Center for
Disease Control and Prevention (CDC), 2017). Because of the incidence of opioid

prescription sharing and diversion, public awareness and education on the risks of



overdose and the addictive properties of prescription opioids are an important first step

in prevention of opioid abuse.

In response to the growing epidemic, the White House Administration under
President Obama released the “National Drug Control Strategy” in 2010, which was
expanded upon in 2011 with the “Prescription Drug Abuse Prevention Plan”. These
official plans outlined four major strategies to reduce prescription drug abuse:
education, monitoring, proper medication disposal, and enforcement (Kanouse &
Compton, 2015; Office of National Drug Control Policy, 2010). While increased
awareness of the addictive properties of opioids combined with increased regulations
successfully reduced prescription numbers, it was perhaps too little too late. Concurrent
with the increase in prescription regulations following 2010, there was a second wave of
the opioid epidemic — a dramatic increase in heroin overdose deaths. Over the course
of 5 years (2010-2015), heroin overdose deaths increased 5-fold, while prescription
overdose death rates appeared to plateau (CDC, 2017a) (Figure 1). In a study
conducted by the federal government’s National Survey on Drug Use and Health
(NSDUH), nearly 80% of heroin initiates (defined as first use within 12 months) reported
previous use of non-medical prescription pain relievers (Muhuri PK, 2013). It is likely
that a subset of patients who had become dependent on high doses of opioids turned to
illicit forms of the drug when faced with reduced prescription availability and increased

costs (Kanouse & Compton, 2015; Lynch, 2016).

Finally, the third and most recent wave of the opioid epidemic is a severe
increase in fentanyl-related fatal overdoses starting in 2015 (CDC, 2016b). Fentanyl is a

synthetic opioid that is 50 times stronger than heroin and 100 times stronger than
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morphine (CDC, 2016a). Pharmaceutical fentanyl was approved for treating severe
pain, particularly associated with end-stage cancer (Algren et al., 2013). Its contribution
to the opioid epidemic is not thought to be through prescription diversion, but rather an
increase in its introduction into heroin and counterfeit prescription opioids during drug
preparation (DEA, 2015). The spiked fentanyl not only gives the user a stronger drug-
induced high but also greatly increases the risk of overdose. Therefore, increased
fentanyl overdose rates are not a separate phenomenon from prescription and heroin
overdose deaths but are an extension of the ongoing epidemic resulting from increased
prevalence of this particularly potent form of opioid in illegal drug manufacturing. The
clear increase in opioid overdose deaths within the United States, whether from
prescription, heroin, or other synthetic forms, point to another significant health crisis:

increased opioid dependence and abuse.

1.2. Substance Use Disorder (SUD): Dependence, Tolerance, and Abuse

There has been much discussion in the field of addiction over how to integrate
the definitions of substance dependence, tolerance, and abuse into new diagnostic
criteria for opioid SUD (Brady, McCauley, & Back, 2016; Heit & Gourlay, 2009). To
discuss these distinctions, it is helpful to first define the terms. Substance dependence
is characterized by the presence of physical withdrawal syndrome symptoms when the
drug is stopped (Brady et al., 2016). Drug tolerance, frequently confused as substance
dependence, is a physiological response where more drug is needed to achieve the
same intensity of effect (Brady et al., 2016). Substance abuse refers to the maladaptive

pattern of use causing significant impairment and distress in social and interpersonal



wellness. Finally, addiction as defined by the American Society of Addiction Medicine

(ASAM) is,

“a primary, chronic disease of brain reward, motivation, memory and related
circuitry. Dysfunction in these circuits leads to characteristic biological,
psychological, social and spiritual manifestations. This is reflected in an individual
pathologically pursuing reward and/or relief by a substance use and other

behaviors” (Asam.org, n.d.).

An evolving understanding of substance abuse, dependence, and addiction as a
spectrum rather than distinct and separate categories led to clarification and revisions in
the criteria for SUD in the 5™ edition of Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) (Brady et al., 2016; Hasin et al., 2013; Helzer, van den Brink, &
Guth, 2006; Muthen, 2006). Previously, diagnosis of mild or early phase substance
abuse required only one criteria to be met, usually involving social and interpersonal
problems from substance use (DSM-IV-TR, (American Psychiatric Association, 2000)).
Substance dependence was considered a more severe manifestation of substance use
where diagnosis required evidence for uncontrolled use and physical dependence (i.e.
tolerance, withdrawal symptoms) (Hasin et al., 2013). But following extensive review
and revisions, the DSM-5 committee combined the previous DSM-IV-TR categories of
substance dependence and substance abuse into a single diagnosis, substance use
disorder (SUD), which is measured on a continuous scale (American Psychiatric
Association, 2013). A comparison of diagnostic criteria of symptoms is displayed in

Table 1.



Table 1. Comparison Between DSM-IV and DSM-5 Diagnostic Criteria: Substance
Abuse, Dependence, and Substance Use Disorder (SUD).

DSM-IV DSM-IV DSM-5
Criterion Category Abuse Dependence SUD
Hazardous Use X -- X

Social problems associated with use X -- X
Neglect of major roles (Family,
X -- X
X

Work, etc)

Legal Problems (removed from
DSM-5)

Withdrawal e
Tolerance o
Larger amounts used/ or taken for
longer

X
X
X
Repeated unsuccessful attempts to L X
X
X
X

quit/control use
Large amount of time spent using ==

Physical/psychological problems
related to use

Activities given up to use g
Craving (new to DSM-5) -- i

Diagnostic criterion: 2 1 23

X|X| X [X]| X | X |X|X

\4
N
*

* According to new DSM-5 criteria, SUD is graded on a scale of severity: mild (2-3
criterion), moderate (3-4 criterion), and severe (=4 criterion).

The modified diagnostic criteria in DSM-5 allows for better representation of the
spectrum of substance use and misuse within the population (Heit & Gourlay, 2009; Wu,
Woody, Yang, Pan, & Blazer, 2011). For example, DSM-IV-TR criteria for substance
dependence did not address the distinction that one can become physically dependent
(i.e. experience withdrawal symptoms) on a substance with abuse potential, without
having maladaptive or uncontrolled use. For example, opioid dependence and tolerance
can easily occur with prescription opioids if used daily for more than 2-3 weeks, a
common practice in treatment of chronic pain (Brady et al., 2016; CDC, 2017b). Meeting

the previous criteria for substance dependence (i.e. withdrawal, tolerance, and



extended use) with prescription opioids may not necessarily indicate uncontrolled use or
abuse if they are taken according to the instructions from the prescribing physician. It
should be noted that preliminary studies have revealed similar numbers of opioid abuse
diagnoses using either diagnostic criterion (Center for Behavioral Health Statistics and
Quiality, 2016), but clearly more studies are needed to address this potential

discrepancy.

1.3. Opioid Receptors and Pharmacology

Opioids induce analgesia and reward by binding to opioid receptors in the
nervous system. There are 3 main types of opioid receptors: y (MOR), & (DOR), and k
(KOR) (Minami & Satoh, 1995; Zaki et al., 1996). All opioid receptors are G-coupled
protein receptors (GPCR), and activation via agonist binding initiates inhibitory cellular
cascades mediated by Gio signaling (Al-Hasani & Bruchas, 2011). Activation of opioid
receptors results in decreased cellular activity. Specifically, this is primarily driven by
reduced adenylate cyclase signaling which results in modified potassium channel
function, calcium ion release, and reduced neurotransmitter release (Al-Hasani &
Bruchas, 2011). In addition to changes in signaling, opioid receptor availability and
sensitivity are also intricately regulated by exogenous opioids. For example, opioid drug
tolerance is mediated in part by the desensitization of MORs (through increased
receptor phosphorylation) and increased internalization of receptors (through B-arrestin

binding) (Williams, Christie, & Manzoni, 2001).

Despite sharing sequence homology (~60%) and engaging similar GPCR
signaling cascades, each receptor (MOR, DOR, and KOR) has distinct binding affinities

for endogenous (e.g. endorphins, endomorphins, and dynorphins) and exogenous
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opioids (e.g. morphine, oxycodone, and heroin) (Mansour, Hoversten, Taylor, Watson,
& Akil, 1995; Williams et al., 2001). These affinities drive diverse roles for each receptor
type in nociception, reward, and aversion. For example, exogenous opioids like
morphine have high affinity for MOR and activation of this receptor is critical for reward.
Interestingly, MOR activation is not only necessary for the rewarding aspects of opioids
but can also modify the rewarding aspect of other drugs of abuse such as such as
cannabinoids, nicotine, and alcohol (Berrendero, Kieffer, & Maldonado, 2002; Ghozland
et al., 2002; Matthes et al., 1996; Roberts et al., 2000). Activation of DORs is thought to
be particularly important for nociception, although there have been conflicting results
suggesting they may also play a secondary or minor role in opioid reward and addiction
(Charbogne, Kieffer, & Befort, 2014). Conversely, KOR activation by agonists such as
dynorphin, may play an opposite role in behavior modification and is associated with
aversion and dysphoria (Bruchas, Land, & Chavkin, 2010; Knoll & Carlezon, 2010; Land

et al., 2008)

Most of our understanding of the behavioral significance of opioid receptors has
been delineated from knockout studies (reviewed extensively in (Charbogne et al.,
2014)). The key findings on reward and analgesia from these studies are summarized in
Table 2. There are a few common behavioral assessments used to determine aspects
of reward, or motivation, in rodents. In conditioned place preference (CPP), rodents
learn to associate the rewarding stimulus (or aversive in the case conditioned place
aversion, CPA) with a distinct context (Cunningham, Gremel, & Groblewski, 2006). For

example, in a typical morphine CPP experiment, animals repeatedly receive saline and
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Table 2. Opioid Receptor Knockout Effects on Reward-related Behavior.

KO Mice Drug Behavior Test Effect Reference
MOR KO morphine (Matthes et al., 1996; Nguyen, Marquez,
CPP abolish Hamid, Kieffer, et al., 2012; Nguyen, Marquez,
Hamid, & Lutfy, 2012; Sora et al., 2001)
ICSA decreased (Becker et al., 2000; David et al., 2008)
IVSA abolish (Sora et al., 2001)
withdrawal abolish (Matthes et al., 1996)
(Fuchs, Roza, Sora, Uhl, & Raja, 1999; Loh et
analaesia abolish al., 1998; Matthes et al., 1996; Schuller et al.,
g 1999; Sora, Li, Funada, Kinsey, & Uhl, 1999;
Sora et al., 1997)
hvoer-locomotion | abolish (Becker et al., 2000; Sora et al., 2001; Tian et
yp al., 1997)
heroin CPP abolish (Contarino et al., 2002)
withdrawal abolish (Kitanaka, Sora, Kinsey, Zeng, & Uhl, 1998)
analgesia no effect (Schuller et al., 1999)
KOR KO morphine CPP no effect (Simonin et al., 1998)
withdrawal abolish (Simonin et al., 1998)
analgesia no effect (Simonin et al., 1998)

Abbreviations: conditioned place preference (CPP), intracranial self-administration (ICSA), intra-venous self-
administration (IVSA), kappa opioid receptor knockout (KOR KO), mu opioid receptor knockout (MOR KO).
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morphine injections in contextually distinct chambers. The animals are then allowed to
explore both chambers in a drug-free state. Animals will spend more time in the
morphine-paired chamber than in the saline-paired chamber due the rewarding aspects
of morphine. A second common behavioral assessment for drug reward is operant
conditioning, also referred to as drug self-administration (SA). In this assay, rodents
learn to perform an operant task (e.g. nose-poke, lever press) to obtain a reward, in the
case of drugs of abuse via intravenous (IVSA) or intracranial (ICSA) infusion (Goeders
& Smith, 1987; Kmiotek, Baimel, & Gill, 2012; Panlilio & Goldberg, 2007). This is a
powerful assay and variations of this task can be used to assess different aspects of
addiction such as craving and relapse. Additionally, intracranial self-stimulation (ICSS),
has been used extensively to determine not only specific brain regions implicated in
reward processing, but also can be used to assess the abuse potential of many classes

of drugs (Negus & Miller, 2014).

MOR agonists (e.g. morphine, heroin) are sufficient to form CPP and support
IVSA and ICSA, along with the ability to induce pronounced analgesia (David & Cazala,
1994; Olmstead & Franklin, 1997). The necessity of MOR activity for morphine-induced
reward and analgesia is supported by data from MOR knockout (MOR KO) mice, as
these behavioral responses are abolished in KO mice (Hall et al., 2003; Matthes et al.,
1996; Sora et al., 1997). In contrast, KOR KO had little to no effect on morphine or
heroin reward but was sufficient to eliminate opioid withdrawal symptoms (Kitanaka et
al., 1998; Simonin et al., 1998). In fact, KOR activation by agonists such as dynorphin is
strongly associated with aversive events like stress and dysphoria. Moreover, chronic

KOR activation has been shown to induce depressive-like behavior in rodents (Bruchas
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et al., 2010; Knoll & Carlezon, 2010; Land et al., 2008). It has been suggested that KOR
activation may regulate the negative side effects and dysphoria of opioid withdrawal and

thereby contribute to the high risk of stress-induced drug relapse (Bruchas et al., 2010).

Along with differences in agonist affinity, variation in cellular expression pattern
may also contribute to differential opioid receptor effects on behavior. All three types of
opioid receptors are widely expressed in the CNS, including throughout the cortex,
limbic system and brain stem (Arvidsson et al., 1995; Le Merrer, Becker, Befort, &
Kieffer, 2009). This vast receptor distribution enables opioids to intricately modulate a
multitude of responses including analgesia, reward, mood and aversion. For example,
MOR and KOR receptors are densely distributed in mesocorticolimbic reward regions
such as the ventral tegmental area (VTA) consistent with their role in opioid reward and
addiction. However, while both receptor types are expressed in the VTA, they are
largely expressed on separate neuronal populations. Specifically, MOR receptors are
primarily expressed on GABA neurons in the VTA. Thus, MOR activation by agonists
such as morphine reduces GABAergic tone on VTA DA neurons, leading to increased
DA neuronal activity, or disinhibition. This results in increased DA release in VTA target
structures such as the nucleus accumbens (NAc) and feelings of pleasure or reward. In
contrast, KORs in the VTA are present on subsets of DA neurons. Thus, KOR agonists
lead to decreased DA neuronal activity, consistent with aversive effects of kappa
agonists such as dysphoria (Chefer, Backman, Gigante, & Shippenberg, 2013;
Margolis, Lock, Chefer, et al., 2006). While much is known about the action of MOR
agonists, such as morphine, at the receptor level, less is known about the downstream

neuroadaptations that occur with chronic use.
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1.4. Mesocorticolimbic Reward Circuitry

The mesocorticolimbic system is integral to the processing of reward, incentive
salience, and aversion. The 6 major nodes of the reward circuitry (VTA, dorsal striatum
(dstr), NAc, PFC, basolateral amygdala (BLA), and hippocampus (Hipp)) are
represented in Figure 2. The VTA also receives important glutamatergic regulation from
the lateral habenula (LHb), and both cholinergic and glutamatergic innervation from the
lateral dorsal tegmentum (LDT) and the pedunculopontine tegmental nucleus (PPTQ),
and GABAergic innervation from the rostral medial tegmentum (RMTg), dStr and NAc.

1.4.1. Ventral Tegmental Area (VTA)

The VTA is a heterogeneous region critical for processing natural and drug
rewards. It is comprised mostly of dopamine (DA, 60-65%) and gamma-aminobutyric
acid (GABA, ~30-35%) neurons, with a small proportion of glutamatergic neurons (2-
3%) (Nair-Roberts et al., 2008; Swanson, 1982). The VTA is generally defined as a
dopaminergic brain region and most studies of the VTA have focused on this class of
neurons. However, VTA DA neurons can be further defined by their projection target
(e.g. NAc, BLA, Hipp, PFC) and activation of specific circuits can elicit distinct

behaviors.
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3 Glutamatergic
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Figure 2. Mesocorticolimbic Reward Circuitry.
DAergic neurons (green) project from the VTA to the prefrontal cortex (PFC), nucleus accumbens (NAc),

basolateral amygdala (BLA) and hippocampus (Hipp). DAergic neurons from the substantia nigra pars
compacta (SNc) also project to the dorsal striatum (dStr). The VTA receives glutamatergic (red) input
primarily from the PFC, lateral habenula (LHb). The VTA also receives glutamatergic and cholinergic
(yellow) input from laterodorsal tegmentum (LDt) and pedunculopontine tegmental nucleus (PPTg). VTA
also receives GABAergic input from local VTA GABA neurons, NAc, and rostromedial tegmental nucleus
(RMTg). Finally, the NAc receives glutamatergic input from the mPFC, BLA and Hipp.
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In general, activation of VTA DA neurons increases the release of dopamine into
projection regions (Nestler, 2005; Wise & Rompre, 1989). Virtually all known drugs of
abuse increase DA levels in the NAc and direct activation of the VTA-NAc circuit
through ICSS or optogenetic activation is sufficient to produce reward-related behaviors
(Pascoli, Terrier, Hiver, & Luscher, 2015; Tsai et al., 2009; Witten et al., 2011). The
DAergic VTA-NAc circuit has been the focus of numerous studies due to its critical
involvement in drug and natural reward, but other VTA DA circuits (e.g. Hipp, BLA,
PFC) have not received as much attention. This seems to be changing as appreciation
for the distinct actions of subpopulations of VTA DA neurons grows, for example a
number of recent studies have examined the DAergic VTA-PFC circuit. Interestingly, in
opposition to the NAc circuit, activation of PFC-projecting VTA DA neurons is
associated with the processing of aversive stimuli such as foot shock (Lammel, lon,
Roeper, & Malenka, 2011). Similar studies are now beginning to examine VTA DA
projections to the Hipp and BLA. DA release in the Hipp is thought to mediate
motivationally relevant learning and facilitate LTP (Lisman & Grace, 2005; McNamara,
Tejero-Cantero, Trouche, Campo-Urriza, & Dupret, 2014; Rosen, Cheung, &
Siegelbaum, 2015) and release in the BLA is integral for fear conditioning (de Oliveira et
al., 2011; Fadok, Darvas, Dickerson, & Palmiter, 2010; Greba, Gifkins, & Kokkinidis,
2001). However, there is much work left to more fully understand the role of DA in these
structures. The source of DA in the Hipp is under debate as recent evidence suggests it
may be from catecholaminergic neurons residing in the locus coeruleus (LC), which also
send projections to the Hipp, and not necessarily VTA DA neurons (McNamara &

Dupret, 2017). Due to the wide variety of behavior elicited from specific VTA DA
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projections it will be important to systematically examine how the function of each circuit

is affected by different classes of drugs of abuse.

The VTA receives input from a variety of regions including glutamatergic input
from the LDT, LHb, and PFC. The VTA also receives GABAergic input from NAc and
RMTg, as well local VTA GABA interneurons (Figure 2). Of note, there is evidence of a
relationship between VTA DA input and output circuitry associated with rewarding and
aversive stimuli. For example, activation of the LDT->VTA DA-> NAc circuit promotes
reward, while activation of the LHb>VTA DA-> PFC circuit is aversive (Lammel et al.,
2012). While mapping specific VTA circuits is the focus of many current studies, there is
still little data on how drugs of abuse affect the function of these distinct circuits. Given
that VTA DA function is critical for drug reward, it will be essential to determine both
cell- and circuit-specific effects of chronic opioid action in the VTA in order to better

understand and treat opioid addiction.

1.4.2. Dorsal Striatum (dStr) and Nucleus Accumbens (NAc)

Another integral region for reward processing is the striatum, which can be
divided into the dorsal striatum (dStr) and ventral striatum (i.e. the nucleus accumbens,
NAc). These regions can be distinguished based on their predominant source of
midbrain DA input: substantia nigra pars compacta (SNc) DA neurons project primarily
to the dStr while VTA DA neurons project to the NAc (Oades & Halliday, 1987). The
primary cell type within the dStr and NAc are GABAergic medium spiny neurons
(MSNs), which can be further distinguished by D1- or D2-like DA receptor expression

(Lu, Ghasemzadeh, & Kalivas, 1998). While both dStr and NAc have similar cellular
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make up, region-specific D1 and D2 MSN regulation of reward processing is more

nuanced across NAc and dStr projection circuitry.

It is well established that activation of D1 MSNSs in the dStr increase
thalamocortical drive through the direct pathway and ultimately increase motivated
action. D2 MSNSss, on the other hand, decrease thalamocortical drive through the indirect
pathway and are associated with inhibiting goal-directed movement (Bolam, Hanley,
Booth, & Bevan, 2000; Gerfen, 1984; Lenz & Lobo, 2013). In addition to regulation of
movement, dopamine release in the dStr is necessary for the integration of reward and
goal directed behavior, particularly in operant behaviors such as drug self-administration
(Balleine, Delgado, & Hikosaka, 2007; Kreitzer & Malenka, 2008). And while dStr is
integral in action selection, decision making and motor behavior output, there is some
evidence for capability of direct reward-processing. Optogenetic activation of SNc
neurons or their axon terminals in the dStr induces reward (operant place preference
and optogenetic ICSS) while inactivation induces operant place avoidance similar to
effects seen in direct VTA/NAc optogenetic ICSS studies (llango et al., 2014; Rossi,
Sukharnikova, Hayrapetyan, Yang, & Yin, 2013). The rewarding effect of dStr activation
may be mediated particularly by D1 MSNs. Optogenetic ICSS of D1 MSN neurons in
the dStr resulted in CPP whereas no preference was formed by similar stimulation of D2
MSNs (Kravitz, Tye, & Kreitzer, 2012). Future studies will be needed to delineate the
roles of dStr D1 and D2 MSN in reward processing separate from learning and

motivated action selection.

While the role for DA release in the dStr in reward and initiation of motivated

action is somewhat unclear, DA release in the NAc is critical for integrating the
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rewarding and aversive aspects associated with a stimulus. The NAc is generally
subdivided into the core and shell, with more recent studies distinguishing between
medial (m.shell) and lateral shell (I.shell). Each subregion is implicated in overlapping
aspects of reward behavior. Activation of the NAc m.shell induces strong reward-related
behaviors and is thought to be the traditional hot-spot for hedonic value of reward
(Castro & Berridge, 2014; Ikemoto, 2007; Sesack & Grace, 2010). It is well established
that DA release into the NAc m.shell produces reward-related behavior, regardless of
mode of activation (optogenetic, ICSS, systemic or ICSA administration of drugs of
abuse) (Carlezon, Devine, & Wise, 1995; lkemoto, 2002; Ikemoto, Glazier, Murphy, &
McBride, 1997). Activity of the NAc core is particularly important for the integration of
reward with learning operant behavior, and the transition to compulsive action in drug
abuse (Namburi, Al-Hasani, Calhoon, Bruchas, & Tye, 2016). In contrast, the |.shell has
been implicated in the processing of reward and aversive stimuli, where direct activation
of kappa opioid receptors results in pronounced CPA while conversely, DA-release into
the l.shell is rewarding (Al-Hasani et al., 2015; Yang et al., 2018). Overall, the NAc is a
key structure in the mesocorticolimbic reward circuitry, and much like the VTA, is critical

in both reward, aversion and action selection processing.

In addition to VTA DA input, NAc MSNs also receive a large amount of
glutamatergic input from the PFC, ventral HIPP (vHIPP), and basolateral amygdala
(BLA) that is also important in reward processing (Floresco, 2015; Sesack & Grace,
2010). For example, direct activation of PFC glutamatergic input to the NAc core

induces drug seeking behavior and increased glutamatergic plasticity in the NAc is
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thought to mediate drug craving (Bossert, Marchant, Calu, & Shaham, 2013; Li, Caprioli,

& Marchant, 2015).

1.4.3. Primary Sources of Glutamatergic Input: PFC, BLA and Hipp

The PFC is particularly noted for its role in executive control over reward
behaviors such as drug seeking and provides glutamatergic innervation to multiple
reward circuit structures including the VTA and NAc (Kalivas, Volkow, & Seamans,
2005). The medial PFC can be divided along the dorsal-ventral axis into the cingulate
cortex (Cgl), prelimbic (PrL), infralimbic (IL) regions. Regulation of reward behavior is
associated with specific PFC and NAc microcircuits, such as preferential projections
from IL to NAc shell and PrL to NAc core (Sesack & Grace, 2010). As noted earlier,
glutamatergic signaling from the PrL PFC to NAc core is critical in drug-seeking
behavior (Bossert et al., 2013; Li et al., 2015). There is also evidence for glutamatergic
drive of VTA DA neuron burst firing following cocaine and morphine treatment (Lammel
et al., 2011; Lane et al., 2008; Sarti, Borgland, Kharazia, & Bonci, 2007). Additionally,
since PFC glutamatergic neurons synapse onto PFC-projecting VTA DA neurons, there

is potential for direct regulation of VTA DA-PFC circuitry (Carr & Sesack, 2000).

The Hipp and BLA also act as important sources of glutamatergic control of
mesocortical reward circuitry and are implicated in aversive processing, locomotor
effects of drugs and drug seeking behavior (Pascoli et al., 2014; Vezina & Kim, 1999).
Specifically, glutamatergic projections to the NAc from the Hipp are critical for
integrating contextual information in reward learning while projections from the BLA are
important for integrating emotional salience information (French & Totterdell, 2003).

Given the role of BLA and Hipp in integrating environmental information, it is not
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surprising that they are integral in processing both rewarding and aversive stimuli
(Correia & Goosens, 2016). Glutamatergic neurons of the BLA synapse onto NAc D1
MSNs and activation of this circuit is thought to mediate reward and seeking behaviors
similarly to PFC — NAc stimulation (Ambroggi, Ishikawa, Fields, & Nicola, 2008; Charara

& Grace, 2003; Janak & Tye, 2015; Stuber et al., 2011).

1.4.4. Regulation of VTA DA Neuronal Activity

There are multiple sources of GABAergic and glutamatergic input that regulate
the activity of VTA DA neurons. Dense GABAergic innervation of VTA DA neurons
serves to maintain a slow tonic firing rate, thereby mediating a continuous low supply of
DA in projection regions (Floresco, West, Ash, Moore, & Grace, 2003; Grace, Floresco,
Goto, & Lodge, 2007). In contrast, activation of glutamatergic inputs induces phasic or
burst firing of VTA DA neurons, producing increased DA release in target regions that is
associated with drug reward (Grace & Bunney, 1984; Grace et al., 2007). But VTA DA
burst firing is not solely regulated by glutamatergic signaling. Separate glutamatergic
and cholinergic projections from the lateral dorsal tegmentum (LDT) serve as “gates” to
allow burst firing while cholinergic projections from the pedunculopontine tegmental
nucleus (PPTQ) regulate continual burst activity (Dautan et al., 2016; Floresco et al.,

2003; Lodge & Grace, 2006; Lokwan, Overton, Berry, & Clark, 1999).

To orchestrate complex motivated behaviors there must be integration of afferent
modulation across distinct anatomical and projection-specific subsets of VTA DA
neurons. In the following sections, | will discuss VTA DA neuron heterogeneity and how
defining specific subsets of VTA DA neurons is necessary to more fully understand the

role of VTA DA neurons in reward processing.
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1.5. VTA DA Neuron Heterogeneity and Function

The VTA has been at the center of a multitude of addiction related studies, with
most work focusing on the DA neurons within this structure (Berridge & Robinson, 1998;
Grace et al., 2007; Juarez & Han, 2016; Lammel, Lim, & Malenka, 2014; Luscher &
Malenka, 2011; Saal, Dong, Bonci, & Malenka, 2003). Traditionally, VTA DA neurons
were thought to be relatively homogenous in their electrophysiological properties and in
their role in reward and motivated behavior. But with more precise techniques, including
genetic isolation of specific neuron types, input/output circuitry mapping, and functional
optogenetic studies, there has been a surge of evidence for VTA DA neuron
heterogeneity. Two of the main sources of VTA DA neuron heterogeneity are: 1)

cytoarchitecture of the VTA, 2) VTA neuronal cellular properties and projections.

1.5.1. Cytoarchitecture of the VTA

In early studies, midbrain dopamine neuron populations were originally divided
into 3 loosely defined nuclei, A8, A9, and A10 (Dahlstrom & Fuxe, 1964). These
numbered regions have since been renamed as retrorubral field (RRF, A8), SNc (A9),
and VTA (A10) (Oades & Halliday, 1987). Each region was defined by a combination of
tyrosine hydroxylase (TH) staining (TH is the rate-limiting enzyme in DA-synthesis),
primary DA projection target, and drug reward processing. (Dahlstrom & Fuxe, 1964;
Fallon, 1981; Fallon, Koziell, & Moore, 1978; Fallon & Moore, 1978a, 1978b; Ikemoto,
2007; Oades & Halliday, 1987). For example, DA neurons in A10 projected
predominantly to the ventral striatum (NAc and olfactory tubercle) and direct infusion
into this region elicited drug reward (Ikemoto & Wise, 2004). In contrast, A9 DA neurons

projected predominantly to the dStr (Ikemoto, 2007). However, this nomenclature was
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not without controversy, as there was a lack of consensus on whether to include other
nuclei besides the VTA in the A10 division. For example, initially a number of midbrain
nuclei (including interfasicular nucleus (IF), rostral linear nucleus (RLi), central linear
nucleus (CLi), supramammillary nucleus (SUM), medial habenula (MHDb), dorsal raphe
(DR) and periaqueductal gray (PAG)) were collectively referred to as A10 (Oades &
Halliday, 1987; Phillipson, 1979a, 1979b, 1979c; Swanson, 1982). However, recent

studies generally use A10 to refer specifically to DA neurons in the VTA.

VTA cytoarchitecture was further defined into distinct subregions: the paranigral
nucleus (PN) located anteriorly to the interpeduncular nucleus, the parabrachial
pigmented nucleus (PBP) which extends dorsally from the PN, and the midline
interfasicular nucleus (IF) as shown in Figures 3 and 4 (Fu et al., 2012; Ikemoto, 2007).
DA neurons in the PN and PBP were easily distinguished from one another by cell
morphology characteristics. PN DA neurons are predominantly medium size, oblong
and have relatively uniform orientation toward the IF on an ~45° angle (Fu et al., 2012;
Halliday & Tork, 1986; lkemoto, 2007; Oades & Halliday, 1987). In contrast, PBP
neurons appeared more heterogeneous, with medium to large cell bodies of varied
shape and with no consistent orientation (Halliday & Tork, 1986; Ikemoto, 2007; Oades
& Halliday, 1987). The IF subregion consists of small, round DA neurons with variable
labeling for prominent DA cellular markers (e.g. TH and DAT) (Fu et al., 2012; Ikemoto,
2007). The PN and PBP are also distinguished by their topographical reciprocal circuitry
with the NAc. Lateral PBP DA neurons project to, and receive GABAergic innervation
from, the lateral shell of the NAc, and medial PN DA neurons primarily project to, and

receive GABAergic innervation from, the m.shell of the NAc (Yang et al., 2018).
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Anterior VTA Anatomy
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Y
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Figure 3. Anterior VTA Anatomy.

Substania nigra pars compacta (SNc) is designated in blue, while aVTA, the
parabrachial pigmental nucleus (PBP) is designated in yellow. Midline DA nuclei,
interfesicular nucleus (IF) is shown in light green. Other non-DA regions are in white
including: fesiculus retroflexis (fr), interpeduncular nucleus (IPN), medial lemniscus (ml),
medial terminal nucleus of the optic tract (Mt), paraquedal gray (PAG), rostral linear
nucleus (RLi), substantia nigra reticulata (SNr).
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Posterior VTA Anatomy

Bregma -3.28

Bregma -3.52

Figure 4. Posterior VTA Anatomy.

Substania nigra pars compacta (SNc) is designated in blue. VTA DA subregions are
distinguished by color: parabrachial pigmental nucleus (PBP) in yellow, paranigral
nuecleus (PN) in orange, and interfesicular nucleus (IF) in green. Other non-DA
regions are in white including: interpeduncular nucleus (IPN), medial lemniscus (ml),
medial terminal nucleus of the optic tract (Mt), paraquedal gray (PAG), red nucleus
parvicellular part (RPC), retro rubral field (RRF). rostral linear nucleus (RLi), substantia
nigra reticulata (SNr).
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Complicating matters further, there is also a well-established literature
delineating differences between the anterior (aVTA) and posterior VTA (pVTA). This
includes differences in composition of VTA DA subregions, afferent/efferent
connections, and reward function (Sanchez-Catalan, Kaufling, Georges, Veinante, &
Barrot, 2014). Briefly, the aVTA is generally divided into the rostral anterior VTA which
is medial and less DA-rich than the lateral aVTA, which is primarily an anterior
extension of the PBP (Figure 3). The aVTA is mostly composed of mesolimbic DA
neurons that project to the NAc core and lateral shell (Ikemoto, 2007; Lammel et al.,
2008). In contrast the pVTA is more heterogeneous, containing DA neurons in the PBP,
PN, and IF subregions (Figure 4) that project to a wide array of regions including the
NAc (core, lateral and media shell), mPFC, and amygdala (Beier et al., 2015; Lammel et

al., 2008).

The anterior-posterior distinctions were supported by multiple drug self-
administration studies, where collectively, the pVTA supported intracranial self-
administration of common drugs of abuse (ethanol, opioid, cocaine, methamphetamine,
nicotine) while infusion in the aVTA did not (reviewed in Sanchez-Catalan et al. (2014)).
While the aVTA may not directly support ICSA of opioids, it can modulate opioid reward.
Morphine and heroin CPP were prevented or substantially reduced in studies where
aVTA activity was inhibited either by lidocaine, GABA agonists, or blockade of
glutamatergic AMPA receptors (Hutson et al., 2014; Moaddab, Haghparast, &
Hassanpour-Ezatti, 2009; Shabat-Simon, Levy, Amir, Rehavi, & Zangen, 2008).

Although the focus of this dissertation is primarily on opioid-induced plasticity in pVTA
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DA neurons, a better understanding of the role of the aVTA in reward processing will be

necessary for a more complete appreciation of the VTA in opioid reward.

1.5.2. VTA Neuron Cellular Properties and Projections

Traditionally, the VTA subregions have been defined primarily by the presence of
DA-specific immunostaining (e.g. TH) (lkemoto, 2007). But the VTA is not comprised of
only DA neurons. While ~60-65% of neurons within the VTA are DAergic, there is also a
large population of GABA neurons (30-35%) and a smaller population of glutamatergic
neurons (~5%) (Nair-Roberts et al., 2008). However, these numbers are approximations
and may depend on the criteria used to identify a neuron. For example, recent studies
using electrophysiological markers and VGLUT2 expression suggest that there may
actually be a higher proportion of glutamatergic neurons within the VTA (Kawano et al.,
2006; Nair-Roberts et al., 2008; Yamaguchi, Sheen, & Morales, 2007; Yang et al.,
2018). Critically, the three major neuronal populations (DA, GABA, Glut) are not equally
distributed throughout the VTA. For example, glutamate neurons are predominantly
within the anterior and medial structures (aVTA: PBP and RLi, and pVTA: IF, RLi and
medial PN) (Morales & Margolis, 2017; Nair-Roberts et al., 2008). GABA neurons, on
the other hand, are most concentrated within the pVTA PN and are less prominent in

the aVTA and pVTA PBP regions (Edwards et al., 2017; Nair-Roberts et al., 2008).

The traditional distinct, single-neurotransmitter definition of VTA neuron
populations may not accurately represent the heterogeneity of cell types within the VTA.
Some DA neurons have the ability to co-release glutamate (Hnasko et al., 2010; Stuber,
Hnasko, Britt, Edwards, & Bonci, 2010). These neurons (that express both TH and

VGLUT?2) were thought to be predominantly located in midline nuclei (IF, RLi and CLi)
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and project to the PFC and NAc (Chuhma, Mingote, Moore, & Rayport, 2014; Morales &
Margolis, 2017; Zhang et al., 2015). However, recent evidence suggests that these
neurons may also represent a significant portion of VTA DA neurons in the PN that
project to the NAc m.shell (Yang et al., 2018). Additionally, some populations of VTA DA
neurons in midline nuclei (RLi, CLi) are capable of co-releasing GABA either through
GABA-reuptake or the Aldhala-dependent alternative GABA synthesis pathway (Kim et
al., 2015; Tritsch, Oh, Gu, & Sabatini, 2014). It has been suggested that DA/GABA
neurons (TH- and GAD-positive) in midline nuclei project to LHb, although there are
conflicting reports based on the TH immunolabeling and the DA Cre-reporter line used
(Lammel et al., 2015; Stamatakis et al., 2013). Importantly, these examples serve as a
reminder that there are multiple VTA DA populations, many of which have not been
directly studied in reward assays. Thus, it will be important to determine the roles of

these specialized populations in future studies of reward-related behavior.

Prior to the discovery of co-neurotransmitter VTA DA neuron heterogeneity, VTA
DA neurons were identified primarily based on the presence of tyrosine hydroxylase
(TH) immunoreactivity and electrophysiological properties, most notably the presence of
a robust hyperpolarization-activated current (Ih). Therefore, neurons in the VTA were
divided into two types: type-1 neurons were considered dopaminergic as they displayed
TH-immunolabeling and a high Ih current, while type-2 neurons were considered
GABAergic and lacked TH-staining and/or displayed no or low Ih current (Grace & Onn,
1989; Johnson & North, 1992b). Other common criteria used to define DA neurons were
low frequency pacemaker activity, broad action potentials, and hyperpolarization by DA

via D2 receptors (Kitai, 1999). The use of these criteria to identify DA vs. GABA neurons
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was predominant in the field and much of our understanding of VTA DA function in
reward processing, such as increased phasic firing and DA release in the NAc, used
these features in electrophysiological studies (Grace et al., 2007; Grace & Onn, 1989;
Kalivas, 1993; Margolis, Lock, Hjelmstad, & Fields, 2006). But recent evidence suggests
that using Ih to distinguish between GABAergic and DAergic VTA neurons is
problematic. Specifically, use of Ih as the primary identifier of DA neurons may have
been selective to only a few of the DA subtypes. For example, VTA DA neurons that
project the I.shell NAc have high Ih, while DA neurons that project to the PFC and
m.shell have low Ih. As summarized in Table 3, DA neurons vary in electrophysiological
properties based on projection target (Ford, Mark, & Williams, 2006; Lammel et al.,

2008; Lammel et al., 2011).

Table 3. Electrophysiological Properties Across DA Projection Target.

DA-projection: | nigro-striatal | NAc l.shell | NAc m.shell | PFC
Ih high high low low
D2 -mediated
inhibition yes yes yes no
AMPA/NMDA low low high high

Abreviations: ratio of a-amino-3-hydroxy-5-methyl-4isoxazolepropioinc acid (AMPA) to
N-methyl-D-aspartic acid (NMDA) excitatory post-synaptic currents (AMPA/NMDA)
dopamine (DA), dopamine receptor type 2 (D2), hyperpolarizing activated current (lh),
nucleus accumbens lateral shell (NAc I.shell), nucleus accumbens medial shell (NAc
m.shell), prefrontal cortex (PFC).

In addition to differences in basal electrophysiological properties of projection-
specific subsets DA neurons, there is also evidence for distinct responses to rewarding
and aversive stimuli. For example, NAc-projecting VTA DA neurons are activated by

rewarding stimuli such as cocaine, while PFC-projecting neurons are activated by

aversive stimuli such as formalin paw injection or foot-shock (Lammel et al., 2011).

Additionally, optogenetic stimulation of LDT projections to VTA DA neurons that project
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to NAc l.shell resulted in CPP, while activation of LHb inputs onto VTA DA neurons that
project to PFC resulted in CPA (Lammel et al., 2012). Extensive research has been
done to determine the role of VTA DA neurons in reward, but much of this research
lacked VTA DA-projection specific distinctions (Juarez & Han, 2016). The new
understanding of the diversity of VTA DA neurons raises questions about the
interpretation of results from previous electrophysiological studies that used Ih as a
primary identifier of DA neurons. For example, the increase in phasic firing by drugs of
abuse was predominantly identified in Ih+ neurons. Therefore, these studies
preferentially examined effects in VTA DA neurons that project to NAc l.shell and likely
excluded VTA DA neurons that project to the NAc m.shell and PFC (Juarez & Han,
2016; Lammel et al., 2014). Additionally, the use of horizontal slices for
electrophysiological studies made the distinction between VTA subregions difficult and
likely led to the preferential selection of neurons in the lateral regions of the PBP
(Lammel et al., 2014). To date, the majority of chronic opioid-related studies have not
taken into account VTA DA neuron heterogeneity. Given that there is increasing
evidence for separate VTA DA populations inducing opioid reward and
dysphoria/withdrawal (See Section 1.6), it is important to systematically assess the

possibility of projection-specific opioid plasticity.

1.6. Opioid Reward Circuitry

Opioid drugs induce changes in VTA function. Similar to other drugs of abuse
such as cocaine, opioids induce excitatory plasticity in VTA DA neurons. For example,
24 hr. following a single treatment of morphine the ratio of a-amino-3-hydroxy-5-methyl-

4isoxazolepropioinc acid (AMPA) to N-methyl-D-aspartic acid (NMDA) excitatory post-
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synaptic currents (AMPA/NMDA) is increased, indicative of increased synaptic strength
onto DA neurons (Saal et al., 2003). Additionally, acute morphine increases insertion of
GluA2-lacking AMPA receptors in VTA DA neurons (Brown et al., 2010). This
glutamatergic plasticity is similar to that produced by other drugs of abuse and is
associated with drug craving (Brown et al., 2010; Ungless, Whistler, Malenka, & Bonci,

2001).

1.6.1. DA-independent Mechanisms of Opioid Reward

While the action of VTA DA neurons are implicated in the effects of all drugs of
abuse, opioid reward may be driven by both DA-dependent and -independent pathways
(Fujita, Ide, & Ikeda, 2018). As described earlier, the DA-dependent pathway involves
MOR-mediated inhibition of GABAergic input onto VTA DA neurons, leading to
increased DA activity and DA release in the NAc (Fields & Margolis, 2015; Mazei-
Robison & Nestler, 2012). However, evidence suggests that opioid reward can also be
induced independently of DA release in the NAc. Rats treated with a DA receptor
antagonist (alpha-flupentixol) or 6-OHDA-induced lesions of DA terminals in the NAc
showed disrupted cocaine but not heroin IVSA (Ettenberg, Pettit, Bloom, & Koob, 1982;
Pettit, Ettenberg, Bloom, & Koob, 1984). Additionally, DA-deficient mice can display
morphine-induced CPP (Hnasko, Sotak, & Palmiter, 2005). One common factor in these
studies is that the DA-independent opioid reward was induced only in previously drug-
naive rodents; blockade of DA receptor or DA release in rodents with previous drug
dependence results in abolished or attenuated opioid reward (Fujita et al., 2018). This

discrepancy with prior drug experience has contributed to theories for integrated yet
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distinct circuitry for DA-independent acquisition and DA-dependent maintenance of

opioid dependence (Fujita et al., 2018; Ting & van der Kooy, 2012).

DA-independent mechanisms of reward in opioid-naive states involve regulation
of the PPTq. Early studies identified a role for PPTg in DA-independent opioid reward
through lesion studies. Specifically, lesion of PPTg blocked morphine-induced CPP in
opioid-naive rats, while having no effect on formation of CPP in opioid-dependent rats
(Bechara & van der Kooy, 1989, 1992). The PPTg is a heterogenous region with
GABAergic, glutamatergic and cholinergic neurons (Mena-Segovia & Bolam, 2017,
Wang & Morales, 2009). Optogenetic activation of cholinergic and glutamatergic
neurons in the PPTg induces reward and serve as promising mechanisms for DA-
independent reward. The role of PPTg GABAergic neurons is still being elucidated (Xiao
et al., 2016; Yoo et al., 2017). It is important to note that while the PPTg is implicated in
DA-independent reward in drug-naive rodents, PPTg glutamatergic and cholinergic
neurons also send projections directly to VTA and SNc DA neurons. Optogenetic
stimulation of PPTg cholinergic neurons induces DA release in the NAc (Mena-Segovia
& Bolam, 2017). Therefore, PPTg-mediated reward may not be entirely DA-independent
in its strictest definition. Taken together, these examples illustrate that while DA release
in the NAc is sufficient for the acquisition of opioid reward, it may not be necessary.

The discrepancy on the necessity of DA for opioid reward serves as a reminder that it is
likely that no single brain region or cell type is solely responsible for opioid-induced

reward, but rather that it results from the integration of many systems.
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1.6.2. DA- and MOR-dependent Mechanisms of Opioid Reward

As mentioned previously, the predominant theory of DA-dependent opioid reward
is through activation of MORs in the VTA to elicit disinhibition of VTA DA neurons.
MORs are predominantly expressed on GABAergic neurons in the VTA, and MOR
agonist binding directly inhibits GABA neuron function (Gysling & Wang, 1983; Johnson
& North, 1992a). This ultimately leads to opioid-induced increases in tonic and phasic
DA neuronal activity and DA release into the NAc (Georges, Le Moine, & Aston-Jones,
2006; Hutchinson et al., 2012; Koo et al., 2012; Mazei-Robison et al., 2011). However,
recent research suggests that opioid receptor action in the VTA may be more complex
than originally thought. There is now evidence MORs are not exclusively expressed on
VTA GABA neurons but are also present on a subset of VTA DA neurons. Moreover,
application of the MOR-agonist DAMGO in drug-naive rats resulted in an increase in DA
neuron firing rate independent of disrupted GABAergic signaling (Margolis, Hjelmstad,
Fujita, & Fields, 2014). Additionally, both MOR and KOR expression has been identified
on VTA DA neurons and receptor activation had opposing and some conflicting effects
on neuronal activity. VTA application of a KOR agonist (U69593) increased whole-cell
current in NAc m.shell-projecting, but not BLA-projecting, VTA DA neurons (Ford et al.,
2006). Conversely, another study found KORs were expressed on PFC-projecting VTA
DA neurons and application of KOR agonist reduced activity of this subset of neurons,
while having no effect on VTA DA neurons that projected to the NAc (Margolis, Lock,
Chefer, et al., 2006). While MOR-mediated inhibition of GABAergic signaling is critical

for chronic opioid-induced plasticity, it will be important to determine the extent to which
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direct and indirect MOR or KOR activation of subsets of VTA DA neurons may alter VTA

DA activity and opioid reward.

1.6.3. Opioid-induced VTA GABA Signaling

While MOR-dependent GABAergic inhibition is sufficient to induce opioid reward,
the origin of this GABAergic innervation remains somewhat unclear due to multiple
inputs into the VTA (Fields & Margolis, 2015). Early evidence suggested that the
GABAergic cell bodies in the VTA innervate nearby DA neurons, but these GABAergic
neurons may also project to the NAc, mPFC and PPTg (Brown et al., 2012;
Omelchenko & Sesack, 2005). It is therefore possible that VTA GABAergic inhibition by
MOR agonists can alternatively disinhibit other distinct neuron populations, which in
turn, innervate the VTA and are integral to reward processing. Additionally, VTA DA
neurons also receive substantial inhibitory input from the NAc D1 MSN neurons (Yang
et al., 2018), as well as from the RMTg (Balcita-Pedicino, Omelchenko, Bell, & Sesack,
2011; Barrot et al., 2012; Jalabert et al., 2011). Collectively, while much of what we
understand about opioid-induced adaptations have delineated from pharmacological ex
vitro experiments within the VTA, many of the in vivo experiments understandably use
systemic drug treatment. Therefore, systemic opioid agonists (morphine, heroin, etc.)
are likely to affect many systems and the integration of the projections described above

add to the complexity of opioid dependence.

Traditionally the inhibitory GABAergic tone on VTA DA neurons was thought to
be primarily driven by metabotropic GABA& receptors on VTA DA neurons which
mediate slower and prolonged inhibition through downstream regulation of potassium

and calcium channels (Edwards et al., 2017; Kalivas, Duffy, & Eberhardt, 1990;
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Laviolette & van der Kooy, 2001; Wirtshafter & Sheppard, 2001). Meanwhile, GABAA
ionotropic receptors are predominantly expressed on VTA GABA neurons and mediate
fast-acting chloride-influx and therefore hyperpolarization and inhibition (Churchill, Dilts,
& Kalivas, 1992; Kalivas, 1993). But recent evidence has shown projection-specific
expression of both GABAA and GABAs receptors on VTA DA neurons (Yang et al.,
2018). Yang et al. showed that NAc m.shell-projecting VTA DA neurons can be directly
inhibited by NAc m.shell D1-MSNs through GABAA signaling. This is in contrast to NAc
[.shell D1 MSN inhibition of I.shell-projecting VTA DA neurons via GABAs receptor

activation.

Additionally, there is a switch from inhibitory to excitatory GABAAa receptor action
during the transition from opioid-naive to opioid-dependent states (Ting & van der Kooy,
2012). GABAA channel ion flow can be reversed and depolarize (i.e. activate) the
neuron if there is altered chloride and bicarbonate concentration gradients across the
membrane (Kaila, 1994; Stein & Nicoll, 2003). In drug-naive rats GABAAa agonists
normally inhibit VTA GABA neurons, yet in the drug-dependent/withdrawal state the
same treatment activates a subset of GABA neurons (Laviolette, Gallegos, Henriksen, &
van der Kooy, 2004; Vargas-Perez et al., 2009). It is hypothesized that GABAAa reversal
mediates a switch in opioid reward circuitry from DA-independent to DA-dependent
mechanisms. In drug-naive rats, GABAa agonists facilitate DA dependent reward (DA
disinhibition) while GABAAa antagonists may drive PPTg-mediated reward (Fuijita et al.,
2018; Ikemoto, Murphy, & McBride, 1998; Laviolette & van der Kooy, 2001). However,
in the drug-dependent state, the primary target of agonist/antagonist action is reversed,

as GABAa agonists induce PPTg-reward and antagonists mediate increased DA activity.
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Therefore, GABAAaregulation may be integral to the transition from drug-naive (DA-
independent PPTg pathways) to drug-dependent reward (GABA disinhibition mediated

DA-dependent reward) discussed previously (Laviolette & van der Kooy, 2001).

1.6.4. Chronic Opioid-induced Structural Plasticity

In the previous sections | have outlined how opioids induce synaptic plasticity
across a multitude of cell types and regions which in turn modulate VTA DA neuron
activity. Long-term use of opioids induces lasting changes in VTA DA activity, output
and structural morphology, which have been correlated with changes in reward behavior
(e.g. reward tolerance during drug dependence). For instance, chronic (but not acute)
opioid exposure reduces VTA DA soma size by approximately 20-25% (Chu et al.,
2007; Mazei-Robison et al., 2011; Russo et al., 2007; Sklair-Tavron et al., 1996).
Importantly, decreased soma size was correlated with increased DA activity and reward
tolerance, as soma size changes were found to persist for at least 2 weeks following
opiate administration (Mazei-Robison et al., 2011; Russo et al., 2007). A similar
decrease in VTA DA soma size has also been observed in post-mortem samples from
heroin addicts suggesting that this adaptation may be translationally relevant. This
morphological adaptation does not occur with other drugs of abuse, such as cocaine,
ethanol or nicotine (Mazei-Robison et al., 2014). However, decreased soma size is
induced by multiple types of opioid drugs (morphine, heroin) and by multiple routes of
administration (subcutaneous pellet, i.p. injections, self-administration). Moreover, the
decrease in soma size can be blocked by systemic MOR antagonist treatment
suggesting it is dependent on action at the MOR (Chu et al., 2007; Mazei-Robison et al.,

2011; Russo et al., 2007; Sklair-Tavron et al., 1996; Spiga, Serra, Puddu, Foddai, &
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Diana, 2003). The decrease in size is also activity-dependent such that over expression
of a potassium channel subunit in VTA DA neurons prevents the morphine-induced
change in soma size (Mazei-Robison et al., 2011). Collectively, this suggests that the
chronic opioid-induced increase in activity of VTA DA neurons mediates a sequence of
molecular changes in VTA DA neurons that ultimately induce structural plasticity which
may underlie long-lasting changes in VTA DA function that drive addiction-related

behavior.

1.6.5. Molecular Mediators of Opioid-induced VTA DA Structural Plasticity

Progress has been made in identification of molecular mediators of VTA DA
structural plasticity. It was first suggested that the decrease in VTA DA soma size was
driven by changes in actin remodeling particularly through altered brain-derived
neurotrophic factor (BDNF) signaling. Indeed, chronic opioid administration alters the 3
main signaling pathways downstream of BDNF/TrkB in the VTA: phospholipase C
gamma (PLCy), insulin receptor substrate 2 (IRS2)-Akt and MAPK (Mazei-Robison et
al., 2011; Russo et al., 2007; Russo, Mazei-Robison, Ables, & Nestler, 2009; Wolf,
Nestler, & Russell, 2007; Wolf, Numan, Nestler, & Russell, 1999). Currently the data
suggest that it is reduced signaling of the IRS2-Akt pathway that is critical for chronic-
opioid induced changes in VTA DA neuron structure (Mazei-Robison et al., 2011; Russo
et al., 2007; Russo et al., 2009; Wolf et al., 1999). Herpes simplex virus (HSV)
expression of dominant-negative IRS2 in the VTA reduces phospho-Akt levels, reduces
basal VTA DA soma size and attenuates morphine-induced CPP and locomotor
sensitization (Russo et al., 2007). Conversely, overexpression of wild type IRS2

prevents chronic morphine-induced changes in DA soma size and morphine reward
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(Russo et al., 2007). One possible mediator of VTA DA actin remodeling associated
with IRS2/Akt signaling is mammalian target of rapamycin complex 2 (nTORC?2).
MTORC2 phosphorylates kinases implicated in opioid-reward and actin remodeling
such as Akt, protein kinase C (PKC) and serum-and glucocorticoid-inducible kinase 1
(SGK1). In support of this, VTA overexpression of a component protein of mTORC2
(rapamycin insensitive companion of TOR, Rictor) is sufficient to prevent morphine-
induced changes in VTA DA soma size and neuronal activity and attenuate morphine

CPP (Mazei-Robison et al., 2011).

These candidate protein-based studies have helped to provide framework
underlying opiate-induced neuroadaptations, but much remains unknown. Identification
and confirmation of chronic opioid-induced molecular mediators of VTA DA plasticity is
difficult due to the cellular complexity of the VTA. Several studies have utilized
microarray and RNAsequencing of VTA following chronic opioid and withdrawal
conditions and have identified some candidate genes (Heller et al., 2015; McClung,
Nestler, & Zachariou, 2005). For example, SGK1 is of particular interest due to its
induction in the VTA by chronic morphine, chronic cocaine, and chronic stress (Cooper
et al., 2017; Heller et al., 2015; Koo et al., 2015; McClung et al., 2005). However, the
interpretation of these studies is limited, as RNA was isolated from the whole VTA, so it
is unclear if gene expression changes are driven specifically by VTA DA neurons or by

other cell types.

Additionally, as discussed earlier, VTA DA neurons themselves are not
homogenous and distinct projection-specific populations are involved in reward and

aversion. In fact, increased VTA DA activity is not always synonymous with reward, as
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subsets of VTA DA neurons are activated by aversive stimuli (foot-shock and formalin-
paw injections) and chronic social defeat stress (Brischoux, Chakraborty, Brierley, &
Ungless, 2009; Chaudhury et al., 2013; Lammel et al., 2011). Thus, changes in VTA DA
plasticity may also be projection-specific. One particularly interesting study showed
projection-specific glutamatergic synaptic plasticity in response to morphine.
Specifically, GIuUA1 receptor expression was increased in PFC-projecting TH+ neurons
in the PBP, but not in NAc-projecting TH+ neurons in the PN (Lane et al., 2008). This
study also provides evidence for projection-specific changes in VTA DA neuron
structure. Following chronic morphine administration, dendrites on NAc-projecting VTA
DA neurons in the PN were significantly smaller than in saline-treated control, and
dendrites on PFC-projecting VTA DA neurons in the PBP were significantly larger (Lane
et al., 2008). Whether chronic opioid-induced changes in VTA DA soma size are also

projection-specific has yet to be determined.

1.7. Hypothesis and Specific Aims

Despite the prevalent long-term use and abuse of opiate drugs, relatively little is
known about the neuroadaptations that occur with chronic use. We previously
determined that chronic opiate exposure decreases the soma size of VTA DA neurons
(Mazei-Robison et al., 2011; Russo et al., 2007). This change was observed in post-
mortem human samples as well as in rodent models where soma size was correlated
with DA neuronal activity and reward behavior (Mazei-Robison et al., 2011). However,
VTA DA neurons are heterogeneous; subsets of VTA DA neurons exhibit distinct
electrophysiological properties and stimulation depending on their projection target

(Chaudhury et al., 2013; Lammel et al., 2011; Lammel et al., 2012). While we know that
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behaviorally relevant structural and functional changes are induced in VTA DA neurons
in response to chronic opiates, we do not know if these changes are driven by specific
VTA DA circuits. | hypothesized that chronic opioids differentially regulate VTA DA
neurons based on projection target and that the chronic opioid-induced decrease in
soma size is present in NAc-projecting VTA DA neurons but not in PFC-projecting
neurons. Therefore, in Specific Aim 1, | tested this hypothesis using viral-mediated
fluorophore expression to label specific VTA DA circuits and assess changes in

morphology induced by chronic morphine.

The VTA is not only composed of dopaminergic neurons, but also includes
GABAergic and glutamatergic neurons (Margolis, Toy, Himmels, Morales, & Fields,
2012; Morales & Root, 2014). Additionally, VTA DA and GABA neuron activity is
oppositely regulated by chronic morphine such that VTA DA neuronal activity is
increased while VTA GABA activity is decreased. Activation and inhibition of neuronal
activity likely drives distinct molecular adaptations within DA and GABA neurons.
However, all screening studies to date have been limited to homogenization of the
entire VTA (Heller et al., 2015; Koo et al., 2015; McClung et al., 2005), potentially
masking effects that are occur in a single neuron type. | hypothesized that chronic
opioids induce a unique set of transcriptional changes in VTA DA neurons that result in
actin remodeling, channel regulation, and ultimately increased activity. | addressed this
hypothesis in Specific Aim 2 by isolating actively translating mRNA specifically from DA
neurons in the VTA using Translating Ribosome Affinity Purification (TRAP). Through
combined RNAsequencing and RT-PCR validation, we identified novel transcript

alterations, accelerating the current understanding of DA-specific response to opiates.
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Together, Aims 1 and 2 address my central hypothesis, that chronic morphine
induces structural plasticity in VTA DA neurons in a projection-specific manner and is
mediated by transcriptional changes in VTA DA neurons. Importantly, this work
significantly advances our understanding of how chronic opiate exposure alters the
structure and function of VTA DA neurons and provides insight into novel mechanisms
underlying mesocorticolimbic circuit dysfunction necessary for improved therapeutic
strategies for drug abuse. Thus, the results of this dissertation research are a critical
first step in a series of experiments to link structural adaptations to behavioral outcomes

through cell type- and circuit-specific viral manipulation of candidate genes.
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Chapter 2. Determination of Circuit-specific Morphological Adaptations in Ventral

Tegmental Area Dopamine Neurons by Chronic Morphine

2.1. Introduction

There is increasing concern in both the scientific and public domains regarding
the United States opioid epidemic, highlighted by a 500% increase in opioid overdose
deaths from 1999 to 2016 (CDC, 2017). Long-term use of opioids (either in prescription
or illicit forms) is frequently concurrent with escalating intake of drug and increased risk
for physical drug dependence and addiction (Boscarino et al., 2010; Darnall, Stacey, &
Chou, 2012). It is well established that the mesocorticolimbic circuitry is integral in the
addictive properties of several drugs of abuse, including opiates, and that drug-induced
changes to the mesocorticolimbic circuitry are central to the development of drug abuse
(Cooper, Robison, & Mazei-Robison, 2017; Juarez & Han, 2016; Lammel, Lim, &

Malenka, 2014).

Long-term use of opiates, such as morphine or heroin, can have lasting effects
within the mesocorticolimbic circuitry, particularly the ventral tegmental area (VTA)
dopamine (DA) neurons, which are essential for the processing of reward. For example,
following chronic morphine administration VTA DA neurons exhibit increased
spontaneous and burst firing rates (Koo et al., 2012; Mazei-Robison et al., 2011) and a
unique morphological adaptation, specifically an ~20 - 25% reduction in soma size (Chu
et al., 2007; Mazei-Robison et al., 2011; Russo et al., 2007; Sklair-Tavron et al., 1996).
Given that this reduction can be blocked with opiate antagonists such as naltrexone
(Sklair-Tavron et al., 1996) and that it does not occur following chronic administration of

other commonly abused drugs such as cocaine, ethanol, or nicotine (Mazei-Robison et
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al., 2014) suggests that this structural plasticity may be dependent on opioid signaling.
Decreased VTA DA soma size has also been observed in post-mortem samples from
heroin addicts, demonstrating translational relevance (Mazei-Robison et al., 2011).
Importantly, this opiate-induced decrease in soma size is also correlated with behavioral
changes such as reward tolerance; higher doses of morphine are required to elicit a
conditioned place preference concomitant with decreased soma size (Russo et al.,
2007). Together, these data suggest that chronic morphine elicits distinct morphological
and electrophysiological responses in VTA DA neurons, and that these changes are

concurrent with changes in the behavioral state of the subject.

While evidence supports opiate-induced changes in VTA DA morphology,
whether these changes are limited to subpopulations of VTA DA neurons remains
unclear. These distinctions may be critical as current work highlights that the activity of
subpopulations of VTA DA neurons drive distinct behavioral states. For instance, activity
of nucleus accumbens (NAc)-projecting VTA DA neurons has long been associated with
rewarding aspects of stimuli (Sesack & Grace, 2010; Witten et al., 2011), but more
recently increased activity of these neurons has been shown to promote susceptibility to
chronic social defeat stress, a depressive-like phenotype (Chaudhury et al., 2013). In
contrast, activity of prefrontal cortex (PFC)-projecting VTA DA neurons appears to
regulate processing of aversive stimuli such as foot shock and formalin paw injection
(Brischoux, Chakraborty, Brierley, & Ungless, 2009; Lammel, lon, Roeper, & Malenka,
2011). Subpopulations of DA neurons also display different basal electrophysiological
properties. For example, VTA DA neurons that project to the PFC, medial NAc shell

(m.shell), and NAc core have a small hyperpolarization-activated current (In) and higher
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maximal firing frequencies whereas neurons projecting to the lateral NAc shell (l.shell)
have a high In and lower maximal firing frequency, similar to DA neurons in the
substantia nigra (SN) that project to the dorsal striatum (Lammel et al., 2008; Lammel et
al., 2011). This distinction is important due to the historical use of high In to identify VTA
DA neurons from GABAergic neurons with low In (Margolis, Lock, Hjelmstad, & Fields,
2006). Research collected using this criterion may have disproportionately favored the

l.shell NAc-projecting neurons, which may have different behavioral implications.

In spite of the growing literature describing specific circuits underlying reward and
aversion, there is a surprising lack of information on circuit-specific adaptations to
opiates in the mesocorticolimbic system. Thus, we sought to determine whether chronic
morphine induces morphology changes within specific subsets of VTA DA neurons.
NAc- and PFC-projecting VTA DA neurons were identified using Cre-dependent
retrograde viral tracers in DA-Cre driver lines and basal and morphine-induced changes
in morphology were assessed. Together, the results of this study further establish that
VTA DA neurons are not homogeneous, as they show diverse basal morphology.
Importantly, we reveal that chronic morphine induces opposing effects in discrete

physiologically relevant VTA DA populations.

2.2. Materials and Methods

2.2.1. Animals and Stereotaxic Surgery

For all soma morphology experiments, we used adult (>8 weeks) male and
female tyrosine hydroxylase (TH)-Cre (Jackson, 008601) and Slc6a (dopamine

transporter, DAT)-Cre (Jackson, 006660) mice. All experimental animals had ad libitum
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access to standard chow and water and were kept on a 12-hr. light-dark cycle. All
experiments were approved by the Michigan State University Institutional Animal Use
and Care (IACUC) committee and adhered to the guidelines set in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. Stereotaxic
surgeries were completed following standard protocols (Cetin, Komai, Eliava, Seeburg,
& Osten, 2006; Juarez et al., 2017; Lammel et al., 2011). Briefly, mice (8-9 weeks) were
anesthetized using ketamine (100mg/kg) and xylazine (10mg/kg) and viral vectors were
bilateral infused (0.5ul over 5 min) into the brain projection region of interest (e.g. NAc
or PFC). Specifically, retrograde viruses (AAV5-EFla-DIO-eYFP-WPRE-hGH and
AAV5-EF1a-DIO-mCherry, University of Pennsylvania and University of North Carolina
Vector Cores, respectively) were targeted to either the NAc (AP: +1.6, ML: +1.5, DV: -
4.4) or mPFC (AP: +1.8, ML: +0.65, DV: -2.0). Mice were then returned to their home
cages (with conspecific littermates) for 6-8 weeks to allow for complete retrograde

transport and stable fluorescent protein expression.

For dendritic morphology pilot experiments, we bilaterally injected viral constructs
either directly into the VTA (AP: -3.2, ML: +1, DV: -4.6) or into the NAc (AP: +1.6, ML:
+1.5, DV: -4.4). Specifically, HSV-GFP was bilaterally injected into the VTA of wild-type
TH-Cre(-) mice (n5). For DA-specific dendritic morphology, a Cre-dependent viral
construct that expresses channel rhodopsin (ChR2) at the injection site (AAV2-DIO-
ChR2-eYFP [n3]) was bilaterally injected into the VTA of TH-Cre mice. For retrograde
cell type-specific targeting of DA neurons, AAV5-DIO-ChR2-eYFP was injected into the
NAc of DAT-Cre mice (n6). All mice were returned to their home cages until maximal

viral expression and/or retrograde transport occurred (HSV-GFP: 36 hrs., AAV2: 2
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weeks, retrograde AAV5: 6 weeks).

2.2.2. Morphine Treatment

For chronic morphine morphology studies, mice were subcutaneously implanted
with either sham or morphine (25 mg) pellets (generously supplied by the NIDA Drug
Supply Program). Morphine treatment was administered 6-8 weeks following stereotaxic
surgery (14-17 weeks old) under isoflurane anesthesia as previously described (Fischer
et al., 2008). Briefly, mice were implanted with single subcutaneous pellets on days 1
and 3 and were then sacrificed on day 5, a validated protocol to produce morphine
dependence and changes in VTA DA neuronal activity, morphology, and signaling

(Fischer et al., 2008; Koo et al., 2012; Mazei-Robison et al., 2011).

Analysis of blood morphine serum concentration was completed at the MSU
Mass Spectrometry and Metabolomics Core. A separate cohort of mice (6 male and 8
female) was implanted with morphine pellets according to the procedure above. Trunk
blood was collected following decapitation and serum was isolated using silicone-coated
BD-Vacutainer tubes (BD-367812) and centrifuged at 1,300xg for 5min at 4°C. Free-
morphine concentration was determined using Acquity TQ-D LS/MS-MS mass
spectrometry utilizing an internal standard of Morphine-D3 (Lipomed, M39-FB-1LM) and
standard curve generated with morphine sulfate (Sigma). Serum proteins were removed
with 3:7 dilution into acetonitrile and centrifuged at 1,000xg for 3 min at 4°C and
morphine-containing diluent were subsequently diluted in water for analysis. Final free-

morphine serum concentrations were normalized to mouse weight (nM/g).
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2.2.3. Immunohistochemistry (IHC)

Mice underwent transcardial perfusions with PBS and 4% paraformaldehyde (pH
7.4) under chloral hydrate anesthesia and brains were removed and post-fixed for 24
hrs. in 4% paraformaldehyde and then placed in 30% sucrose at 4°C until further
processing. Brains were sectioned at 40 um using a freezing microtome and sections
were stored in PBS + 0.01% sodium azide in 4°C. Immunohistochemistry was
completed on sections containing VTA, NAc, and PFC following standard procedures
(Mazei-Robison et al., 2011). All incubations and washes were completed at room
temperature, PBS was used for washes and sections were blocked in PBS with 3%
normal donkey serum (NDS, Jackson Immunolab, 017-000-121) and 0.3% Triton X-100.
Primary antibodies were prepared in PBS with 3% NDS and 0.3% Tween-20 and
sections were incubated in primary antibody overnight at room temperature. The
following primary antibodies and dilutions were used: mouse anti-TH (Sigma, T1299,
1:5000), rat anti-mCherry (Invitrogen, M11217, 1:20,000), rabbit anti-GFP (Life Tech,
Al11122, 1:18,000), rabbit anti-gamma synuclein (Sncg, Abcam, 55424, 1:2000), rabbit
anti-sex determining region Y-box 6 (Sox6, Abcam, 30455, 1:500), and goat anti-
orthodenticle homeobox 2 (Otx2, Neuromics, GT15095, 1:200). To determine viral
spread in in NAc/PFC tissue of DAT-Cre mice, primary antibody concentrations for rat
anti-mCherry and rabbit anti-GFP were increased to 1:10,000 due to weaker terminal
signal. All secondary antibodies were from Jackson Immunolabs and diluted 1:500 in
PBS: anti-Rabbit-488 (AF-711-545-152), anti-Rat-594 (AF-712-585-153), anti-Mouse-
CY5 (AF-115-175-146), and anti-Goat-CY5 (AF-705-175-147): sections were incubated

in secondary antibodies for 4 hrs. at room temperature. Sections were mounted on
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standard slides, dehydrated in 70-100% ethanol, and cover-slipped using DPX
mounting medium (Electron Microscopy Sciences, 13512).

For dendritic morphology experiments, mice underwent intracardial perfusion
with PBS and 4% paraformaldehyde as described above. VTA were sectioned (100 pum)
using a vibratome. For the HSV-GFP experiment, immunohistochemistry was performed
using rabbit anti-GFP (Life Tech, A11122, 1:5,000) and anti-TH (Sigma, T1299, 1:5000).
Sections were wet-mounted on glass slides using 0.12mm thick seal spacers (Electron
microscopy sciences, 70327-13S) and VectaShield hardset mounting medium (Vector,
H-1400). Slides were allowed to dry for >48 hr. prior to microscope image acquisition.
2.2.4. Microscope Image Acquisition

For soma size studies, VTA confocal z-stack images were taken using Olympus
Fluoview FV1000 (version 4.2) and digital color camera (Olympus DP72) using a 60x
PlanApoN (NA 1.42) oil objective and scan speed of 8.0 us/pixel, Kalman average 4,
step size 0.42pm (MSU Center for Advanced Microscopy). Following confocal imaging,
neurons expressing either eYFP or mCherry were reconstructed in three dimensions
using Volocity software (Improvision) and the surface area was measured as described
previously (Mazei-Robison et al., 2014; Mazei-Robison et al., 2011; Russo et al., 2007).
Only neurons that were co-labeled with TH-IHC and fluorescent protein were included in
the soma size study. For statistical analyses, soma surface areas of 4-38 neurons were
averaged for each mouse. The n listed in figure graphics refers to the number of mice

per group.

For determination of viral targeting, NAc, PFC, and VTA were imaged using a

Nikon 600HL eclipse NiU upright microscope, Lumencof sola light engine, and
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Photometrics cool SNAP Dyno camera. NAc and PFC were imaged using a 10X/0.3
Plan Fluor DIC LN1 objective and VTA was imaged using a 20X/0.5 Plan Fluor DIC
MN2 objective. FITC, TexRed, and CY5 filters were used determine IHC-labeled eYFP,
mCherry, and TH (Cy5) expression. Combined viral targeting images were created by
overlaying images of the same Bregma region from each animal. Individual images for
each region were acquired as follows: NAc medial shell and core (Bregma +1.10): FITC-
400ms, TxRed-700ms; PFC (Bregma +1.78): FITC-400ms, TxRed-1s. The final
combined images were converted into grey scale and then into a heat map (fire green
blue). The final image LUTs were adjusted as follows: NAc medial shell- 500-1000, NAc

core- 200-1000, PFC- 500-2000.

For colocalization studies, only neurons expressing Cre-driven mCherry (e.g. DA
projection neurons) were assessed for Sncg, Otx2, or Sox6 colocalization within the
VTA (PN, L.PN, and PBP) and SNc. Confocal z-stack images were taken using
Olympus Fluoview FV1000 (version 4.2) and digital color camera (Olympus DP72)
using a 20X and 40X dry objective and scan speed of 8.0 ps/pixel, Kalman average 4,
step size 1.8um. Counts of mCherry expressing DA neurons positive for Sncg, Otx2,
and Sox6 were obtained by an experimenter blind to conditions (n = 4/5 mice/group). All
colocalization data are represented as the percentage of DA projection cells: (# cells
positive for protein marker (e.g. Sncg) and mCherry) / (total # of mCherry-positive cells)

x 100.

For dendritic morphology studies, confocal z-stack images were taken using
Olympus Fluoview FV1000 (version 4.2) and digital color camera (Olympus DP72)

using 60X and 100X oil objectives and scan speed of 8.0 us/pixel, Kalman average 2,
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step size 0.2um (100X objective) and 0.42 um (60X objective). Neuron morphology was
assessed using NeuronStudio software with the rayburst algorithm using standard

published settings (Christoffel et al., 2011; Robison et al., 2013).

2.2.5. Statistical Analyses

All statistical analyses were performed using GraphPad software (Prism, version
7). Results from experiments with two experimental groups were analyzed using an
unpaired student t-test. Results from studies with 3 or more groups were assessed
using one- or two-way ANOVAs followed by Tukey post-hoc tests, when appropriate. p

values less than 0.05 were considered significant.

2.3. Results

2.3.1. Characterization of Basal Soma Size of VTA DA Projection Neurons

To first establish that both AAV5-DIO-eYFP and AAV5-DIO-mCherry similarly
label VTA DA projection neurons, both vectors were stereotaxically injected into the
NAc of TH-Cre and DAT-Cre mice (Figure 5A). Surface area measurements in VTA DA
neurons expressing both eYFP and mCherry were assessed to validate that labeling
with either fluorophore produced similar results. Indeed, surface area calculations were
highly correlated (Pearson r= 0.9883, p<0.0001), suggesting comparable cell labeling
(Figure 5B). Therefore, in all future studies eYFP and mCherry were counter-balanced
across all experimental groups and surface area data were combined. To address any
differences in viral-mediated targeting of dopamine populations (Lammel et al., 2015;
Stuber, Stamatakis, & Kantak, 2015), we compared VTA DA soma size using TH-Cre

and DAT-Cre mice across VTA subregions (Barrot, 2014; Beier et al., 2015; Ikemoto,
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2007). Using a two-way ANOVA, we determined a significant effect of VTA subregion
(F,31) =37.63, p<0.0001), but no effect of Cre-driver (F,31)=0.5113, p>0.05) and no
significant subregion x Cre-driver interaction (F,31) = 0.03668, p>0.05). Post-hoc
analyses revealed that all subregions analyzed (interfasicular (IF), paranigral (PN) and
lateral portion of the PN (L.PN), see Figure 5A lower panel) significantly differed from
each other (Figure 5C, Tukey’s multiple comparison test, *p<0.05). Soma size increased
along the medial-lateral axis such that the smallest VTA DA neurons were located within
the medial IF and the largest neurons in the L.PN in both TH-Cre and DAT-Cre mice
(Figure 5C). Since VTA DA neurons in TH-Cre and DAT-Cre mice were similar in size, a
single model (TH-Cre) was used in subsequent morphine studies and distinct
subregions were analyzed separately in order to avoid any confounds of basal
differences in soma size. Finally, because previous soma size data was exclusively
from males, we compared the basal soma size of male and female mice. We found no
significant difference between the soma size of VTA DA neurons (PN subregion) of
male and female DA-Cre mice (Figure 5D, student t-test, t13=0.03797, p>0.05)
consistent with observations that there are no sex differences in the basal
electrophysiological properties, connectome or transcriptome of VTA DA neurons (A. S.
Chung, Miller, Sun, Xu, & Zweifel, 2017). Thus, in subsequent experiments we

combined data from males and females.
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Figure 5. Basal Soma Size Characterization of NAc-projecting VTA DA Neurons.
A. TH-Cre or DAT Cre-mice received bilateral infusions of retrograde AAV5-DIO-eYFP
or —-mCherry into the NAc and soma size of VTA DA neurons was analyzed in VTA
subregions (interfascicular nucleus (IF), parabrachial pigmented nucleus (PBP),
paranigral nucleus (PN), lateral portion of paranigral nucleus (L.PN)) B. VTA DA
neurons expressing both fluorophores (FP, eYFP and mCherry) had comparable
surface area measurements using either FP construct (n=8 neurons). Representative
image of a VTA DA neuron expressing both FPs is shown below, field of view: 20 ym.
C. Basal VTA DA soma size differed between VTA subregions in TH-Cre and DAT-Cre
mice, with no differences observed between DA-driver lines. The number of mice in
each group is noted within columns, 4-23 neurons were analyzed per mouse. *denotes
significant subregion effects in both TH-Cre and DAT-Cre mice (two-way ANOVA,
Tukey’s post-hoc test, p<0.05). D. VTA DA soma size (PN subregion) did not differ
between male and female mice. The number of mice in each group is noted within
columns and 9-38 neurons were analyzed per mouse (student t-test, n.s., p>0.05).
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2.3.2. Morphine-induced Changes in Soma Size are Projection-specific

Chronic morphine decreases the soma size of VTA DA neurons, but it remains
unclear whether all DA neurons display this response or if it is limited to subsets within
the VTA. In order to determine if morphine-induced effects on morphology occur in a
projection-specific manner, the surface area of NAc- and PFC-projecting VTA DA
neurons were compared in sham- and chronic morphine-treated TH-Cre mice (Figure
6A). Prior experiments that implanted subcutaneous morphine pellets for chronic
morphine exposure exclusively used male rodents (Mazei-Robison et al., 2014; Mazei-
Robison et al., 2011; Russo et al., 2007). Therefore, we tested the drug administration
paradigm in both sexes, and found no significant difference in free morphine (nM/g
mouse) in isolated blood serum (Figure 6B, student t-test t13=0.171, p>0.05 ). Given
this, and the observation that basal soma size is equivalent between the sexes (Figure
5D), we combined data from male and female mice for morphine soma size
measurements. Targeting of the projection site was validated by fluorescent protein
(FP) expression; images of injection sites (heat map of florescence) are shown for NAc
subregions (Figure 6C) and PFC (Figure 6E). Consistent with previous observations
(Lammel et al., 2008; Lammel et al., 2011), injections centered in the NAc m.shell
labeled VTA DA neurons predominately in the medial and ventral regions of the VTA
(IF, PN, L.PN), while injections centered in the NAc core also labeled VTA DA neurons
in PN and L.PN, but in addition labeled more neurons in the PBP, likely due to diffusion
into the l.shell (Figure 6C). PFC injections were centered in the Cgl/Prl PFC and
labeled VTA DA cells were predominately in the PBP, with sparse labeling in the PN. To

control for basal differences between subregions (Figure 5C), NAc-projecting VTA DA
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Figure 6. Chronic Morphine Effects on VTA DA Soma Size Differ Based on Projection Target. A. TH-Cre mice
received bilateral infusions of retrograde AAV5-DIO-FP into the NAc or PFC and VTA DA neuron soma size was
measured following chronic morphine or sham pellet administration. B. Male and female mice showed similar free
morphine concentration in blood serum (student t-test, n.s., p>0.05) C. Heatmaps of combined images used in
morphine studies showing distinction in NAc medial shell (m.shell)- and core-projecting VTA DA neurons.
Representative images were taken using 10X objective, scale bar = 100 um. Top images: NAc infusion sites, Bottom
images: labeled VTA DA neurons. D. Morphine decreases the soma size of NAc m.shell-projecting VTA DA PN neurons
with no effect on VTA DA PN neurons that project to the NAc core. Number of mice in each group is noted within
columns and 7-26 neurons were analyzed per mouse. *denotes significant effect of morphine on soma size (two-way
ANOVA, Tukey's post-hoc test, p<0.05). E. Heatmap of PFC infusion sites used in morphine studies. Representative
images were taken using 10X objective, scale bar = 100 um. F. Average soma size of VTA DA neurons that project
to the PFC is increased following chronic morphine treatment. Number of mice in each group is noted within columns
and 4-12 neurons were analyzed per mouse, (student t-test, *p<0.05).
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neurons (m.shell and core) were analyzed specifically within the PN region and PFC-

projecting VTA DA neurons (within the PBP) were analyzed separately.

We found a significant main effect of drug (F@.25=4.872, p<0.05), a main effect
of projection (F1,25=30.93, p<0.0001), and a significant drug x projection interaction
(Fa.25=4.382, p<0.05) in VTA DA neurons projecting to the NAc m.shell and core
(Figure 6D). Specifically, chronic morphine significantly reduced the soma size of NAc
m.shell-projecting VTA DA neurons (p<0.05, Tukey’s post-hoc test) but had no effect on
NAc core-projecting neurons. There was a trend for increased size of core-projecting
neurons compared to m.shell-projecting neurons in sham mice, but this did not reach
statistical significance (sham m.shell: 419.7+15.6, sham core: 459.3+12.7, p=0.08,
Tukey post-hoc test). Surprisingly, within the PFC-projecting population (Figure 6F),
there was a significant increase in VTA DA soma size following chronic morphine
(student t-test, t(12)=2.946, p<0.05). PFC-projecting neurons were larger than NAc-
projecting neurons in sham mice (PFC-sham: 544.5+21.64, m.shell-sham: 419.7+15.6,
core-sham: 459.3+£12.7), consistent with differences in basal size between PBP and PN
VTA DA neurons. Together, the data indicate that chronic morphine affects VTA DA
soma size in a projection-specific manner: while soma size of NAc m.shell-projecting
VTA DA neurons is decreased consistent with previous findings (Mazei-Robison et al.,
2011; Russo et al., 2007; Sklair-Tavron et al., 1996), this is not observed in VTA DA
cells projecting to the NAc core. Moreover, soma size of PFC-projecting neurons is
significantly increased by morphine, which is, to our knowledge, the first observation of

a stimulus-induced increase in VTA DA soma size.
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2.3.3. Projection-specific Protein Expression Patterns in DA Neurons

Due to the surprising differences observed between VTA DA neurons projecting
to NAc subregions, we next sought to determine if the NAc m.shell- and core-projecting
VTA DA neurons are also molecularly distinct. DA neuron subpopulations differ
transcriptionally based on single-cell RNA sequencing, including distinct gene
expression patterns that distinguish striatal- and BNST-projecting neurons (Poulin et al.,
2014). We therefore sought to determine if we could discriminate m.shell- from core-
projecting VTA DA neurons using immunohistochemistry for two master transcriptional
regulators (Otx2 and Sox6) which may differentiate SNc and VTA DA neurons (C. Y.
Chung et al., 2010; Di Salvio, Di Giovannantonio, Omodei, Acampora, & Simeone,
2010; Panman et al., 2014) and gamma synuclein (Sncg), a protein involved in
neurodevelopment, regulation of cell growth, division, and gene expression (Galvin,
Schuck, Lee, & Trojanowski, 2001; Pan, Bruening, Giasson, Lee, & Godwin, 2002;
Surguchev & Surguchov, 2017). We assessed colocalization in VTA DA neurons
labeled with AAV5-DIO-mCherry that projected to NAc m.shell and core and SNc DA
neurons that projected to the striatum. Due to antibody limitations, we compared
colocalization in two IHC experiments, in the first experiment cells were assessed for
Sncg and Otx2 expression (Figure 7A, B) and in the second experiment Sox6 and Otx2

were assessed (Figure 7C, D).

While no single protein was exclusive for a single type of DA projection, there
were differences in expression patterns. For example, in set 1 (Sncg and Otx2) there
was a significant effect of protein marker (F,30=220.1, p<0.0001), a significant marker

X projection interaction (F,30=85.83, p<0.0001), but no overall effect of projection
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(F.,30=0, p>0.05). Specifically, dorsal striatum-projecting neurons had a very different
profile compared to NAc-projecting DA neurons. SNc DA neurons that projected to the
dorsal striatum were almost exclusively only Sncg-positive (+) (99%, Figure 7A) while
~50% of NAc-projecting VTA neurons were also Otx2+ (m.shell-projecting: 65% Sncg+
and Otx2+, core-projecting: 47% Sncg+ and Otx2+). Interestingly, across all three
regions, 99% all DA neurons assessed were Sncg+, such that only 1% of DA neurons

were Sncg- and Otx2-, and there were no Otx2+ only neurons identified.

In the second set of IHC, Sox6 and Otx2 co-expression was assessed (Figure
7C, D). Using a two-way ANOVA, we determined there was a significant main effect of
protein marker (Fs,40=69.04, p<0.0001), and protein marker x projection interaction
(F6,40=64.94, p<0.0001) but no overall effect of projection (F,40=0, p>0.05). Overall,
we found that both NAc m.shell- and core-projecting neurons in the VTA had low Sox6
expression (5 and 7%, respectively) compared to dorsal striatal-projecting SNc neurons
(71% Sox6+). Together, while these data suggest that the proportions of Sncg, Otx2,
and Sox6 expression can distinguish NAc-projecting VTA DA neurons from striatum-
projecting SNc DA neurons, these markers do not help to molecularly define the

subsets of VTA DA neurons that are differentially affected by morphine exposure.
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Figure 7. Protein Markers Differentiate SNc DA Neurons that Project to the dStr,
but not VTA DA Neurons that Project to the NAc m.shell vs. core. A. Expression of
Sncg (green) and Otx2 (blue) was assessed in VTA DA neurons that projected to the
NAc m.shell or core or SNc DA neurons that projected the dorsal striatum (red). While
~50% of NAc-projecting VTA DA neurons expressed Otx2, this protein was absent from
striatal-projecting SNc DA neurons. B. Representative images are shown of VTA (left)
and SNc (right) neurons labeled with mCherry (red), Sncg (green), and Otx2 (blue).
Arrowhead: Sncg+, Otx2+ cell, Arrows: Sncg+ cells. C. Expression of Sox6 (yellow) and
Otx2 (blue) was assessed in VTA DA neurons that projected to the NAc m.shell or core
or SNc DA neurons that projected the striatum (red). D. Representative images are
shown of VTA (left) and SNc (right) neurons labeled with mCherry (red), Sox6 (yellow),
and Otx2 (blue). Arrow: Otx2+ cell (VTA) or Sox6+ cell (SNc). A. and C. Data are
expressed as the percent of DA projection neurons labeled, the number of neurons (for
groups with >5 neurons) is noted within the columns. B. and D. Top images were taken
using a 20X objective (scale bar = 100um), white box illustrates image shown below
(60X, scale bar = 30um).
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2.3.4. Viral-mediated Visualization of VTA DA Dendritic Spine Morphology

Very few experiments have been conducted to systematically assess VTA DA
dendritic morphology. VTA DA neurons have a range of medium to low density of
dendritic spines, although there is evidence for drug-induced changes in spine
morphology (Phillipson, 1979; Sarti, Borgland, Kharazia, & Bonci, 2007). VTA DA
neuron heterogeneity and robust neurite labeling are two main factors preventing
significant progress on VTA DA dendritic morphology. In a study by Sarti et al., (2007)
biocytin injection efficiently labeled VTA neuron soma and main dendrites but did not
achieve the resolution required for individual spine morphology analysis. Conversely,
Golgi-Cox staining did achieve the required resolution for spine analysis, but lacked
molecular confirmation of the cell type analyzed. Using the same retrograde AAV5-DIO-
eYFP/mCherry construct as in VTA DA soma morphology experiments, we noted
extensive dendrite labeling (Figure 8). However, it was difficult to visualize any single
dendrite beyond a short distance, or to accurately determine the dendrite’s cell body of
origin. Therefore, we tested additional AAV and HSV constructs to assess whether they
could efficiently identify VTA DA neurons while also maintaining the required resolution

for dendritic morphology assessment.
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Figure 8. AAV5-DIO-eYFP Expression in VTA Fill Cell Soma but Have Variable
Expression Across Dendrites. A. Representative image of VTA Bregma -3.28, 20X
scale bar 100pm. B. 60X image of labeled dendrites displaying variable eYFP
intensity and overcrowding of field view, scale bar 50um.

In the first pilot experiment, we tested the efficacy of HSV-GFP labeling of VTA
neurons for dendritic morphology in wild-type C57/BL6 mice. This method is not cell
type-specific, so we verified DA neuron identity using TH-IHC. HSV produces a sparser
neuronal labeling than AAV, so we hoped this might reduce the total number of cells
labeled and therefore reduce the density and overlap of dendrites. The total density of
dendrites expressing GFP was reduced compared to AAV5-DIO-eYFP (Figure 8),
however most dendrites had variable or low GFP expression and dendritic morphology
could not be reliably assessed. GFP IHC increased the intensity of GFP-labeling but
also increased the background signal, which obscured dendrite spine identification and

therefore the resolution was not improved (Figure 9A, B).
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Figure 9. HSV-GFP Expression in VTA Fill Cell Soma but Have Variable
Expression Across Dendrites. A. Representative image (10X) of HSV-GFP injected
VTA Bregma -3.28, scale bar 200pm. B. Representative image of dendrite, 100X.

We next tested whether local expression of ChR2-eYFP would improve
resolution. AAV2-DIO-ChR2-eYFP was injected directly into the VTA of TH-Cre mice.
We were able to achieve improved spine resolution using this method (Figure 10), and
could identify several types of spines (mushroom, thin and stubby) on a few VTA DA-
specific dendrites (Figure 10B). However, we had similar extensive labeling as in the
AAV5-DIO-eYFP experiments (Figure 8) making individual dendrite selection and
visualization (Figure 10A) difficult. Therefore, while the use of ChR2-eYFP did increase
the resolution of individual spines, it had similar problems in the ability to analyze single

dendrites from a selected neuron.
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Figure 10. AAV2-DIO-ChR2-eYFP Expression in VTA DA Neurons Increase
Dendritic Spine Resolution. A. Representative image of VTA Bregma -3.28, 10X.

B. Representative images following NeuronStudio spine analysis of VTA DA dendrites
expressing ChR2-eYFP, 60X (top) and 100X (bottom). Identified dendritic spines in
bottom panel are labeled with colored circles according to spine types: mushroom
(orange), stubby (pink), thin (yellow), and undetermined shape (grey).

In a final attempt to use viral-mediated fluorophore expression to identify spines,
we injected retrograde AAV5-DIO-ChR2-eYFP into the NAc of DAT-Cre mice. This
protocol did result in a lower number of VTA DA neurons labeled. Unfortunately, viral-
mediated ChR2-eYFP intensity was relatively low in this cohort and extensive bleaching
occurred during scanning. Therefore, whereas ChR2-eYFP expression could be
observed at low magnification, with the higher magnification and longer scan time
required imaging of dendritic spines, dendrites were quickly bleached and morphology

was not able to be determined (data not shown).
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2.4. Discussion

Chronic opioid exposure induces lasting structural and synaptic plasticity in the
mesocorticolimbic reward circuitry, particularly within VTA DA neurons. Specifically,
there is an increase in VTA DA firing rate following chronic morphine treatment, and a
decrease in VTA DA soma size (Koo et al., 2012; Mazei-Robison et al., 2011). Yet VTA
DA neurons are not homogeneous and recent studies that have characterized VTA DA
neurons based on their projection target have noted both basal differences between
subsets of VTA DA neurons as well as varied responses to rewarding and aversive
stimuli. For instance, VTA DA neurons that project to the NAc l.shell are physiologically
distinct from those that project to NAc m.shell or core, or to the PFC, exhibiting higher In
currents, lower maximal firing rates, and reduced AMPA/NMDA ratio that are more
similar to DA neurons in the SNc (Lammel et al., 2008; Lammel et al., 2011). However,
despite these basal differences, cocaine increases the AMPA/NMDA ratio in VTA DA
cells projecting to either the NAc m.shell or I.shell but does not impact the AMPA/NMDA
ratio of PFC-projecting VTA DA neurons (Lammel et al., 2011). Differential regulation
has also been noted for aversive stimuli, as AMPA/NMDA ratio is increased in PFC-
projecting VTA DA neurons, but not in NAc m.shell-projecting VTA DA neurons despite
their similar baseline properties (Lammel et al., 2011). These data highlight the
complexity between subsets of DA neurons, where there are differences both basally
and in response to stimuli. Additionally, these differences do not neatly align, for
example the basal properties of NAc l.shell-projecting VTA neurons are similar to

nigrostriatal neurons, but their responses to rewarding or aversive stimuli are not.

Our findings support that morphological complexity also exists, both basally and
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in response to morphine exposure. Interestingly, we find that VTA DA neurons that
project to the NAc m.shell exhibit the established morphine-induced decrease in soma
size, while those that project mainly to the NAc core do not. This suggests results from
previous studies were driven by changes in m.shell-projecting neurons, much in the way
that data from electrophysiological studies using high In as a marker for DA neurons
were driven by NAc l.shell-projecting DA neurons. Intriguingly, we also observed a
morphine-induced increase in soma size of PFC-projecting VTA DA neurons. There are
multiple reasons this effect could have been missed in previous studies. For example,
there was a difference in the number of cells labeled. While NAc injections robustly
labeled VTA DA cells, PFC injections resulted in much sparser labeling such that
opposite regulation in this small subset of cells could have been obscured. Additionally,
the VTA subregion examined likely also played a role. Previous work identifying opiate-
induced decrease in soma size was primarily conducted within the PN of the VTA
(Mazei-Robison et al., 2014; Mazei-Robison et al., 2011; Russo et al., 2007). While we
did observe PFC-projecting DA neurons in the PN, the majority of cells were in the PBP,
suggesting these cells were likely not included in the previous analyses. Therefore, it is
probable that this opposing effect was masked in previous studies due to the high
density of m.shell-projecting VTA DA neurons within the region analyzed. Overall, our
data support current efforts to define changes within subsets of VTA DA neurons, as
these are likely defined by differences both in their projection target as well as their

input (Lammel et al., 2012; Yang et al., 2018).

There is a growing body of literature supporting the importance of analyzing VTA

DA neurons based on their projections to NAc subregions (m.shell, I.shell, or core) due
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to their distinct molecular and functional properties and behavioral responses. As noted
previously, VTA DA neurons projecting to the NAc m.shell and l.shell have different
basal electrophysiological properties (Lammel et al., 2011). Since we focused our
efforts on the PN region of the VTA, we largely studied VTA DA neurons that projected
to the NAc m.shell or core, although there was likely some I.shell-projecting neurons
within the core group, consistent with previous categorization of PN VTA DA neurons
(Beier et al., 2015; Lammel et al., 2008; Lammel et al., 2011). While differences in
DAT/TH and DAT/vesicular monoamine expression have been noted between m.shell-
and l.shell-projecting VTA DA neurons, these markers did not distinguish between
m.shell- and core-projecting VTA DA neurons in the PN subregion (Lammel et al.,
2008). We therefore tested whether m.shell- and core-projecting VTA DA neurons could
be identified by protein markers (Otx2, Sox6, and Sncg) implicated in distinct molecular
subtypes of VTA DA neurons (Poulin et al., 2014). While no protein showed exclusive
projection-specific expression, these markers were sufficient to differentiate NAc-
projecting VTA DA neurons from nigrostriatal neurons. Unfortunately, they did not allow
differentiation between NAc m.shell- and core-projecting VTA DA neurons. Given that
the m.shell- and core-projecting neurons are intermingled in the PN, future studies to
identify distinct molecular markers between these neurons will be crucial to allow for
more detailed analysis of the functional and behavioral importance of these neurons

without the necessity of cumbersome tract-tracing methods.

Importantly, NAc subregion activity may drive distinct aspects of behavioral
integration of reward and aversion processing. While it is well established that

dopamine release, particularly in the NAc m.shell, is important for drug reward (Ikemoto,
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2007; Sesack & Grace, 2010), there is increasing evidence that the NAc ventral and
lateral shell may be involved in processing of both rewarding and aversive stimuli (Al-
Hasani et al., 2015; McCutcheon, Ebner, Loriaux, & Roitman, 2012; Yang et al., 2018).
More generally, stimuli-induced increases in DA the NAc shell are thought to be
important for hedonic responses, while DA release in the NAc core role is prominently
involved in the acquisition and expression of motivated behavior (Namburi, Al-Hasani,
Calhoon, Bruchas, & Tye, 2016), particularly in instrumental behavior tasks involving
reward prediction and outcome dichotomy. Morphine exposure is associated with
changes in reward behavior and induces structural and activity changes in VTA DA
neurons, but it is unclear whether all VTA DA neurons respond similarly. Here we show
that chronic morphine induces structural changes in discrete NAc-projecting VTA DA
populations, reducing the soma size of NAc m.shell-projecting VTA DA neurons while
having no effect on nearby core/l.shell-projecting neurons. Therefore, these data
suggest that behaviors associated with morphine-induced changes in morphology such

as reward tolerance (Russo et al., 2007) may be driven by distinct VTA subcircuits.

Importantly, recent work on NAc m.shell and l.shell highlights that projection-
specific subsets of VTA DA neurons also receive distinct NAc subregion GABAergic
input (Yang et al., 2018). It is well established that chronic morphine increases VTA DA
neuronal activity (Johnson & North, 1992; Koo et al., 2012; Mazei-Robison et al., 2011).
But whether morphine-induced changes in GABAergic tone (Ford, Mark, & Williams,
2006; Johnson & North, 1992) or excitatory regulation (Chen et al., 2015; Margolis,
Hjelmstad, Fujita, & Fields, 2014) differentially affect subsets of VTA DA neurons

remains unclear. Taken together, these data make it clear that it will be necessary to
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address whether specific forms of input drive projection-specific changes in VTA DA

neuron structure and activation induced by morphine in future studies.

In addition to the differences in NAc-projecting VTA DA neurons, we also
determined that the structure of PFC-projecting VTA DA neurons was altered by chronic
morphine exposure, as soma size was increased. While multiple stimuli in addition to
opiates have been found to decrease DA soma size (sexual experience, Clock gene
mutation (Coque et al., 2011; Pitchers et al., 2014)), to our knowledge, this is the first
observation of a stimulus-induced increase in VTA DA soma size. However, given that
this effect was not evident in previous opiate studies likely due to the sparse labeling of
these cells compared to NAc-projecting neurons, or the VTA subregion analyzed, it is
possible that known stimuli could also produce a similar bidirectional effect on VTA DA

soma size.

Opposing effects of chronic opioids on morphological adaptations across subsets
of VTA DA neurons has been observed previously. An electron microscopy study found
that chronic morphine increased the diameter of dendrites on VTA DA neurons in the
PBP but decreased the diameter of dendrites on VTA DA neurons in the PN (Lane et
al., 2008). Critically, these studies used retrograde tracers and found that PFC-
projecting neurons were primarily found in the PBP while NAc-projecting neurons were
more prominently labeled in in the PN. These results are consistent with the current
data, where we observe a morphine-induced increase in PFC-projecting neurons (in
PBP) and decrease in NAc m.shell-projecting neurons (in PN). Future studies verifying
dendritic changes in PFC- vs. NAc-projecting DA neurons as well as studies of

morphine-induced changes in synaptic plasticity will allow the development of a more
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refined model of opiate-induced changes in mesocorticolimbic circuit activity. And while
viral-mediated VTA DA dendritic morphology experiments outlined here did not achieve
robust labeling of dendritic spines, the use of membrane-bound fluorophore constructs
(ChR2-eYFP) substantially improved the resolution. In future studies, it may be possible
to utilize a combined method of viral-mediated targeting and ionotophoresis of VTA DA
neurons for dendritic morphology. It will also be necessary to establish whether
projection-specific changes in VTA DA morphology changes contribute to the behavioral
changes associated with chronic opiate administration, such as reward tolerance
(Mazei-Robison et al., 2011; Russo et al., 2007). Overall, the current results
demonstrate that VTA DA neurons differ in soma size by both subregion and projection,
and that these differences extend to their morphological responses to chronic opiate
exposure. Moreover, our work supports the necessity of studying opiate-induced
adaptations in VTA subcircuits, as changes are likely mediated by discrete sets of
neurons, with opiate adaptations likely distinct from other stimuli (Mazei-Robison et al.,

2014).
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Chapter 3. Chronic Morphine-induced Transcriptome of VTA DA Neurons

3.1. Introduction

The current opioid epidemic in the U.S. has been termed a national health crisis,
as opioid overdose deaths have increased over 500% from 1999 to 2016 (Center for
Disease Control and Prevention (CDC), 2017; U.S. Dept of Health and Human Services
(HHS), 2017). Long-term use of prescription opioids greatly increases risk of drug
tolerance which can lead to dependence, drug addiction and an increase in risk for
accidental overdose (CDC, 2017; Scripts, 2014). Despite the prevalent long-term use
and abuse of opiate drugs, relatively little is known about the neuroadaptations that
occur with chronic use. We previously determined that chronic opiate exposure
decreases the soma size of dopamine (DA) neurons in the ventral tegmental area
(VTA), a key structure in the mesocorticolimbic reward circuit (Mazei-Robison et al.,
2011). This change was observed in post-mortem human samples as well as in rodent
models, where soma size was correlated with increased DA activity and reward

behavior (Mazei-Robison et al., 2011).

Importantly, the structural effects of chronic opioids appear to be drug-class
specific, where chronic treatment with alcohol, nicotine or cocaine did not produce the
same effects (Mazei-Robison et al., 2014). This suggests distinct molecular changes
occur in chronic opioid-induced plasticity in the VTA. Consistent with this idea, in an
RNAsequencing (RNAseq) screen we identified 152 genes whose expression was
significantly increased following chronic morphine injections and expression of only 5 of

these genes were similarly increased following cocaine injections (Heller et al., 2015).
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This highlights that while both morphine and cocaine increase VTA DA activity and
induce drug-related reward, these effects may be driven by molecular adaptations

unique to each drug.

Identification of molecular mediators of chronic opioid effects specific to DA
neurons is difficult due to cellular heterogeneity within the VTA. While approximately
60% of VTA neurons are DAergic, a significant fraction of GABAergic neurons (~30%)
are also present (Margolis, Toy, Himmels, Morales, & Fields, 2012; Morales & Root,
2014; Nair-Roberts et al., 2008). Opioids primarily increase VTA DA neuronal activity
via disinhibition, specifically decreased GABAergic tone (Gysling & Wang, 1983; Stinus,
Koob, Ling, Bloom, & Le Moal, 1980). Therefore, it is likely that opioids induce different
molecular adaptations (such as ion channel regulation, LTP and LTD associated
signaling cascades) within DA and GABA neurons. To date, large-scale screening
studies for chronic opioid-induced changes in gene expression have been limited to the
homogenization of the entire VTA (Heller et al., 2015; Koo et al., 2015; McClung,
Nestler, & Zachariou, 2005). Thus, data from previous studies did not distinguish
between GABA and DA genetic material. Therefore, it is largely unknown whether
previously identified morphine-induced changes in gene expression are driven by
expression in one or multiple cell types. This includes genes such as serum- and
glucocorticoid-regulated kinase 1 (Sgk1) which is significantly induced by drugs of
abuse and chronic social defeat stress (CSDS) in the VTA (Cooper et al., 2017; Heller
et al., 2015) as well as potassium channels such as Kcnab and Girk3 which have been

implicated in opioid reward (Mazei-Robison et al., 2011).
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Therefore, in this study we addressed this knowledge gap using translating
ribosome affinity purification (TRAP) to isolate actively translating mRNA specifically
from VTA DA neurons. Using RNAseq, we were able to identify the DA-specific
transcriptome of both sham and chronic morphine-treated DAT-192-GFP mjce. Using
differential gene expression analysis, we identified basal DA-specific transcriptome,
morphine-induced alterations in whole VTA, and the morphine-induced transcriptome in
VTA DA neurons specifically. Additionally, we validated previously identified morphine-
regulated genes, such as Sgkl and Kcnab expression, as well as multiple new
candidate genes for chronic morphine induced adaptations in VTA. The results of this
study highlight the importance of determining VTA cell type-specific adaptations to
drugs of abuse and provide substantial insight into novel mechanisms underlying

chronic opioid-induced mesocorticolimbic circuit dysfunction.
3.2. Materials and Methods
3.2.1. Animals

All experiments were approved by the Michigan State University Institutional
Animal Use and Care (IACUC) committee and adhered to the guidelines set in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
All experimental animals had ad libitum access to standard chow and water and were
kept on a 12-hr. light-dark cycle. Two DA-specific Cre-driver lines, tyrosine hydroxylase
(TH)-Cre (Jackson, 008601) and Slc6a3 (dopamine transporter, DAT)-Cre (Jackson,
006660) mice were crossed with Rosa26-L10a-eGFP (Jackson, B6;129S4-

Gt(ROSA)26Sor MI(EGFP/Rpl10a)Ame 13 024750) mice for Cre-dependent and cell-specific

99



ribosome subunit L10a-GFP fusion protein (referred to as DAT-10a-¢GFP gnd THL10a-eGFP
respectively). Genotyping for each line was confirmed, mice heterozygous for both cell-
specific Cre-driver and L10a-GFP were used for all experiments. Group nhumbers are

noted for each experiment and ranged from 24-40 mice.
3.2.2. Morphine Treatment

10-11wk old male and female DAT!10a-¢GFP gnd TH10a-eGFP mice were
subcutaneously implanted with either sham or morphine (25 mg) pellets (generously
supplied by the NIDA Drug Supply Program) under isoflurane anesthesia as previously
described (Fischer et al., 2008). Briefly, mice were implanted with single subcutaneous
pellets on days 1 and 3 and were then sacrificed on day 5, a validated protocol to
produce morphine dependence and changes in VTA DA neuronal activity, morphology,

and signaling (Fischer et al., 2008; Koo et al., 2012; Mazei-Robison et al., 2011).
3.2.3. Immunohistochemistry (IHC) and Microscope Image Acquisition

For validation of Cre-dependent L10a-GFP expression, mice underwent
transcardial perfusions with PBS and 4% paraformaldehyde (pH 7.4) under chloral
hydrate anesthesia and brains were removed and post-fixed for 24 hrs. in 4%
paraformaldehyde and then placed in 30% sucrose at 4°C until further processing.
Brains were sectioned at 35 um using a freezing microtome and sections were stored in
PBS + 0.01% sodium azide at 4°C. Immunohistochemistry was performed as described
previously (Chapter 2, page 70). The following primary antibodies and dilutions were
used: mouse anti-TH (Sigma, T1299, 1:5000), rabbit anti-GFP (Life Tech, A11122,

1:18,000), anti-Nms (Peninsula Lab [Bachem], T-4814, 1:500). All secondary antibodies
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were from Jackson Immunolabs and diluted 1:500 in PBS: anti-Rabbit-488 (AF-711-
545-152), anti-Mouse-CY5 (AF-115-175-146), and anti-Ms-CY3 (AF-715-165-150).
Images were obtained using Cell Sens software and Qi-Click 12 Bit camera with
Olympus BX53 fluorescence microscope. VTA was imaged using a 10X objective, while
mPFC and NAc containing sections were imaged with 4X objective. FITC, TexRed

filters were used determine IHC-labeled eGFP and TH (Cy3) expression.
3.2.4. Translating Ribosome Affinity Purification (TRAP)

In order to isolate actively translating mRNA, TRAP purification was performed
according to published protocols (Heiman, Kulicke, Fenster, Greengard, & Heintz, 2014)
with the following minor alterations to isolate RNA from DA VTA neurons. VTA was
microdissected from coronal slices of DAT!102-€GFP gnd THM102-eGFP mjce using a 14G
blunt needle and tissue was immediately frozen on dry ice and stored at -80°C until
further processing. VTA from 4 mice were pooled for each immunoprecipitation (IP) and
homogenized in 1 ml of tissue lysis buffer. 100 ul of this tissue was aliquoted for input
control analysis. Affinity matrix beads were incubated with anti-GFP antibodies
(Memorial Sloan-Kettering Monoclonal Antibody Facility: Htz-GFP-19F7 and Htz-GFP-
19C8, 50ug/ml each) for 2-4 hr. at 4°C. Isolation of DA-specific translating mRNA was

achieved by incubation of VTA lysate with anti-GFP affinity matrix overnight at 4°C.

Final RNA purification was performed using the RNeasy Micro Kit (Qiagen,
74004) according to the kit protocol with the following adjustments. Input and pulldown
samples were incubated for 10 min at 4°C with 10% B-ME in RLT buffer (Qiagen,

RNeasy micro kit, 74004) and briefly vortexed. RNA was then precipitated using 70%
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ethanol and immediately placed in the Qiagen centrifuge isolation tube and the Qiagen
kit protocol was followed for remaining steps. Final purified RNA was extracted from

columns using 12 ul (for gPCR), or 14 pl (for RNAseq) 60°C RNAse-free water.

3.2.5. RT-PCR Analysis

RNA quality was immediately assessed using nanodrop and 8-10 ng of RNA was
reversed transcribed into cDNA using the High Capacity Reverse Transcription kit
(Applied Biosystems, 4368814). Final cDNA samples were diluted with DNAse/RNAse
free water to ~140ng/pl and stored at -20°C until further processing. RT-PCR analysis
was performed using SYBR-green (CFX-connect, Biorad). Samples were run in
triplicate and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
using the AACt method (Tsankova et al., 2006). 4 pl of cDNA was used for most genes,
except for low abundance genes (Gcg, Anxal0) where cDNA volume was increased to
6 ul. Primers were designed using Primer-BLAST (Ye et al., 2012) and validated via RT-
PCR; primer specificity and product size were confirmed by DNA gel electrophoresis.

Sequences of validated primers are listed in Table 4.
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Table 4. Experimental Primer Sequences.

Gene name Forward Primer (5°-3’) Reverse Primer (5’-3’)
AAG AGC ATC CGA CAC CAG CAC AAT ACC AGT TGT ACG
Acta2 TGC TG TC
CGC CAG AAG TGA AAT
Anxal0 AGA CC GGG TGC CTATAA AGA AGATCG
GCT CACTCG CGGTTC
Chrnb4 CAT TCAGGTTGT TGT AGC GGG TT
GCG ACC CAACCT GTA GGA AGA TGT AGG CTC CAT AGT
Slc6a3 (DAT) | CTG G
TGC GCACTC TGG AAG
GAD?2 ACA AT GTG AGT TGC TGC AGG GTT TG
AGG TCG GTG TGA ACG TGT AGA CCATGT AGT TGA GGT
GAPDH GATTTG CA
GAT GAG ATG AAT GAA
Gceg GAC AAA CG AAC TCA CAT CAC TAA AGG
GGC CAG ATC ACG GAT
Kcnab GAG ATG AGC TTT TCC AGC AGC GTA GAC
CAG TCT GCA CAG CTA
Kcnell ATG G TCTTCCTTT CCC ATT GAA CC
CAG TCACCCTTACAC AGA CAC AGA AAG ACT CTG ATA
Mesp2 CAGTCC CACT
CCA ACC TAA GGA AAA
Nms CCAGGATGTA CCC CAG GCT GGT AGT AGG AT
CGG AAA GGT CGG ACC
Nuprl AAG AG GTC TGG CCT TAT CTC CAG CTC
CGT CGG ACT GGA AAG
Smagp ATC TGA CAACTG CAATGAGCG CTG TG
CGT CAA AGC CGA GGC GGTTTG GCG TGA GGG TTG
Sgkl TGC TCG AAG C GAG GAC
CGC TGC GAC AGC TAC
Tal2 CTTG AGC TTG GCAAAG GCATTG TTG
CAG AGC AGG ATA CCA
TH AGC AGG CTC GAATAC CAC AGC CTC CAA
Slc32al GGG GTC ACG ACA AAC
(VGAT) CCAA GTG GAG GAT GGC GTA GGG TA
Slcl7a6 TAT GCG CAG AAT CCG
(VGLUT2) TCTTTC TCT CTC GGT TGT CCT GCT TC
Vgf AAA CTC GCA GGC AAT CC | ACA GCA ATT TGG AGA AGA GG
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3.2.6. RNA Sequencing (RNAseq)

VTA samples were processed from female DAT12GFP 10-11wk mice (n=16
sham and 16 morphine-treated mice) identical to the above procedures. As described
above, 4 VTA samples were pooled for each IP, resulting in 4 replicates for each
treatment group (sham input, sham IP, morphine input, morphine IP, note final analysis
included an n=3 for the morphine input due to loss of one replicate during library
processing). RNA quantity and quality were assessed via lllumina Bioanalyzer, and all
samples had RIN >8 and IP samples had total RNA yields of at least 9-10 ng total RNA.
Final sample processing and RNAseq were performed by the Univ. Maryland Genomics
Core. cDNA libraries were generated using a strand-specific library kit (low input NEB
kit with polyA enrichment) followed by amplification. Samples were pooled (8 input and
8 IP) and RNA was sequenced across two lanes (lllumina HiSeq4000, 75bp paired end
read). RNAseq alignment statistics confirmed an average of 47 million total reads per
sample with high proportion (90%) of unique mapped reads per sample. Differential
gene expression was assessed by Dr. Qiwen Hu (Heller Lab, Univ. Pennsylvania) using

edgeR/DEseq program software (Bioconductor 3.7).
3.2.7. Statistical Analyses

All RT-PCR statistical analyses were performed using GraphPad software
(Prism, version 7). RT-PCR validation of candidate genes were analyzed with two-way
ANOVAs (fraction x drug) followed by Sidak post-hoc test when appropriate.
Significance was set at p<0.05, p values of 0.05-0.1 are listed as non-significant trends.

For RNAsequencing data, differential gene expression was assessed using
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edgeR/DEseq program and padj <0.05 were considered significant. All genes identified

were included in Volcano-plot analysis.
3.3. Results
3.3.1. Determination of DA-specific Expression of L10a-GFP

Multiple models have been used to identify and manipulate the activity of
dopaminergic neurons, the two most common transgenic mouse lines use tyrosine
hydroxylase (TH) or dopamine transporter (Slc6a3, DAT) to drive Cre-recombinase
expression (Cre). While TH can identify norepinephrine (NE) neurons, within the VTA
TH is considered to be DA-specific due to the absence of NE neurons. However, recent
evidence suggests TH-Cre driver lines may not be as specific for VTA DA neurons as
originally thought (Lammel et al., 2015; Stuber, Stamatakis, & Kantak, 2015).
Specifically, VTA neurons that lack identifiable TH protein expression, TH(-), are labeled
in TH-Cre mice with Cre-dependent viral constructs (Lammel et al., 2015). These TH(-
)/Cre(+) neurons are most prominent in midline VTA structures (IPN, RLi and CLi), and
predominantly project to the lateral habenula (LHb) (Lammel et al., 2015; Stamatakis et
al., 2013). Thus, DAT-Cre mice might more reliably label DA neurons in the VTA as
studies suggest a more uniform co-labeling of TH and DAT protein in adult mice

(Lammel et al., 2015).

Therefore, in this study we compared the specificity of Cre-dependent eGFP-
tagged ribosome protein (L10a) expression by crossing Rosa26-L10a-eGFP mice with
TH-Cre (TH-192GFP) or DAT-Cre (DAT-192-GFP) mice. Due to noted Cre-driver variability in

DA-specific expression across the VTA, we first compared GFP expression across VTA
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subregions. GFP and TH protein expression was visualized via IHC on VTA sections
from adult mice (Figure 11). There was no evidence for ectopic L10a-GFP expression in
control L10a-GFP(+)/Cre(-) mice, and both Cre driver lines (DATM0a-GFP gnd TH10a-GFP)

exhibited robust GFP signal in the VTA.

Merged

GFP

TH

Figure 11. Dopamine-specific Expression of L10a-GFP in the VTA.

No evidence for ectopic L10a-GFP (green) expression in control L10a-GFP(+)/Cre(-)
VTA (left column). Robust L10a-GFP expression and colocalization with tyrosine
hydroxylase, TH (red) in DATL10a-GFP (mjiddle column) and THL102-GFP (right column).
Bregma -3.28, Scale bar = 100um.

L10a-GFP expression was also assessed across the anterior and posterior VTA
(Figure 12). Consistent with previous reports (Lammel et al., 2015), we observed GFP-
labeled neurons in the midline nuclei (IPN, RLi) of TH-192GFP mice, however there was
little GFP label in the IPN or RLi of DAT-92GFP mice. We also assessed L10a-GFP

expression patterns across mPFC and NAc containing sections. There was notable
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THL1 0a-GFP DATL1 0a-GFP

Bregma: -3.08

Figure 12. Comparison of GFP Expression Across VTA Nuclei in THL102-GFP 3ndq DATL102-GFP jce,
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Figure 12. (Cont’d
9 ( ) THL10a-GFP DATL10a-GFP

Bregma: -3.52

Corresponsing diagrams of VTA-containing sections are shown (left column). Representative anti-GFP immunohisto-
chemistry stained sections from THL102-GFP mice (middle column) and DATL102-GFP mjce (right column). List of
abbreviations: fesiculus retroflexis (fr), interfesicular nucleus (IF), interpeduncular nucleus (IPN), lateral paranigral
nucleus (L.PN), medial lemniscus (ml), medial terminal nucleus of the optic tract (Mt), paraquedal gray (PAG), para-
brachial pigmental nucleus (PBP), paranigral nucleus (PN), red nucleus parvicellular part (RPC), rostral linear nucleus
(RLi), substantia nigra pars compacta (SNc), substantia nigra reticulata (SNr).
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GFP expression in the mPFC, olfactory tubercle, NAc, and lateral septum in TH10a-GFP
mice with no detected expression in identical regions in DAT-192GFP mice (Appendix A).
Collectively, we show that TH promoter driven expression of L10a-GFP has similar
ectopic expression patterns across non-DA midline structures (IPN, RLI, etc) as
previously characterized with Cre-dependent viral-mediated fluorophore expression
(Lammel et al., 2015). Therefore, the use of DAT-02GFP may be better suited for
isolation of VTA DA-specific mMRNA due to the lack of substantial expression in non-DA

midline structures, which would be included in a midline VTA tissue punch dissection.

3.3.2. Validation of TRAP Enrichment of DA Markers
We first verified that TRAP purification from VTA of DATM0aGFP gnd TH10a-GFP

mice resulted enrichment and depletion of DA and GABAergic markers, respectively.
Expression of DA-specific genes (DAT, TH) and the GABAergic marker (GAD) was
assessed in input and IP samples from sham and morphine treated mice (DAT-0a-GFP
n7 and TH-1%2GFP 16-8) using RT-PCR. Gene expression levels were normalized to
sham input and data were analyzed using two-way ANOVA (drug x fraction) followed by

Sidak post-hoc tests when appropriate.

As expected, in DAT0a-GFP P samples DA-specific markers (DAT and TH) were
significantly enriched (~7-fold) compared to input controls (Figure 13). Additionally, the
GABAergic-marker GAD was significantly decreased in the IP compared to the input
control (~88%, Figure 13). Morphine treatment did not affect either enrichment or
depletion, as there was no effect of drug treatment on TH, DAT or GAD expression. The

summary of statistical analysis for each two-way ANOVA are listed in Table 5.
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Figure 13. RT-PCR of Cell-specific Marker Expression in DATL102-GFP |p 5t and
IP. Significant enrichment of DA-specific markers (TH and DAT) and significant
reduction in GABAergic marker (GAD) in DA-specific IP fraction compared to input
control in DATL10a-GFP(n7) ***p<0.0001. No effect of drug across all genes, p>0.05,

(2-way ANOVA ea., Sidak post hoc test).

Table 5. Statistical Values of 2-way ANOVA DATL10a-GFP Ce|l.specific Markers.

Gene Drug p value | Fraction p value | Interaction | p value
DAT | F1,24=0.52 | >0.05 |F(124=1334 | <0.0001 | F(124=2.66 | >0.05
TH F124=0.15 | >0.05 | F(124=362.3 | <0.0001 | F(124)=0.74 | >0.05
GAD | F(124=0.007 | >0.05 | F(124=107.5 | <0.0001 | F(124=0.30 | >0.05

TH10a-GFP samples produced similar results in cell-specific marker expression as
DAT!10a-GFP samples. Specifically, DAT and TH expression were increased in IP
samples (6-fold) and GAD expression was significantly reduced (60%, Figure 14).

Again, there was no significant effect of drug treatment on TH, DAT or GAD expression.
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Figure 14. RT-PCR of Cell-specific Marker Expression in THL102-GFP |nput and IP.
Significant enrichment of DA-specific markers (TH and DAT) and significant reduction in
GABAergic marker (GAD) in DA-specific IP fraction compared to input control in
THL10a-GFP(n6-8). ***p<0.0001, * p<0.05 No effect of drug across all genes. (2-way
ANOVA ea., Sidak post hoc test).

Table 6. Statistical Values of 2-way ANOVA THL10a-GFP cCe||-specific Markers.

Gene Drug p value Fraction | p value | Interaction | p value
DAT | F1,23=0.19 | >0.05 | F(1,23=37.76 | <0.0001 | F(1,23=0.04 | >0.05
TH | F1,23=0.12 | >0.05 | F(1,23=143.9 | <0.0001 | F(1,23=0.27 | >0.05
GAD | F123=3.30 | >0.05 |F123=27.98 | <0.0001 | F(123=0.01 | >0.05

Together, these data suggest that both mouse models sufiiciently enrich for DA-
specific markers (TH and DAT). However, we did notice some differences between the
two models. While DAT enrichment was very similar in DAT-103-GFP gnd THL10a-GFP
samples (7-fold and 6-fold, respectively), TH appeared more enriched in DAT-10a-GFP
samples compared to TH-192-GFP (7-fold vs. 5-fold enrichment, respectively).
Additionally, GAD levels were more greatly reduced in DATM10a-GFP g THL10a-GFP
samples (85% vs 51% reduction, respectively) suggesting a more robust depletion of

GABAergic cells in the DAT192GFP model (Figure 15). Given the improved profile of DA:
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GABA expression in the DAT92GFP samples, this mouse line was utilized for all further

experiments (RNAseq and RT-PCR validation).
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Figure 15. Cre-driver Differences in DAergic and GABAergic Marker Enrichment
and Depletion. Visual comparison of A) DAT, TH and B) GAD expression levels across
sham treated THL102-GFP(jight green, n6-8) and DATL108-GFP(dark green, n7) samples.

3.3.3. RNA Sequencing of VTA from DAT102GFP Egllowing Sham and Morphine

Treatment

Previous studies utilized microarray or RNAseq techniques to determine
morphine-induced changes in VTA gene expression (Heller et al., 2015; McClung et al.,
2005). But these studies utilized whole VTA tissue and the cell-specificity of the
candidate genes identified from these studies remains unclear. The use of TRAP
eliminates this confound by isolating actively translating mRNA from specific cell types,
allowing identification of gene expression changes specifically in VTA DA neurons, for
example. To identify the chronic morphine-induced transcriptome, 10-week old female

DAT!10a-GFP mjce were given subcutaneous sham or morphine pellets (n16 ea.) and
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VTA was extracted on day 5 of chronic drug administration. TRAP RNA was isolated
from pooled samples (n4 VTA each) using standard procedures and libraries were
prepared for RNAsequencing. Due to one sample loss during sample preparation, final
RNAseq sample numbers are as follows: sham input (n4), morphine input (n3), sham IP
(n4), morphine IP (n4). We used DEG analyses to determine: 1) the VTA DA
transcriptome (sham input vs. sham IP), 2) morphine-induced changes in gene
expression in whole VTA (sham input vs. morphine input), and 3) morphine-induced

changes in VTA DA neuron specific transcriptome (sham IP vs. morphine IP).

3.3.3.1. Determination of VTA DA Transcriptome (Sham Input vs. Sham IP)

In order to identify the basal DA-specific mMRNA transcriptome, we performed
DEG analysis of sham input vs. sham IP fractions. In total, there were 23,058 genes
identified: 2,164 genes were significantly enriched and 5,493 genes were significantly
depleted (pagj <0.05). All results are represented as a Volcano plot (Log[FC] vs -

Log[padj]) in Figure 16.
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Figure 16. Volcano Plot of Differential Gene Expression Analysis of Sham Input

vs. Sham IP. A. Volcano plot of total 23,058 identified genes are represented by LogFC
(x-axis) and -Log(padj) (y-axis). Genes are grouped by significance: padj <0.0001 (green),
0.0001-0.01, (blue), 0.01-0.05 (red) and >0.05 black. Vertical solid lines are displayed at
+ 2 LogFC and horizontal dotted line designating Log(padj = 0.05).

While 7,657 total genes were identified as significantly enriched or depleted, a
portion of these were driven by extreme values in single replicates or due to variable
low expression near the limit of detection. In order to focus on genes changes that were
not driven by variability, we conducted student t-tests as a gross measure of sample
variability. Thus, the t-test threshold (p<0.2) was not used to assess significance (all
genes were already labeled as significantly different using the appropriate padj<0.05) but
as a screening tool to identify genes most likely to be replicable as enriched or depleted
in DA neurons. Using this added condition, the gene list was narrowed down to 5,966
total genes. Finally, we removed any genomic DNA segments, predicted/pseudo-genes
and genes with canonical names (Gm-, -Rik annotation) to further refine the gene list.
The resulting final list of significantly regulated confirmed and annotated genes included
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a total of 4,499 genes (1083 significantly enriched and 3,416 depleted genes).
Visualization of the proportion of excluded genes during this analysis process is shown

in Figure 17.

Significant Regulated Genes
Sham Input vs. Sham IP

mm Riken/Gm/Genomic
= t-test p> 0.2
mm candidate genes

Total=7658

Figure 17. Distribution of Significantly Enriched and Depleted Genes in Sham IP.
7,658 total significantly enriched/depleted genes were identified in the VTA IP fraction,
1692 genes (22%-red) displayed high variability with student-t test >0.2. 1467 genes were
pseudo-genes (-Riken), Genome model (Gm) or genomic DNA contamination (19%-blue).
4499 significant enriched/depleted genes (59%-green) were included in the final analysis.

Importantly, known DA-specific markers (e.g. TH, DAT, dopamine receptor D2
[Drd2], dopa decarboxylase [Ddc], and vesicular monoamine transporter [Vmat]) were
significantly enriched in the DA-specific IP (>2 LogFC, padj<0.0001, Figure 18). As
expected, GABAergic markers (e.g. GAD1, GADZ2, vesicular GABA transporter [VGAT]),
glutamatergic markers (e.g. vesicular glutamate transporter 2 [VGLUT?Z2]), and glial
markers (e.g. glutamate-ammonia ligase [Glul], glial fibrillary acidic protein [Gfap],

glutamate/aspartate transporter 1 [Glastl], Protein tyrosine phosphatase, receptor type,
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C [PTPRC] and allograft inflammatory factor [Aif1)]) were all significantly depleted in the

IP fraction (<-1.8 LogFC, padj<0.0001, Figure 18).

DAergic

Other
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DdcH
VMAT -
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VGLUT24
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Aif1
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Figure 18. Significant Enrichment of DA Markers and Depletion of Non-DA Markers
in Sham IP. LogFC of common cell-specific markers show significant DA enrichment (TH,
Drd2, DAT, Ddc, VMAT), GABAergic depletion (Gad1, Gad2, VGAT), Glutamatergic
depletion (VGLUT2), and Glial marker depletion (Gfap, Glast1, PTPRC, Aif1). All genes
differential gene expression analysis, padj <0.0001.

Significantly enriched genes (padj<0.05, >1.5 LogFC) were sorted by prevalence

(counts per Million [CPM]) and the top 25 enriched genes in the DA-specific fraction are

shown in Figure 19. Of note, there are several genes that are not traditionally identified

as DA-specific markers (Snca, Grp, Calbl, Chrna6). These identified genes are in
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agreement with recent reports using similar technology to define the VTA DA
transcriptome (Chung, Miller, Sun, Xu, & Zweifel, 2017; Ekstrand et al., 2014).
Additionally, it is worth noting Aldhlal, which has been implicated in an alternate
pathway for GABA synthesis (Kim et al., 2015), is also highly enriched in the DA-fraction
(2.3 LogFC). Other genes of interest in enriched in the DA fraction include two nicotinic
receptor subunits (Chrna6, and Chrna4, 2.6 and 1.9 Log FC, respectively). The top 150
DA-specific enriched genes (padj<0.05, t-test<0.2) and top 150 depleted genes

(padj<0.05, t-test<0.2) are shown in Appendix B.
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Figure 19. Top 25 Enriched Genes in Sham VTA DA-IP.
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3.3.3.2. Global Changes in VTA Gene Expression (Sham Input vs. Morphine Input)

We then compared sham input to morphine input fractions using DEG analysis to
identify gene expression changes induced by chronic morphine in the VTA. In total,
23,062 genes were identified and of those 2,103 genes were significantly regulated by
chronic morphine (padi<0.05). Specifically, there were 948 significantly up-regulated and
1,155 significantly down-regulated genes (padgj<0.05). Results are displayed in Figure 20

as a Volcano Plot (-Log(padj) vs LogFC).
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Figure 20. Volcano Plot of Differential Gene Expression Analysis of Sham Input vs.
Morphine Input. Volcano plot of total 23,062 identified genes are represented by LogFC
(x-axis) and -Log(pad)) (y-axis). Genes are displayed according to significant enrichment/
depletion groups: padj <0.0001 (green), 0.0001-0.01 (blue), 0.01-0.05 (red) and >0.05
black. Vertical solid lines are displayed at + 2 LogFC and horizontal dotted line designating

Log(padj = 0.05).

We performed a similar screening process as described previously (padj<0.05, t-
test p<0.2) to eliminate highly variable genes in order to rank potential candidate genes.

Using this screen, we narrowed the pool to 228 genes up-regulated following morphine
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treatment and 182 down-regulated genes. The top 100 up-regulated and down-regulated genes (padj<0.05, t-test p<0.2)
are listed in Appendix C. The top 25 chronic morphine up-regulated and down-regulated genes (padj <0.05, t-test p<0.2)

are displayed in Figure 21.
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Figure 21. Top 25 Significant Morphine-regulated Genes in RNAseq of VTA Inputs.
A. Significantly down-regulated genes B. Significantly up-regulated genes.
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3.3.3.3. Morphine-induced Transcriptome in VTA DA Neurons (Sham IP vs.

Morphine IP)

In the final analysis, we identified gene expression changes induced specifically
in VTA DA neurons by morphine by comparing sham and morphine IP samples. Of the
21,754 total genes identified, 998 were significantly up-regulated and 794 were

significantly down-regulated (padj<0.05, Figure 22).

Sham IP vs. Morphine IP
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Figure 22. Volcano Plot of Differential Gene Expression Analysis of Sham IP vs.
Morphine IP. Volcano plot of total 21,754 identified genes are represented by
LogFC(x-axis) and -Log(pagj) (y-axis). Genes are displayed according to significant
enrichment/depletion groups: padj <0.0001 (green), 0.0001-0.01 (blue), 0.01-0.05
(red) and >0.05 black. Vertical solid lines are displayed at + 2 LogFC and horizontal
dotted line designating Log(paq; = 0.05).

Using combined parameters of p<0.05 and t-test p<0.2, we generated a
candidate gene list containing 125 up-regulated genes and 268 down-regulated genes.
The top 100 morphine up- and down-regulated genes are listed in Appendix D. For ease
of comparison, the first 25 upregulated and downregulated genes are displayed in

Figure 23 (p<0.0001, t-test p<0.1).
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Figure 23. Top 25 Significant Morphine-regulated Genes in RNAseq of VTA DA IP.
A. Significantly down-regulated genes B. Significantly up-regulated genes.

We next sought to compare the identified morphine-regulated candidate genes (padj <0.05, t<0.2) in whole-VTA

(Input) and the DAergic fraction (IP). There was surprisingly little overlap between the morphine-regulated genes identified

in the input (whole VTA) and IP (DA specific) analyses (Figure 24). Only 7% of the morphine-regulated genes (30 genes)
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were identified in both input and IP analyses while ~93% of total chronic morphine

regulated genes were unique to the input and DA-specific IP fractions.
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Figure 24. Identification of Highly Distinct Morphine-regulated Genes in Whole
VTA Input Compared to DA-specific IP. Venn Diagram representation of overlap
between identified significantly regulated genes in whole VTA Input and DA-specific IP
fractions. Number of genes identified displayed in each section.

These differences highlight the importance for cell-specific analysis, as chronic
morphine effects driven by DA neurons are distinct from cumulative effects in the entire
VTA. In fact, the previously identified increase in Sgkl expression by chronic morphine
is an excellent example of the sample content differences. Sgkl induction in VTA by
chronic morphine was identified previously in microarray and RNAseq analysis of the
VTA (Heller et al., 2015; McClung et al., 2005), although in our study this difference did
not reach statistical significance due to one outlier sham replicate (Grubbs outlier test,
0a=0.05). Surprisingly, Sgk1 was significantly depleted from sham IP compared to sham
input (LogFC -1.7, padj <0.0001), and there was no evidence for morphine-induction of
Sgkl in the DA-specific DEG analysis. To confirm the increase in Sgkl expression was
not driven by changes in VTA DA neurons, we completed a RT-PCR validation

experiment on DAT192GFP input and IP (n7-8) samples. We found a significant effect of
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drug (Fa,26)=16.58, p<0.05), a significant effect of fraction (F(,26)=90.02, p<0.0001) and
a significant drug x fraction interaction (F,26=13.4, p<0.05) via 2-way ANOVA.
Specifically, chronic morphine-induced Sgkl expression in the whole VTA (input, 2-
fold), but Sgkl was not induced in VTA DA neurons (IP). In fact, Sgk1 was significantly
depleted in the sham DA fraction (~80%) compared to the sham input (Sidak post-hoc
test, p<0.05), similar to the reduction of GAD gene (~88%) in the DA-specific IP (Figure
13). This result highlights the importance of addressing cell-type specificity of gene
expression changes identified in heterogenous samples, because the significant gene

may or may not occur within the predominant cell type.
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Figure 25. RT-PCR of Sgk1 Gene Expression in Input and IP of Sham- and
Morphine-treated DATL102-GFP_Chronic morphine-treatment (dashed-bars)
significantly induces Sgk1 gene expression in whole-VTA input (black) while having no
effect in the DA-specific IP (green) compared to sham-treated controls (solid-bars).
Sgk1 expression was also significantly depleted from IP fractions. *p<0.05 (two-way
ANOVA, Sidak post hoc test, n6-8 ea.)
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3.3.4. Validation of Morphine-Induced Changes in Gene Expression in VTA DA IP

We next sought to validate chronic morphine-regulated genes identified in the
DA-specific DEG analysis. Selected candidate genes and their average sham and
morphine relative expression ratios and pagj from the RNAsequencing screen are listed
in Table 7. Genes were selected from multiple functional groups including:
neuropeptides (Gcg, Nms, Vgf), cytoskeletal proteins (Acta2, Anxal0), receptors and
channels (Chrnb4, Kcnab2, Kcnell), and transcription factors (Nuprl, Smagp, Tal2).
The increased expression of a number of neuropeptides was a surprise, especially
since this is the first time to our knowledge that some of these neuropeptides (e.g. Nms,
Vgf, and Gcg) have been described in the VTA. In fact, both Nms and Gcg are

significantly enriched in the sham IP compared to sham inputs (1.5-fold and 1.4-fold,

respectively, padj<0.05) and therefore are basally enriched in VTA DA neurons.

Table 7. Significant Morphine-regulated Genes in RNAseq DA-IP.

Sham IP Morph IP t-test

Gene | Ave+SEM) | (Ave : sem) | '09FC |10gCPMI Pag | '\ e
Acta2 | 1.56 £ 0.38 026009 | 258 | 074 |<0.0001] 0.015
Anxal0| 005002 049+ 0.11 307 | -0.93 |<0.0001] 0.008
Chrnb4| 0.37 £ 0.09 0.05:001 | -2.90 | -0.36 |<0.0001] 0.014
Gcg | 0.36 £ 0.09 1.89 £ 0.41 239 | 037 |<0.0001] 0.011
Kcnab2? 10468+184 | 9332+7.03 | -0.15 | 861 | 1.00 | 0.17
KenellT| 148 £ 0.56 026009 | -242 | 046 |<0.0001| 0.076
Mesp2'| 0.26 £0.05 0.01+001 | -395 | -1.66 |<0.0001| 0.003
Nms | 0782019 517:082 | 2.75 | 162 |<0.0001] 0.002
Nupri’| 029+ 004 0.01£001 | 482 | -1.25 [<0.0001| 0.001
Smagp!| 063 027 0.01£001 | -6.05 | -1.29 |<0.0001| 0.061
Tal2t | 046012 0.02+001 | -447 | -041 |<0.0001| 0.012
Vof* | 6507954 | 148272611 | 1.20 | 810 | 009 | 0.2

* denotes genes selected with p>0.05, but were included due to suspected outlier
effects. T denotes genes which were below RT-PCR detection range, and therefore
removed from the study.
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RT-PCR conditions were first verified on samples from whole VTA to ensure primer
specificity (melt curve analysis and DNA gel electrophoresis) and that the gene
expression was within detection range. Multiple candidate genes (Kcnell, Mesp2,
Nuprl, Smagp, and Tal2) were below the detection range using standard RT-PCR
settings (data not shown). This is not surprising due to their relative low abundance in
the RNAsequencing data set (values <-1LogCPM). Therefore, these genes may require
amplification (or altered primer design) for optimal detection. RT-PCR was used to
assess the expression of the remaining genes in sham and morphine-treated DAT-10-
GFPinput and IP samples. Because RNAseq was performed on female DAT-10a-GFP
mice, candidate genes were examined in both male (n3-4) and female (n3-5) samples in
separate experiments. Each candidate gene tested was normalized to sham input for
ease of comparison, and results are shown in Table 8. The results of 2-way ANOVA are
represented in Table 9 (predicted up-regulated genes) and Table 10 (predicted down-

regulated genes).

Table 8. RT-PCR of Candidate Genes (Normalized to Sham Input).

Gene Sham Input Morph Input Sham IP Morph IP
Nms | 1.00£0.05 n3 [ 2.33£0.65 n4 | 1.31+0.19,n4 [*11.40 £ 1.54, n4
Geg | 1.00+0.36,n4 | 1.78+0.58,n3 | 1.13+0.2,n4 | *4.62+0.17, n4
vgf | 1.00£0.22,n4 | 1.41+0.21,n4 | 0.70+0.12, n4 | 1.15%0.10, n4
Anxa10| 1.00+0.10,n4 | 1.70+ 069, n3 | 1.37+0.18, n4 | *3.85+ 0.69, n4
Chrnb4| 1.00+£0.18,n4 | 1.19+0.06,n4 | T0.15+0.03, n4 | 0.06 + 0.01, n4
Kcnab | 1.00+0.15,n4 | 1.00+0.15,n4 | 0.91+0.11,n4 | 0.70 + 0.04, n4
Acta2 | 1.00+0.76,n4 | 0.63+0.42,n4 | #0.07 +0.04, n4 | 0.04 £0.02, n4

*Drug effect within fraction, Teffect of fraction, # trend in effect of fraction
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Table 9. Results of 2-way ANOVA of Up-regulated Genes.

Nms Gceg Vgf Anxa10
2-way ANOVA Fvalue p value Fvalue p value Fvalue p value Fvalue p value
Effect of Drug F (128~ 32.69 <0.0001|F (1,11~ 32.31 0.0001 | F (125=10.44 <0.01 |F (1,11y= 13.05 <0.01

Effect of Fraction |F (128~ 23.92 <0.0001|F (1,11y= 16.24 <0.01 |F (125=0.035 >0.05 |F (111)=8.196 <0.05
Interaction F (128~ 23.92 <0.0001|F (111)= 16.24 <0.01 |F (125=0.035 >0.05 |F (111)= 4.089 *0.07
Sidak Post-hoc | significant? p value| significant? p value | significant? p value| significant? p value
Sham Input vs. IP " no >0.05 " no >0.05 " no >0.05 no >0.05
Input Sham vs. Morph no >0.05 no >0.05 no >0.05 no >0.05
IP Sham vs. Morph yes <0.0001} yes <0.0001 no >0.05 yes <0.01
# Trending Effect
Table 10. Results of 2-way ANOVA of Down-regulated Genes.
____Chrnb4 ____Kcnab ____Acta2
2-way ANOVA Fvalue p value Fvalue pvalue| Fvalue p value
Effect of Drug F112=0.27 >0.05 |F (112=0.74 >0.05 |F (112~0.21 >0.05
Effect of Fraction  |F 1,12= 104.3 <0.0001|F (1.12= 2.55 >0.05 |F (1.12= 3.05 ¥0.11
Interaction F11272.09 >0.05 |F (112=0.74 >0.05 |F (112~ 0.15>0.05
Sidak Post-hoc | significant? p value |significant? p value |significant? p value
Sham Input vs. IP|  vyes <0.01 " no >0.05 | no >0.05
Input Sham vs. Morph no >0.05 no >0.05 no >0.05
IP Sham vs. Morph no >0.05 no >0.05 no >0.05

# Trending Effect
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Specifically, there were no significant effects of drug across all input fractions, but
there was a significant effect of drug in DA-specific IP of Nms, Gcg, and AnxalO genes.
Interestingly, several genes were decreased in the sham IP compared to sham input.
Specifically, Chrnb4 was significantly depleted and there was a trend for decreased Vdf
and Acta2 expression in sham IP. Acta2 sham input expression was highly variable and
while it appears to be downregulated following chronic morphine this effect did not
reach statistical significance. Select candidate gene expression changes (Nms, Vdf,
Anxal0) were also validated in female DAT-02-GFP mice (n3-5) and therefore were
combined in the final analysis. In order to better visualize the final results, gene
expression was normalized to average sham (within fraction) and all predicted
upregulated genes (Nms, Vgf, Gcg, Anxal0) are shown in Figure 26A, and predicted
downregulated genes (Acta2, Chrnb4, Kcnab) are displayed in Figure 26B. Because
each gene was normalized within fractions, t-tests were used to assess chronic

morphine effects on expression of each gene and results are summarized in Table 11.

Of note, all the neuropeptides analyzed (Nms, Gcg, and Vgf) were significantly
induced by chronic morphine in the IP fractions. Chronic morphine also significantly
induced Nms and Vdf in the input fractions, although it should be noted that the
magnitude of Nms morphine induction was much greater in the IP (14-fold change)
compared to the input (2-fold). The morphine-induced increase in Gcg and Anxal0

expression was only significant in the DA-specific IP fraction. As shown in Figure 26B,
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Figure 26. Combined RT-PCR Validation of Chronic Morphine-induced Genes in DATL102-GFP |hput and IP.

A. Significant morphine induction in IP of all predicted up-regulated genes (Nms, Vgf, Gecg, and Anxa10). Nms and Vgf
were significantly increased in the morphine-treated input fraction while there was a trend for induction of Anxa10 in the
input. B. No significant down-regulation was detected across predicted down-regulated genes. There was a trend for
chronic morphine decrease in Kcnab (multiple t-test, p=0.12), and Chrnb4 (multiple t-test, p=0.05). Significance
determined by Multiple t-tests; * = p<0.05 trend # = 0.05<p<0.15.
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Table 11. Combined RT-PCR Validation of Candidate Genes, Multiple T-tests.

Gene Input: Morphine Effect IP: Morphine effect
Nms |t42)=2.53, (n7), *p<0.05 t(13 5.79, (n7-8), *p<0.05
Vgf |tqs=2.29, (n7-8), *p<0.05 =2.72,(n7), *p<0.05

Geg |ts=1.11, (n3-4), p>0.05 t(6)=7.26, (n4), *p<0.05
Anxa10 |t2= 1.75, (n6-8), #p=0.105t =3.01, (n7-8), *p<0.05

Chrnb4 ft=1.00, (n4), p>0.05 =2.45, (n4), *p=0.05
Kcnab |te=0.00, (n4), p>0.05 = 1.80, (n4), p=0.12
Acta2 [te=0.45, (n4), p>0.05 = 0.75, (n4), p>0.05

* significant effect p<0.05, # trending effect, p<0.1

there were no significant drug effects in input samples of all genes tested. Only Chrnb4
showed a strong trend for reduction in the morphine IP compared to sham IP (~40%
decrease, t-test p=0.050). Morphine-induced downregulation of Kcnab in the IP fraction
did not meet statistical significance (t-test p=0.12), although our effect (24% reduction)
is similar to published results of ~15-20% from chronic morphine in whole VTA (Mazei-
Robison et al., 2011). Acta2 did show a trend for decreased expression in the DA
fraction, however expression was highly variable in the input controls, limiting the ability

to detect significant differences.

3.4. Discussion

The VTA is a cellularly heterogenous, with not only distinct DA, GABA and
glutamatergic neuron populations, but also neurons that may co-express
neurotransmitters (TH/GABA(+), TH/GLUT(+) (Margolis, Lock, Hjelmstad, & Fields,
2006; Nair-Roberts et al., 2008; Stamatakis et al., 2013; Stuber et al., 2015). Previous
genetic screens (RNAseq, microarray) to identify chronic opioid-induced molecular

changes examined the whole VTA, including midline structures. While these analyses
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were useful for identification of initial candidate genes, the cell type- and circuit-
specificity of such differences have yet to be directly tested. Therefore, in this study we
used TRAP to specifically identify morphine-induced adaptations in DA neurons within

the VTA.

TRAP utilizes a GFP-tagged ribosome subunit (L10a-GFP) to immunoprecipitate
actively translating RNA, expression of the L10a-GFP transgene can be driven in a cell
type specific manner via Cre-recombinase driver lines. Therefore, we achieved DA-
specific expression by crossing the Rosa26-L10a-GFP reporter line with TH-Cre and
DAT-Cre mice. We first assessed DA-specific expression of TH-0a-GFP gnd DAT10a-GFP
for GFP expression patterns across the VTA, mPFC and NAc. TH"192GFP mjice exhibited
notable GFP expression in TH(-) midline nuclei (IPN and RLi) in VTA as well as
expression in the mPFC, Ventral Pallidum (VP), Lateral Septum (LS) and NAc. In
contrast, L10a-GFP expression in DATM0aGFP mice was restricted primarily to VTA and
SNc, with little to no expression detected in mPFC and NAc containing sections. RT-
PCR analysis confirmed that either DA-driver line (DAT10a-GFP g THL10a-GFP) \wgs
sufficient to significantly enrich DA-specific markers and reduce GABAergic genes in IP
samples, although DAT192-GFP sgmples appeared to achieve a purer DA-specific
fraction (88% reduction of GAD) compared to TH-102GFP (409 reduction of GAD). The
results of this study are consistent with previous reports suggesting TH-Cre mice
express Cre-recombinase not only in VTA DA neurons but also in the midline structures
(IF, IPN, and RLI) which have either low or no TH expression (Lammel et al., 2015).

This anatomical distinction is particularly important if using tissue punch extraction for
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VTA RNA isolation, which in TH-192-GFP mjce would include midline structures with
variable TH-Cre expression. Therefore, due to these distinctions in Cre-driver
expression of L10a-GFP, we used DAT-0&G P |ine to determine chronic morphine-

induced transcriptome in VTA DA neurons

We performed RNAseq analysis of VTA from sham and morphine-treated
DAT!10a-GFP mjce which resulted in the identification of >20,000 genes which is
approximately 99% coverage of the 20,210 protein-coding genes in the mouse genome
(Church et al., 2009). Following RNAseq, we utilized DEG expression analysis to
identify significantly regulated genes across three main analyses: 1) sham input vs.
sham IP to identify the basal DA transcriptome, 2) sham input vs. morphine input for
morphine-induced changes in whole VTA and 3) sham IP vs. morphine IP to determine

the morphine-induced DA transcriptome.

In the first analysis, we compared DA-specific transcriptome to whole VTA, and
determined that more genes were significantly depleted than enriched in the DA-specific
IP. This is expected not only due to the heterogeneity of the VTA (ie. multiple cell
types), but also due to the specificity of the IP fraction to contain only actively translating
MRNA transcripts and therefore remove small regulatory RNA (miRNA, snRNA)
(Heiman et al., 2014). Importantly, we show that DA-specific transcripts (DAT, TH, D2d,
VMAT) were significantly enriched >2-fold in the IP while GABAergic, glutamatergic and
glial cell markers were significantly reduced. This confirms that we were able to achieve
a relatively pure DA-specific transcriptome in our experiments, similar to other published

DA-specific TRAP techniques (Chung et al., 2017; Ekstrand et al., 2014). Of note,
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Aldhlal gene was significantly enriched >2-fold in the DA-specific IP in our samples.
Aldhlal has also been identified in single-cell DA-specific mMRNA analysis (Poulin et al.,
2014) and in situ hybridization confirmed Aldhlal expression in ~15% of VTA DA
neurons (Kim et al., 2015). Aldhlal has been implicated in GABA synthesis and co-
release properties of d.Str- and NAc-projecting DA neurons (Kim et al., 2015) and has
also been described in LHb projecting-TH(-) neurons in midline nuclei (IF and RLI)
(Lammel et al., 2015; Stamatakis et al., 2013; Tritsch, Oh, Gu, & Sabatini, 2014).
However, since the SNc marker Sox6 (Panman et al., 2014; Poulin et al., 2014) was not
enriched in our IP samples and use of DAT-192GFP model removes IPN and RLi mRNA
contamination from our samples, our IP likely contained predominantly VTA (PBP and
PN) DA neuron mRNA without substantial SNc, IPN, or RLi mMRNA. Because Aldhala
was enriched in the IP (>2-fold), this may suggest that either a higher proportion of VTA
DA neurons express Aldhala then previously suggested or that it is expressed in

relatively high levels in a small proportion of VTA DA neurons.

In order to determine global morphine-induced gene expression in whole VTA,
we used DEG analysis to compare sham input to morphine input samples. This analysis
identified 410 significantly regulated genes. While most of these genes are novel, we
identified a few candidate targets belonging to functional pathways which had been
implicated in previous studies (e.g. BDNF/TrkB signaling, actin remodeling, and K+
channel regulation). For example, decreased Kcnab and Girk3 channel expression
following chronic morphine were implicated as possible mediators of increased activity

of DA neurons (Mazei-Robison et al., 2011). Additionally, Sgk1 expression is
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significantly induced in the VTA following both chronic morphine and cocaine exposure
and is a downstream target of mTORC2/Akt pathways implicated in morphine reward

(Heller et al., 2015; McClung et al., 2005).

Therefore, we first sought to determine whether genes previously identified to be
regulated by morphine in the VTA (Girk3, Kcnab, Sgkl1) were present in DA neurons.
We found that Girk3,expression was significantly increased in the input fraction by
chronic morphine in our RNAsequencing results, similar to the induction reported
previously (Heller et al., 2015), but was not regulated in the DA fraction. In contrast,
chronic morphine-induced downregulation of Kcnab does appear to be DA-specific.
Using RT-PCR we confirmed a trend for ~25% reduction, similar to the reduction
reported in the whole VTA ( ~15-20%). Due to the relatively modest effect, validation
may require higher power (increased n) to confirm that effects are significant.
Surprisingly, the robust induction of Sgk1 by morphine was not driven by increased
expression in VTA DA neurons. This suggests that Sgk1 may be induced in a separate
cellular population (such as glial, GABA, or Glutamatergic VTA neurons), or it may not
be actively translated into protein in the cell soma but rather transported to distal
dendrites or axons until further activation through translational pausing mechanisms
(Kanai, Dohmae, & Hirokawa, 2004; Richter & Coller, 2015). Therefore, the cellular
specificity of Sgk1 induction and its physiological relevance will require further testing.
Collectively, these results illustrate the necessity of validating candidate genes using
cell type-specific approaches, as changes may occur in a specific subpopulation of

neurons.
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We next identified 393 genes that were significantly regulated by morphine in the
specifically in VTA DA neurons. Surprisingly, when morphine-regulated genes identified
in the input analysis are compared to the DA-specific IP analysis, there was little
overlap. Only ~7% of genes significantly regulated by morphine in the input were also
identified to be DA-specific, and of these only 50% were regulated in the same the
direction (increased or decreased). These data clearly illustrate that gene expression
changes that occur in DA neurons can easily be masked when examining whole VTA.
For example, while Nms expression was modestly increased by morphine in the input
fraction (~ 2-fold), a much more robust induction was observed in DA neurons (14-fold).
Thus, more modest gene expression changes in DA neurons could easily be missed in
whole VTA analysis unless the gene in question is specific to only DA neurons (such as

TH or Aldhlal) or is very highly induced (e.g. Nms).

Several novel morphine-regulated genes were identified in the DA-specific IP
analysis. Specifically, three neuropeptides (Nms, Gcg, and Vgf) were significantly
upregulated following chronic morphine treatment in VTA DA neurons. Nms was first
identified in the suprachiasmatic nucleus (SCN) and has been implicated in circadian
rhythm maintenance, feeding behavior, and pituitary hormone secretion (Ida et al.,
2005; Lee et al., 2015; Mori et al., 2005; Shousha et al., 2006; Vigo et al., 2007). This is
the first time, to our knowledge, that Nms production has been detected in VTA DA
neurons. Interestingly, both Nms and Gcg-related peptides (glucagon, and glucagon-like
peptide 1 [GLP-1]) have similar identified roles in regulation of feeding behavior and

energy homeostasis (Cork et al., 2015; Ida et al., 2005; Wang et al., 2015). Moreover,
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Gcg has been implicated in food and drug reward. For example, GLP-1 receptor (GLP-
1R) is expressed in the VTA and intra-VTA infusion of GLP-1R agonist significantly
reduces cocaine self-administration (Cork et al., 2015; Schmidt et al., 2016). GLP-1
peptide is primarily expressed in the nucleus tractus solitarius (NTS) which projects to
the VTA and NAc to regulate highly palatable food intake (Alhadeff, Rupprecht, &
Hayes, 2012; Dickson et al., 2012). It remains to be determined if chronic morphine-
induced increases in Nms and Gcg expression have a similar physiological role in the
VTA as seen in other brain regions, such as regulation of feeding behavior or circadian
oscillations (Ida et al., 2005; Lee et al., 2015; Mori et al., 2005). Either may be likely, as
chronic morphine induces substantial weight loss and changes in feeding behavior
(Levine, Morley, Gosnell, Billington, & Bartness, 1985; Ren et al., 2013), as well as

alterations in circadian rhythm (Li et al., 2010; Pacesova, Novotny, & Bendova, 2016).

The identification of Vgf expression in VTA DA neurons is also a novel candidate
for morphine-induced adaptations in the VTA. Vdf protein and its derived neuropeptides
regulate BDNF/TrkB and CREB pathways in neurons and play a role in a number of
processes such as, hyperalgesia, inflammation, depression, energy homeostasis, and
synaptic plasticity (Behnke et al., 2017; Bozdagi et al., 2008; Chen et al., 2013;
Fairbanks et al., 2014; W. J. Lin et al., 2015; Saderi et al., 2014). Additionally, Vgf has
been implicated as a molecular mediator of antidepressant action as well as pro-
depressant effects in different brain regions (Jiang et al., 2017; Malberg & Monteggia,
2008). For example, Vgf is induced in the hippocampus following both exercise and

antidepressant administration, both of which promote alleviation of mood disorder-
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related symptoms through alteration of BDNF/TrkB and Akt/mTORC signaling pathways
(Hunsberger et al., 2007; P. Lin et al., 2014; Thakker-Varia et al., 2007). Conversely,
Vgf induction in the NAc is associated with pro-depressive behavior (Jiang et al., 2017).
Both BDNF/TrkB and Akt/mTORC2 signaling pathways are integral to chronic
morphine-induced synaptic plasticity, morphology and behavioral reward (Koo et al.,
2012; Koo et al., 2015; Mazei-Robison et al., 2011; Russo et al., 2007; Russo, Mazei-
Robison, Ables, & Nestler, 2009) suggesting that Vgf and BDNF/TrkB signaling may be

differentially regulated in distinct VTA DA populations.

It is important to note that previous genetic screens to determine chronic
morphine effects in the VTA were completed only in male mice (Heller et al., 2015; Koo
et al., 2015; McClung et al., 2005). It is largely unknown whether opioids produce the
same molecular response in VTA DA neurons of females. This is particularly important
due to known sex-specific and hormone state-dependent effects of cocaine on VTA DA
activity and behavior (Calipari et al., 2017; Zhang, Yang, Yang, Jin, & Zhen, 2008). Few
studies have directly assessed sex-specific effects of chronic morphine. To address this
knowledge gap in the field, we performed RNAseq analysis on samples from females
and candidate genes validation utilized both sexes. Overall, we found no sex-specific
effects across all genes validated similar with a recent study which found similar VTA
DA transcriptome across sex (Chung et al., 2017), but it will be important to continue to
systematically assess any sexual dimorphism of VTA DA responses to chronic opioids

in future studies.
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The identification of multiple new gene targets identified in this study highlight
both the power and the importance of cell-specific genetic screens in identifying novel
targets for drug-induced neuroplasticity. For example, our RNAsequencing analysis of
VTA DA neurons identified a morphine-induced decrease in nicotinic receptor
expression (Chrnb4) . Given that nicotinic modulation of VTA DA neurons is necessary
for glutamatergic-dependent burst firing, Chrnb4 may serve as critical mediator of
morphine-induced changes in VTA DA neuron activity. Additionally, further analysis of
the RNAsequencing dataset may elucidate whether there is shared transcriptional
regulation across regulated genes or whether changes exist across distinct signaling
pathways. Together with the projection-specific effects of chronic morphine on VTA DA
morphology (see Chapter 2 for details), we can now systematically examine new
candidate genes in projection-specific subsets of VTA DA neurons utilizing combined
cell- and projection-specific viral methods. For example, projection-specific gene editing
using Crispr-Cas9 viral systems can be utilized for functional validation of target genes
in specific DA-projections. Together the results of this study progress our understanding
of chronic-morphine induced adaptations in whole VTA and VTA DA neuros specifically,
furthering the ultimate goal of identifying novel targets for therapeutic intervention in

opioid dependence and addiction.
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Appendix A.

L10a-GFP Expression Patterns Across Prefrontal Cortex and Nucleus Accumbens
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L10a-GFP L10a-GFP
Bregma +1.98 TH- @ DAT

Bregma +1.78

Figure 27. Comparison of GFP Expression Across PFC and NAc in THL10a-GFP 354 DATL102-GFP \jce,
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Figure 27. (Cont’d)

THL1 0a-GFP DATL1 0a-GFP

Abbreviations: anterior commissuralnucleus (ac), nucleus accumbens core (AcbC, aka NAc core), nucleus accumbens
shell (AcbSh, aka NAc m.shell)caudate putamen (CPu, aka striatum),cignulate cortex 1 (Cg1), cingulate cortex 2 (Cg2),
dorsopeduncular cortex (DP), forceps minor of the corpus callosum (fmi), infralimbic cortex (IL), primary motor cortex
(M1), secondary motor cortex (M2), prelimbic cortex (PrL), ventral pallidum (VP),
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Appendix B.

Significant Enriched and Depleted Genes in VTA DA neurons:

Sham Input vs. Sham IP
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Table 12. Top 100 Significantly Enriched Genes in Sham VTA DA Neurons.

Gene

Sham Input

Sham IP

No.| symbol|  AVExSEm|  AvE + sem |FO9FC[Le9CPM LR | P.adj
7 Th| 3431 271 | 21473 972 | 2.8 | 11.3 | 59.7 |<0.0001
2 Ddc| 3654 +17.1 | 18150972 | 24 | 111 | 47.3 |<0.0001
3[ Aldh1a1| 3503 +114 | 16120915 | 23 | 110 | 435 [<0.0001
4 Ref| 75773 2995+114 | 21 | 105 | 36.3 |<0.0001

Slc6a3
5| “pap)| 1183%159 | 596.2%46.1 | 24 | 103 | 482 |<0.0001
6 DIk1|  96.7 9.2 4164 +322 | 22 | 103 | 403 |<0.0001
Slc18a2

7| wany| 118582 4924 +385 | 22 | 102 | 398 |<0.0001

8| sSncal 2028+24 | 11718434 | 26 98 | 552 |<0.0001

o Tagin3| 2896114 | 9072+506 | 18 96 | 26.1 |<0.0001
10 Cadps2| 491009 1690+16 | 1.9 9.1 29.9 |<0.0001
11| Fgf13| 84512 2967 +53 | 1.9 89 | 30.8 |<0.0001
12 Amoti| 254 1.0 717 £ 3.1 16 88 | 219 |<0.0001
13[ Tmsb10| 2536 + 6.3 8534 +37.3 | 1.9 86 | 29.0 |<0.0001
14 Erc2| 251 1.1 948 +37 | 20 86 | 340 |<0.0001
15| Chrna6|  38.9 + 3.1 2143 147 | 26 86 | 52.8 |<0.0001
16| Chrna4| 356 +2.8 1260+69 | 1.9 86 | 312 |<0.0001
17 calb1| 32109 1402 60 | 22 85 | 407 |<0.0001
18 Ansk;g 46.6 +1.8 128.8 + 3.4 1.6 85 | 21.0 |[<0.0001
19 Dra2| 382+34 2255 +1156 | 2.7 84 | 56.3 |<0.0001
20 Lyéh| 613 £3.0 1787 £ 106 | 1.7 84 | 233 |<0.0001
21| Kend3| 244 1.2 688+17 | 16 84 | 219 |<0.0001
22 sdc2| 429+26 153772 | 1.9 84 | 316 |<0.0001
23 Ntn1|  25.2 + 2.0 817+25 | 18 83 | 275 |<0.0001
24| Sic10a4| 263 +16 1331 +111 | 25 83 | 484 |<0.0001
25| Fam70a| 41.0+23 1220+46 | 17 83 | 243 |<0.0001
26|  Sncg| 1589 £10.9 | 5347 +467 | 1.9 82 | 291 |<0.0001
27 En1| 263 +1.0 1157 £50 | 22 82 | 412 |<0.0001
28| Scn3b| 312+24 920+32 | 17 82 | 236 |<0.0001
29 Cck| 1162+138 | 5163 +537 | 23 80 | 41.8 |<0.0001
30| Gfral| 264 +07 696 +48 | 15 7.8 19.3 | 0.0001
31| Cpne7| 262 2.0 984 +25 | 2.0 78 | 33.8 |<0.0001
32| Cdh13] 257 %12 700+54 | 16 78 | 212 |<0.0001
33[ Chmb3|[ 181 £0.9 747 £54 | 22 78 | 382 |<0.0001
34| Nrda2| 279+08 873+32 | 18 77 | 26.0 |<0.0001
35 Ciptm1l] 41.1 2.8 1291+55 | 1.8 76 | 262 |<0.0001
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Table 12. (Cont'd)

Gene

Sham Input

Sham IP

NO.| symbol | AVE +SEm|  Ave + sgm |F09FC|H09CPM LR | P.ad)
36| Gngd|  33.0 £ 1.1 867 t45 | 15 | 76 | 193 | 00001
37| Grk3| 10508 309:07 | 17 | 76 | 234 |<0.0001
38| Ntsr1| 141 +14 775+70 | 26 | 75 | 526 |<0.0001
39| K| 228009 63710 | 16 | 75 | 214 |<0.0001
40| Tacr3| 203:16 73255 | 20 | 75 | 321 |<0.0001
41|  Satbl] 128:08 397+19 | 17 | 74 | 256 |<0.0001
42| Whm| 207 £0.9 581+13 | 16 | 73 | 216 |<0.0001
43|  Dkk3| 228+18 660+48 | 16 | 73 | 230 |<0.0001
44| Col25a1] 102 0.7 338+29 | 18 | 72 | 284 |<0.0001
45| syt7|  411:23 1420+78 | 19 | 72 | 30.0 |<0.0001
46]  Gch1| 182%1.0 856 +30 | 23 | 72 | 445 |<0.0001
47| Bahced 30£0.2 233:48 | 30 | 72 | 703 |<0.0001
48] Lmoa| 416z:14 114254 | 16 | 71 | 209 |<0.0001
49| Foxp2] 102107 278%12 | 16 | 7.0 | 206 [<0.0001
50| Gsgll| 15214 495+37 | 18 | 7.0 | 27.7 [<0.0001
51 syts| 375 3.0 105474 | 16 | 70 | 218 |<0.0001
52 Tnrc18 71208 303:56 | 22 | 70 | 391 |<0.0001
53] ctxn1| 47808 126829 | 15 | 68 | 19.6 | 0.0001
54|Fam167a 81+08 376+12 | 23 | 66 | 436 |<0.0001
55| Ajap1| 14006 463+12 | 18 | 66 | 282 |<0.0001
56|  Gsed 64107 200%32 | 17 | 65 | 254 [<0.0001
57 Lpl 6706 354+34 | 25 | 65 | 502 |<0.0001
58] Rac3| 40018 118049 | 17 | 64 | 236 |<0.0001
59| Lmx1b 98+03 259+05 | 15 | 64 | 194 | 00001
60| Oprki 82:04 269+17 | 18 | 64 | 27.7 |<0.0001
61] Nxph3| 19312 574+48 | 17 | 64 | 239 |<0.0001
62| Ctxn2| 36.0 £2.1 114123 | 18 | 63 | 264 |<0.0001
63|  Glce 83+06 220+12 | 16 | 62 | 209 [<0.0001
64 Fol 10706 324+08 | 17 | 62 | 246 |<0.0001
65| Nup9s 6503 18930 | 16 | 62 | 225 |<0.0001
66|  Msh3 77205 252+09 | 18 | 61 | 27.9 [<0.0001
67| Fxyd7| 53820 142042 | 15 | 61 | 195 | 0.0001
68| Foxal] 10304 303+10 | 17 | 60 | 235 |<0.0001
69|  vwc2l 71205 20210 | 16 | 60 | 221 |<0.0001
70| Lrrcs5| 114 £05 309+09 | 15 | 60 | 203 |<0.0001
71 Gro| 158 2.1 1104 +112 | 29 | 60 | 653 |<0.0001
72] M3ra 6.6 +0.4 251+18 | 20 | 59 | 345 |<0.0001
73] Adraib 85+05 262+27 | 17 | 59 | 253 |<0.0001
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Table 12. (Cont'd)

Gene

Sham Input

Sham IP

No.| symbol| AVE +sEm|  AVE + sem |F°9FC[L09CPM LR | P.ad)
74| Bcor]l 2802 132x12 | 23 | 58 | 440 |<0.0001
75 Wipf3 59+05 176+07 | 17 | 58 | 239 |<0.0001
76| Gucy2c] 44 +05 214 +19 | 24 | 57 | 460 |[<0.0001
771 Lrrc3b| 141 £18 476+30 | 19 | 57 | 291 [<0.0001
78] Gabrad 62+04 17707 | 16 | 57 | 225 |<0.0001
79 Zfp503 6.0+ 04 169+10 | 16 | 56 | 218 |<0.0001
80| Spint2] 168 £1.0 486+42 | 16 | 56 | 229 [<0.0001
8115100210 341 £0.1 104173 | 17 | 56 | 247 |<0.0001
82| Fkbplb| 254 12 675+10 | 15 | 55 | 197 | 0.0001
83| Gpra3 53+03 15316 | 16 | 55 | 225 |<0.0001
84|  Kcns3 63 %01 224+14 | 19 | 54 | 308 [<0.0001
85 Ghi 4904 13906 | 16 | 53 | 220 |<0.0001
86| Anxai 6.2+0.8 386+76 | 27 | 53 | 588 |<0.0001
87| Bend5 6.9+07 297+11 | 22 | 51 | 400 |<0.0001
88|  Asb4|  4.0+01 156+19 | 21 | 50 | 357 |<0.0001
89| Primal| 157 1.1 423+20 | 15 | 50 | 201 |<0.0001
90 Trpch 37203 183+15 | 24 | 50 | 469 |<0.0001
91 TI 27%03 97+08 | 19 | 50 | 309 |<0.0001
92| Arhgap6 29102 82+02 | 16 | 50 | 222 |<0.0001
93] Pitx3 52+06 36824 | 29 | 50 | 655 |<0.0001
94 Npbwr 26 %01 13709 | 25 | 50 | 491 |<0.0001
95 Vit 59+ 0.4 17009 | 16 | 50 | 225 |<0.0001
96| Pappa 14 £0.1 38+05 | 16 | 49 | 207 |<0.0001
97| Bcli1a 24101 68+04 | 16 | 48 | 219 |<0.0001
98| Nind| 40:04 110202 | 16 | 48 | 206 |<0.0001
99| Scmia 26 %01 82+05 | 18 | 48 | 265 |<0.0001

100] Fchsd1 31+03 83+03 | 15 | 46 | 193 | 0.0001
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Table 13. Top 100 Significantly Depleted Genes in Sham VTA DA Neurons.

Gene

Sham Input

Sham IP

No.l svmbol|  AVExSEm| AvE +sem |FP9FC[Le9CPM LR | P.ad]
T _mtCol| 49468 5283 534.2 £ 127.2| 31 | 120 | 741 |<0.0001
2| Pip1| 10406688 | 1029207 | 32 | 114 | 79.3 |<0.0001
3] mt-Cytb| 31934 £324.3] 2239483 | 3.7 | 109 | 100.8 |<0.0001
4] Mbp| 6796 +360 | 1244 :296 | 24 | 109 | 451 |<0.0001
5 Meg3| 1950 504 148+13 | 36 | 105 | 950 |<0.0001
6] mt-Rnr2| 17007 +2009] 2095518 | 29 | 105 | 66.5 |<0.0001
7] mtNd1| 2789.1 £281.0] 3649 +726 | 2.8 | 105 | 62.9 |<0.0001
8] mt-Nd5| 13886 £119.1] 699 £105 | 42 | 103 | 122.3 |<0.0001
9| mt-Nd2| 2272.8 2226 2357 £459 | 32 | 103 | 764 [<0.0001

10 Gull 7836337 | 1387133 | 24 | 103 | 465 |<0.0001
11| Sparci| 7496 £ 16.6 774163 | 32 | 103 | 76.7 |<0.0001
12| Mtapia| 1470 7.7 424126 | 1.7 | 101 | 242 [<0.0001
13| mt-Nd4| 124611165 1144 218 | 34 | 9.8 | 837 |<0.0001
14| Apoe| 12191 +353 | 1148 =217 | 33 | 9.8 | 822 |<0.0001
15| Mobp| 3951 « 25.9 919228 | 20 | 96 | 337 |<0.0001
16| Aldoc| 4633 £12.7 93784 | 22 | 96 | 39.8 |<0.0001
17| mt-Rnr1| 14088 £ 163.3| 2121 523 | 26 | 96 | 553 |<0.0001
18] Nefm| 3343 £31.2 696 +104 | 22 | 95 | 384 |<0.0001
19| Ndrg2| 5491 +160 | 1039+96 | 23 | 94 | 431 |<0.0001
20| Atp1a2| 2027 73 214+39 | 32 | 94 | 753 [<0.0001
21| Sparc] 4954 329 553+91 | 31 | 93 | 720 |<0.0001
22 Cnp| 3078 7.9 389+62 | 29 | 89 | 647 |<0.0001
23] Vampi| 1745 £13.9 403+71 | 20 | 88 | 339 |[<0.0001
24| Gpméb| 1437 £ 12.3 204+39 | 22 | 87 | 394 [<0.0001
25| Atpib2| 1727738 38137 | 21 | 86 | 357 |<0.0001
26 k| 964 86 180+32 | 23 | 86 | 441 |<0.0001
27| Snhg11| 1133 £16.9 107+08 | 33 | 85 | 816 |<0.0001
28| Sicbal| 1322 %54 343+06 | 18 | 85 | 284 |<0.0001
29| Sicball| 1498 £2.0 223+19 | 26 | 84 | 554 [<0.0001
30] Csmpi1| 304.0 51 3990:68 | 28 | 83 | 626 |<0.0001
31| Macfl| 19427 6113 | 16 | 82 | 213 |<0.0001
32 Mal| 1944 7.6 222+49 | 30 | 82 | 707 |<0.0001
33| Plekhbi| 1820 + 7.4 31166 | 25 | 82 | 486 |<0.0001
34| Cartpt] 627.1 +202.1| 574 +210 | -34 | 82 | 837 |<0.0001
35| Gad2| 766 £33 19625 | 19 | 81 | 292 [<0.0001
36] mt-Nd6| 8525 + 94.2 79782 | 33 | 7.9 | 822 |<0.0001
37| Abca2| 46.0+33 131+03 | 1.7 | 79 | 245 [<0.0001
38| Epb4.113] 856 £2.9 185+19 | 21 | 79 | 366 |<0.0001
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Table 13. (Cont'd)

Gene

Sham Input

Sham IP

No.| gumbol| AVE+SEM| AVE + sgm |FO9FC[Le9CPM LR P.ad)
39 Mag| 177.9 8.6 148<29 | 35 | 7.8 | 89.7 |<0.0001
40| syne1| 123:29 40:09 | 15 | 78 | 19.9 |<0.0001
41| Kenjio| 723 3.4 8417 | 30 | 7.7 | 698 |<0.0001
42| scdl| 722158 15721 | 21 | 7.7 | 36.4 |<0.0001
43| Enpp2| 985 4.1 241%12 | 19 | 7.7 | 31.0 [<0.0001
44 syn2| 825:29 234+13 | 17 | 76 | 248 [<0.0001
45 Gad1| 101.8£10.3 122+30 | 30 | 76 | 680 |<0.0001
46| Nacc?| 444 2.0 146+12 | 15 | 76 | 193 | 0.0001
47| _S1000] 227.9 £10.1 382+80 | 25 | 76 | 496 |<0.0001
48] Ptgds| 262.9 222 311+44 | 30 | 76 | 682 |<0.0001
49|  Apod| 167.9 257 176+36 | 32 | 76 | 753 |<0.0001
50 Tspan2| 64025 209%22 | 15 | 75 | 19.7 | 0.0001
51| Rasgrfl| 797 £66 10607 | 28 | 75 | 612 [<0.0001
52 cntn2] 29418 95%01 | 15 | 75 | 199 |<0.0001
53 Kencl| 364 17 10509 | 17 | 75 | 242 |<0.0001
54 Mti| 4681 +106 | 1030+112 | 21 | 75 | 359 |<0.0001
55| Sicdad| 402 009 53:+13 | 28 | 75 | 622 |<0.0001
56| Cldn11| 176373 18024 | 32 | 74 | 771 [<0.0001
57| Gpresb|  60.7 2.2 15910 | 18 | 74 | 281 |<0.0001
58] Seppl| 147.8 +18.9 183+36 | 29 | 74 | 661 |<0.0001
59| Car2| 1686 +66 242+39 | 27 | 74 | 576 |<0.0001
60|  sy2| 41937 73%15 | 24 | 74 | 47.7 |<0.0001
61| Sic17a6] 561 +3.8 145+11 | 18 | 72 | 286 |<0.0001
62| Paq8|] 446 +34 13209 | 17 | 72 | 231 [<0.0001
63| Phidb1] 46.8 £32 6511 | 28 | 72 | 595 |<0.0001
64| Oligl| 122753 13229 | 31 | 72 | 741 |<0.0001
65| Kcnal] 27.0+13 50+11 | 23 | 71 | 441 |<0.0001
66| Neatl] 11810 19%03 | 26 | 71 | 528 |<0.0001
67| Kcnca| 44043 94+10 | 21 | 71 | 373 |<0.0001
68| Scnia| 26308 6507 | 19 | 71 | 308 |<0.0001
69| Acsls| 35205 11006 | 16 | 70 | 21.3 |<0.0001
70 Miat] 264 7.3 3604 | 28 | 70 | 595 |<0.0001
71 Gatm| 94220 146+28 | 26 | 70 | 535 |<0.0001
72 Ermn| 6141423 78+18 | 29 | 69 | 649 |<0.0001
73] Gal| 72135 84+16 | 30 | 69 | 692 |<0.0001
74| Psatl| 754 £1.9 184+15 | 19 | 69 | 31.0 [<0.0001
75 Pipak2a] 553 + 1.4 153+15 | 18 | 69 | 26.0 |<0.0001
76| Acsbgl]  77.9 £4.0 78+21 | 32 | 69 | 782 |<0.0001
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Table 13. (Cont'd)

Gene

Sham Input

Sham IP

No.| gumbol| AVE+SEM| AVE + sgm |FO9FC[He9CPM LR P.ad)
771 Clicd| 51313 71:16 | 28 | 69 | 600 |<0.0001
78] Kndcl| 25.0%16 70+06 | 17 | 68 | 254 |<0.0001
79| Gfap| 74322 145+70 | 23 | 68 | 422 |[<0.0001
80| Gstmi| 159.0 1.3 219+25 | 28 | 68 | 596 |<0.0001
81| Ppap2b| 64916 80:18 | 29 | 68 | 662 |<0.0001
82 Tph2| 735 £16.1 10524 | 27 | 68 | 57.8 |<0.0001
83| Sash1| 24412 50:07 | 20 | 67 | 320 |<0.0001
84|  Aqp4| 37832 49+17 | 29 | 67 | 640 |<0.0001
85| Epasi| 345+10 6520 | 23 | 67 | 439 |<0.0001
86| Edi3| 34727 5604 | 25 | 67 | 512 |<0.0001
87| Bcan| 58713 62+11 | 31 | 67 | 746 |<0.0001
88| Sicla3| 42920 46+09 | 31 | 67 | 746 |<0.0001
89| Phipp1| 269 £1.0 65+12 | 20 | 67 | 31.8 |<0.0001
90| Golgb1] 14506 42:05 | 17 | 67 | 238 |<0.0001
91| Kiflc] 23105 6615 | 17 | 66 | 251 |<0.0001
92| Daam2| 30525 2606 | 35 | 66 | 886 |<0.0001
93| Erbb2ip] 233 +13 6510 | 18 | 66 | 260 |<0.0001
94| Gpra7l| 803 +08 72+16 | 34 | 66 | 848 |<0.0001
95| Numal] 204 +08 6704 | 15 | 66 | 19.3 | 0.0001
96 M| 2981 +11.1 528 +77 | 24 | 66 | 464 |<0.0001
97| Myn14| 222+23 72+07 | 15 | 66 | 196 | 0.0001
98| Sic12a2| 242009 53+06 | 21 | 66 | 360 |<0.0001
99|  Myob| 213%05 30:07 | 27 | 66 | 580 |<0.0001

100]  Itpkb| 259 0.9 50+11 | 23 | 66 | 41.8 |<0.0001
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Appendix C.

Significant Morphine-regulated Genes in Whole VTA:

Sham Input vs. Morphine Input
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Table 14. Top 100 Significant Morphine Up-regulated Genes in VTA Input.

Gene

Sham Input

Sham IP

No.l svmbol|  AVExSEm| AvE +sem |FP9FC[Le9CPM LR | P.ad]
1 Epyc] 04 £0.1 15%01 | 17 | 12 | 26.8 [<0.0001
2| Xip2|  00%00 0.1£00 | 16 | 00 | 197 |0.0006
3[ Histthad] 0.3 0.1 13+04 | 22 | 01 | 335 [<0.0001
4 Lmiql] _ 01%00 03%01 | 16 | -01 | 185 |0.0010
5 72| 02:01 0703 | 16 | -04 | 187 |0.0009
6] Cysttr[ 0000 0200 | 25 | -05 | 380 |<0.0001
7l _myhs| 0400 02%00 | 15 | -05 | 163 |0.0024
8 Insn] 01200 02%01 | 16 | -06 | 175 [0.0015
of Nms|  03%00 0901 | 16 | -07 | 163 |0.0025

10 WMxi| _ 0.1£00 03%01 | 16 | -07 | 162 | 0.0025
11| Gypd] _ 0.1£01 0502 | 21 | -07 | 268 |<0.0001
12| Rhod| _ 0.2£0.1 0600 | 18 | -08 | 195 |0.0007
13[ Acmsd| 0.1 £0.0 03%00 | 17 | -09 | 171 |0.0017
14 Hmx2[ 0101 0402 | 16 | -1.0 | 158 |0.0029
15 Lrc67] 0.1 £0.0 0604 | 25 | 1.0 | 32.9 [<0.0001
16] Acsm3] __ 0.1£0.0 02%01 | 17 | 11 | 166 |0.0022
17 Hsf3] __ 0.0£0.0 0301 | 27 | -1.2 | 367 |<0.0001
18] Ad11] __ 0.1£0.0 04+01 | 16 | -1.3 | 147 |0.0046
19 Serp'gi 0.1 £0.1 03+00 | 20 | -1.3 | 201 |0.0005
20 Lox4| 00%00 02%00 | 19 | -1.3 | 180 |0.0012
21[ Cedci21] _ 0.0£0.0 0402 | 31 | -14 | 405 |<0.0001
22] Sic36a2] 0.1 0.0 02+01 | 20 | -14 | 201 | 0.0005
23] Nod2]  0.0x00 0101 | 23 | 1.4 | 250 |<0.0001
24| samd3| 0100 02%01 | 17 | -15 | 144 |0.0053
25| Ugtlaba] 0.0 £0.0 02%01 | 22 | -15 | 223 |0.0002
26| Asb5| _ 0.1£0.0 0402 | 24 | 15 | 263 |<0.0001
27| _zfp185] __ 0.0£0.0 0201 | 31 | -15 | 386 |<0.0001
28] Ripk3] 0.1 £0.0 02+01 | 19 | -16 | 174 |0.0016
29| Tremd| 0100 03%01 | 20 | -16 | 187 |0.0009
30| Gdnfl __ 00%00 0.1£00 | 15 | -16 | 11.0 | 0.0206
31| Cldn15] 0.1 £0.0 02%00 | 17 | 1.7 | 131 |0.0092
32 Bpil2]  00%00 02%01 | 23 | 1.7 | 225 |0.0002
33 Tmf?rz 0.0 £0.0 0201 | 22 | -1.7 | 202 |0.0005
34| Dmci|  0.0£00 0201 | 25 | 4.7 | 257 |[<0.0001
35[SNORAS| __ 1.0:04 2903 | 15 | 1.7 | 106 |0.0252
36| Cdca5| 0.06+0.03 | 020%003 | 179 | -1.76 | 14.06 | 0.0061
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Table 14. (Cont'd)

Gene

Sham Input

Sham IP

No.| gumbol| AVE +SEM|  AVE + sgm |FO9FC[Le9CPM LR P.ad)
37] Oasla] 0.1 0.0 02%01 | 17 | 18 | 126 |0.0110
38| Figl  0.0£0.0 02%01 | 28 | 1.8 | 288 [<0.0001
39| Adam7| _ 0.0£0.0 01%00 | 17 | 18 | 122 |0.0128
40| Catsperd] 0.1 £0.0 02+01 | 21 | 18 | 174 |0.0016
41| Osgini| 0.1 £0.0 02%00 | 16 | 19 | 115 [0.0179
42| Rsph6a]  0.0£0.0 02%00 | 20 | 19 | 155 |0.033
43 Myh2[  00£00 0.1£0.0 | 35 | 19 | 387 [<0.0001
44| Moviol| _ 0.0£0.0 01%01 | 33 | 19 | 347 [<0.0001
45|  Kissi|  01£0.1 05%00 | 18 | 19 | 127 [0.0103
46| Fgiopl|  0.0£0.0 04%01 | 33 | 19 | 341 [<0.0001
ar| SNORAL 02202 33+21 | 37 | 20 | 382 |<0.0001
48] Wfikkn1| __ 0.0£0.0 02%01 | 27 | 20 | 254 [<0.0001
49| Prss16]  0.0£0.0 02£01 | 29 | 20 | 27.6 |<0.0001
50  Cby3| 01200 05+01 | 21 | 20 | 158 | 0.0029
51] Akrict9] 0.1 £0.1 02%01 | 20 | 21 | 152 |0.0037
52| Amdnhd1| 0.0 0.0 02%00 | 39 | 21 | 393 [<0.0001
53] Oip5|  0.0£0.0 02%01 | 20 | 21 | 139 |0.0064
54] Rdnh16] 0.0 0.0 01%0.0 | 46 | 22 | 431 [<0.0001
55 Tatl  0.0%0.0 01%00 | 30 | 22 | 261 [<0.0001
56] Kcnj15| 0.0 £0.0 0000 | 17 | 23 | 96 00378
57 Myhd|  0.000 0.1£0.0 | 40 | 23 | 357 |<0.0001
58]  Tsski| 0.0 0.0 02%01 | 19 | 23 | 124 |0.0120
59] Ammcd| _ 0.0200 01%00 | 29 | 23 | 239 |0.0001
60 H'Szt;g 0.1£0.0 05+03 | 24 | 23 | 17.7 |0.0014
61] Db59] 0.0 0.0 02%00 | 29 | 24 | 222 |0.0002
62 V”;r;;; 0.0 £0.0 03:02 | 26 | -24 | 193 |0.0008
63[Histih2all 0.2 %01 07%03 | 21 | 24 | 137 |0.0071
64 Hal _ 0.0£0.0 0.1%0.0 | 28 | 24 | 213 |0.0003
65| Ascld] 0101 02%00 | 18 | 24 | 98 00349
66 Rp's;; 0.1+0.0 06+02 | 28 | 24 | 205 |0.0005
67| Dykd| 0000 01%00 | 31 | -24 | 235 |0.0001
68]  Tgm3|  0.0£0.0 01%00 | 28 | 24 | 205 |0.0005
69| Cd200r1]  0.0£0.0 01%00 | 23 | 24 | 150 |0.0042
70 itihal 0000 01%00 | 19 | 24 | 107 |0.0235
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Table 14. (Cont'd)

Gene Sham Input Sham IP .
No.| gumbol| AVE+SEM| AvE + sgm |FO9FC[Re9CPM LR P.ad)
71| Hist1h3i 0101 06+03 | 30 | 24 | 228 |0.0002
72| Zfp819 0.0 £ 0.0 01+01 | 43 | -25 | 347 |<0.0001
73] Wfdc3 0.0+ 0.0 02+01 | 27 | -25 | 18.7 | 0.0009
74 Rp'?’s:S' 0.1 0.1 08+04 | 30 | 25 | 217 | 0.0003
75 Ccl3 0.0+0.0 04+02 | 42 | 25 | 33.0 [<0.0001
76|Tas2r137 0.0£0.0 0302 | 42 | 25 | 327 [<0.0001
77 Fosl 0.0 0.0 01+01 | 29 | 25 | 201 |0.0005
78 Met;';' 0.0 +0.0 02+01 | 65 | 25 | 459 |<0.0001
79| OIfr1128 0.0 £0.0 0302 | 65 | 25 | 459 |<0.0001
80|  StyxI1 0.0 £ 0.0 0101 | 21 | 25 | 121 | 0.0136
RP23-
81| aame g 0.3 +0.1 11+04 | 19 | 25 | 99 |0.0333
82| Qrich2 0.0 0.0 01+00 | 18 | 26 | 92 | 0.0447
83| Akricl 00+00 01+01 | 31 | 26 | 215 |0.0003
84| Akr1c12 0.0+00 02+01 | 28 | 26 | 183 | 0.0011
85]  Trimé 0.0+0.0 01+00 | 25 | 26 | 151 | 0.0040
86| Cd300ld 0.0 0.0 01+01 | 27 | 26 | 171 | 0.0017
87| Trim40 0.0 £ 0.0 01+00 | 23 | 27 | 127 | 0.0104
88|  Ager 0.0 0.0 01+00 | 23 | 27 | 12.8 | 0.0100
89|  Kirb1f 0.0 0.0 01+01 | 20 | 27 | 102 | 0.0300
90|Fam115e 0.0 +0.0 01200 | 22 | 27 | 119 |00145
91| Akap2 0.0 +0.0 00+00 | 22 | 28 | 11.0 | 0.0211
92| Laod 00+00 01+00 | 62 | 28 | 380 [<0.0001
93 Fag 0.0+00 01+00 | 25 | 28 | 136 |0.0073
94 Rpgg 0.1 +0.0 05+02 | 25 | -28 | 135 |0.0076
95 Ptx3 0.0 +0.0 01+00 | 20 | 28 | 92 |0.0443
96 ng;’;é 0.1£0.0 03+01 | 20 | -28 | 92 |0.0443
97 li2rg 0.0+0.0 0101 | 31 | 28 | 181 |0.0012
98] Apol9b 0.0+ 0.0 01+01 | 60 | 29 | 344 |<0.0001
RP24-
9| gona s 0.0 £0.0 02201 | 26 | 29 | 128 |0.0099
100 Sic22a22 0.0 0.0 01+00 | 60 | -29 | 333 |<0.0001
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Table 15. Top 100 Significant Morphine Down-regulated Genes in VTA Input.
Gene|] Sham Input Sham IP .
No-l symboll  AVE # gEM AVE + sgm | F09FC|LogCPM LR | P.ad]

1| Cartpt] 627.1 £202.1] 1687 +548 | 1.9 | 86 | 315 |<0.0001

2 Ucn| 102.0 £355 268+80 | 19 | 51 32.1 [<0.0001

3[ Celat 36+05 12+02 | 16 | 15 | 204 | 0.0005

4 Pgag‘;z‘ 24+06 07+02 | 18 | 04 | 225 |0.0002

5 Capnii 0.6 £0.0 02200 | 20 | 03 | 257 |<0.0001

6| Bcléb 0.4 +0.1 01200 | 1.7 | 01 18.9 | 0.0009

7 Agbl2 0.3 £0.1 01+00 | 16 | 00 16.2 | 0.0026

8 Six5 0.4 %0.1 01+00 | 15 | 01 | 150 | 0.0042

9 Nsl1 0.4 +0.1 01+00 | 20 | -01 | 243 | 0.0001
10] H2-T10 0.3 £0.0 0101 | 16 | -02 | 156 | 0.0032
11 21r 0.5 +0.0 0100 | 1.9 | -02 | 21.7 | 0.0003
12| Pppiric 0.3 £0.0 01+01 | 16 | -03 | 153 | 0.0036
13 KIk8 0.7 £0.2 02200 | 1.6 | -04 | 148 | 0.0046
14| Siglece 0.5 £0.2 02201 | 1.6 | -05 | 154 | 0.0035
15 Arx 0.3 £0.0 0100 | 20 | -06 | 206 | 0.0005
16| Sic12a8 03£00 01+00 | 18 | -07 | 184 | 0.0011
17| Ncaph 03+0.1 01+00 | 16 | -07 | 150 | 0.0042
18]  Rort 0.1 +0.0 00+00 | 1.8 | -07 | 186 | 0.0010
19|  Kcnh4 02 +0.0 00+00 | 23 | -07 | 27.0 |<0.0001
20| Glyat 02 +0.0 01+00 | 15 | -08 | 132 | 0.0086
21| Mki67 0.1 0.0 00+00 | 35 | -09 | 455 |<0.0001
22| Trip13 0.3 0.1 01+00 | 1.7 | -09 | 146 | 0.0049
23] Gsx1 0.4 +0.1 01+00 | 21 | 1.0 | 207 | 0.0004
24| Gabrd 0.3 £0.0 0100 | 22 | 1.0 | 229 | 0.0002
25 Pmel 03+0.1 01+00 | 19 | 10 | 182 | 0.0012
26| Dnahc11 0.0£0.0 00+00 | 15 | 1.0 | 124 | 0.0121
27| Gnat2 02 +0.0 01+00 | 20 | 11 | 190 | 0.0009
28 Adam,lt; 0.1 0.0 0000 | 17 | -12 | 137 |0.0068
29| Gpr160 02 +0.0 01+00 | 18 | 12 | 148 | 0.0046
30 sim2 0.3 +0.1 01+00 | 19 | 12 | 17.0 | 0.0018
31| Gabrr 0.2 0.1 01+00 | 21 | 12 | 195 | 0.0007
32| Omp 0.2 0.1 01+00 | 19 | 13 | 154 | 0.0035
33| Ldha-ps2 0.6 0.1 00+00 | 35 | 13 | 37.7 |<0.0001
34| Psma8 0.3 %0.1 01+01 | 16 | 13 | 123 | 00127
35 Hrctl 0.4 %01 01+00 | 21 | 13 | 19.3 | 0.0008
36| Rangr 0.6 0.1 01201 | 22 | 1.3 | 207 | 0.0004
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Table 15. (Cont'd)

Gene

Sham Input

Sham IP

No.| gumbol| AVE +SEM|  AVE + sgm |FO9FC[Le9CPM LR P.ad)
37] Tarmi| 06 £02 0101 | 21 | -1.3 | 187 |0.0009
38| Ccl12]  09:03 0202 | 20 | -1.3 | 165 |0.0022
39] Wdr27] 02 £0.1 0.0£00 | 23 | -1.3 | 21.7 | 0.0003
40  Dsp| 01200 00£00 | -34 | -14 | 353 |<0.0001
41| Capn9| 0201 0.0£00 | 22 | -1.4 | 19.0 | 0.0008
42| Coll3al] 0100 0.0£00 | 15 | -1.4 | 104 |0.0278
43 H2-Aa| 0502 0.1£00 | 28 | -1.4 | 275 |<0.0001
44 k83 03:01 0.0£00 | -35 | -1.5 | 346 [<0.0001
45[Fam167b] 0.5 +0.1 0202 | 15 | -1.5 | 100 | 0.0324
46]  Tecri] 0200 0.1£00 | 15 | -1.5 | 100 | 0.0322
47| Haao| 0401 01£01 | 21 | -1.5 | 17.0 | 0.0018
ag| SNORAL 281009 08408 | -18 | 15 | 136 |0.0074

RP23-
49| aopin 14| 0501 01+01 | 21 | -1.5 | 165 |0.0022
50| B3gnt3] 0.2 £0.1 0.0£00 | 34 | -1.6 | 32.4 |<0.0001
51 Plaul 0.3 £0.1 0101 | 21 | -1.6 | 16.8 | 0.0020
52|  Cc2]l  01£00 0.0£00 | 24 | -1.6 | 204 |0.0005
53] Snorad0] 3.2 £1.3 07+07 | 22 | 1.6 | 17.8 | 0.0014
54]  sSelp|  0.1£0.0 0.0£00 | 17 | 1.6 | 11.2 | 0.0197
55| Abcat3] 0.0 £0.0 0.0£00 | 16 | -1.6 | 100 |0.0324
56| Ccdc146] 0.4 £0.1 0.0£00 | 22 | -1.7 | 171 | 0.0017
57 H'St‘?hgg 0.7 £0.2 02+01 | 18 | -1.7 | 122 |0.0130
58| Hsd3b3| 02 £0.1 01+01 | 16 | -1.7 | 103 |0.0283
59| Nkx63] _ 02£0.0 0.0£00 | 18 | -1.7 | 124 |0.0121
60| _wdri6] 0.2 +0.0 0.0£00 | 20 | -1.7 | 140 | 0.0062
61 Nkx1-1| 03 %01 0.1+00 | 25 | -1.7 | 201 | 0.0005
62| Pkd1i| 01 %00 0.0£00 | -35 | -1.7 | 314 |<0.0001
63| Fbxi22] 0.1 £0.0 0.0£00 | 17 | 1.7 | 106 | 0.0251
64 1127ra 0.1 £0.0 0.0£00 | 21 | -1.8 | 147 |0.0048
65 He| 0200 0.0£00 | 26 | -1.8 | 213 |0.0003
66| Prr15] 01 $0.0 00£00 | 52 | -1.8 | 42.6 |<0.0001
67| C78197] 06 £0.3 00£00 | 52 | -1.8 | 42.6 |<0.0001
RP23-
68| ,o0s 14| 0502 00+00 | -43 | -1.8 | 356 [<0.0001
69] Apol6| 0.1 0.1 0.0£00 | 23 | 1.8 | 16.7 | 0.0021
70| __Mcsi] __ 03%01 0.0£00 | 33 | -1.9 | 27.5 |<0.0001
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Table 15. (Cont'd)

Gene

Sham Input

Sham IP

No.| gumbol| AVE+SEM| AVE + sgm |FO9FC[Le9CPM LR P.ad)
71 Tmprssé| 0.1 £0.0 0.0£00 | 42 | 1.9 | 349 [<0.0001
72| Gaints| 0.1 0.0 0.0£00 | 70 | 1.9 | 47.9 |<0.0001
73| _Clec7a] 0.1 £0.0 0.0£00 | 21 | 1.9 | 13.7 | 0.0069
74|  Batf3]  05:0.3 00£00 | 69 | -1.9 | 47.2 |<0.0001
75| SN 27108 0303 | 33 | -1.9 | 260 |<0.0001
76| Foxfla] 0301 00£00 | 32 | -1.9 | 255 |<0.0001
77 Ap?’;;é 0.2 £0.1 01+00 | 1.9 | -20 | 120 |0.0139
78] Pnlip] 0201 00£00 | 23 | 20 | 162 | 0.0026
79| Serinc2] 0201 00£00 | 68 | 20 | 449 |<0.0001
80 Ec2]  01%00 0.0£00 | 28 | 20 | 204 |0.0005
81] Kctd19] 01 £0.0 0.0+00 | 48 | 21 | 350 |<0.0001
82| Hkdcl| 0.1 £0.0 00+00 | 48 | 21 | 347 |<0.0001
83 1] 02£0.0 00£00 | 67 | 21 | 425 |<0.0001
84| Clecan|  0.201 0.0£00 | -6.7 | 21 | 41.9 [<0.0001
85| Amical] 0.1 £0.0 0.0£00 | 30 | 21 | 20.2 |0.0005
86|  Aqp5|  0.2£0.0 0.0£00 | 33 | 22 | 232 |0.0002
87| 120|041 £0.0 00£00 | 66 | 22 | 401 |<0.0001
88| Ushic] 01 £0.0 00£00 | 38 | 22 | 253 |<0.0001
89|  Krt76] 0.1 £0.0 0.0£00 | 22 | 22 | 123 |0.0124
90| P2rxi|  01£00 00£00 | 64 | 23 | 36.2 |<0.0001
o1 Ltp2|  0.0£0.0 00£00 | 64 | 23 | 357 |<0.0001
92  sms| _ 01:00 00£00 | 64 | 23 | 356 |<0.0001
93] Ush2a]  0.0£0.0 0.0£00 | 23 | 24 | 125 |0.0112
94| Eif4ebp3| 0.3 0.1 0.0£00 | -30 | 24 | 17.9 |0.0013
95| Sic7al5| 0.4 0.1 0.0£00 | 36 | -24 | 21.7 |0.0003
96| Anklel|  0.10.0 0.0£00 | 63 | 24 | 341 |<0.0001
97| Nipd] 01 £00 0.0£00 | 63 | 24 | 335 |<0.0001
98] Npffr2]| 0.1 0.1 0.0£00 | 63 | 24 | 335 |<0.0001
99 S”,;srg 25+1.2 03+03 | -30 | -24 | 172 |0.0016

100 Myi2| 0301 0.0£00 | -44 | 24 | 258 |<0.0001
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Appendix D.

Significant Morphine-regulated Genes in VTA DA neurons:

Sham IP vs. Morphine IP
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Table 16. Top 100 Significant Morphine Up-regulated Genes in VTA DA Neurons.

Gene

Sham Input

Sham IP

No.l svmbol|  AVExSEm| AvE +sem |FP9FC[Le9CPM LR | P.ad]
1 Nms| 0802 5208 | 27 | 16 | 349 [<0.0001
2| Abcagal 0200 05+02 | 16 | 08 | 132 |0.0096
3 sys]|  03%00 11%04 | 17 | 08 | 133 |0.0094
4 Apsi2[ 2002 6419 | 17 | 07 | 132 |0.009
5[Fam181b| 0.4 £ 0.1 11%04 | 16 | 05 | 130 |0.0107
6|  Gog| 04xo01 19+04 | 24 | 04 | 251 [<0.0001
7| _Fmo5| 0400 03%01 | 18 | 02 | 144 |0.0059
8] Ccdc8o| 0.1 0.1 0803 | 25 | 01 | 27.4 [<0.0001
o[ Sulttal] 03 %01 10+04 | 17 | 01 | 127 |00122

10 Ted 0101 0602 | 26 | -02 | 27.3 |<0.0001
11| _Rab32] 0201 0603 | 16 | -02 | 118 |0.0174
12| Ggtl] 0201 0501 | 15 | -02 | 104 |0.0305
13[_Pnma5| 0.1 £0.0 0502 | 20 | -03 | 165 |0.0025
14| Adam32] 0.1 0.1 0402 | 19 | -04 | 149 |0.0049
15 SNOF;? 3.1£1.1 109+23 | 18 | -05 | 141 |0.0066
16] Hba-a2| _ 0.2£0.1 20£10 | 29 | -06 | 30.8 [<0.0001
17| Popdc3] 0.1 0.1 0502 | 18 | -06 | 13.3 |0.0094
18 Serp'fl‘g 0.1 £0.1 06+02 | 22 | -07 | 192 |0.0008
19] Zp953] 0.1 £0.0 02+01 | 18 | -07 | 127 | 0.0121
20| P2ry1d] 0101 05+02 | 18 | -08 | 122 |0.0146
21 Dnahc3] __ 0.0£0.0 0.1£00 | 17 | -09 | 116 |0.0185
22| Maccl| _ 01£0.0 02%01 | 19 | -09 | 137 |0.0079
23] Mir744|  15:08 8127 | 23 | -09 | 200 |0.0006
24| Shcbpi| 0.1 £0.0 0401 | 21 | -09 | 166 |0.0024
25| Anxal0] 0.1 £0.0 05+01 | 31 | -09 | 31.0 [<0.0001
26| _Lrc39]  0.1£0.0 02%01 | 20 | -1.0 | 151 | 0.0043
27| _Cenpf] ___00£00 0.1£00 | 17 | -1.0 | 11.2 |0.0223
28] Feni| 0100 0301 | 19 | -1.0 | 141 | 0.0066
20| Drd3] _ 01£00 05+02 | 26 | -1.0 | 226 |0.0002
30| Pm22]  01%00 04%02 | 22 | 41 | 171 | 0.0020
31| Dedc2bl 04 0.1 0701 | 23 | -11 | 19.0 |0.0009
32| Cxcrd]  01£00 04%02 | 19 | 11 | 132 [0.0097
33 Epyd _ 0.0£00 03+02 | 30 | -11 | 29.2 [<0.0001
34| Ang]  01%00 0703 | 33 | -1.2 | 31.9 [<0.0001
35 beait:‘{ 0.2 £0.1 09+04 | 21 | -12 | 16.1 |0.0030
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Table 16. (Cont'd)

Gene

Sham Input

Sham IP

No.| gumbol| AVE+SEM| AVE + sgm |FO9FC[Le9CPM LR P.ad)
36| Meid 0.0£0.0 02:01 | 20 | 12 | 139 | 00072
371 Htrib 01 %01 0502 | 20 | 12 | 143 | 00062
38 Epcam 01£0.0 03:01 | 25 | 13 | 212 | 00004
39| Msh5 0.0£0.0 02:01 | 22 | 13 | 163 | 00027
40| Larpib 0.0£0.0 01:01 | 17 | 13 | 108 | 00262
41| Nhedc1 01£0.0 03+01 | 21 | 13 | 147 | 00052
42| Trim43a 0.0%0.0 03:00 | 28 | 14 | 232 | 00002
43| Raseff  0.0£0.0 01:00 | 20 | 14 | 143 | 0.0061
44| Exof 0.0 £0.0 01+00 | 21 | 14 | 144 | 00059
45| Itgb7 0.0 £0.0 02+01 | 21 | 14 | 153 | 0.0040
46| Sh2d6 01 0.0 0502 | 29 | 14 | 252 |<0.0001
470 Trima7 0.0£0.0 02+01 | 21 | 15 | 143 | 0.0060
48] H2-T10 0.0£0.0 01+00 | 18 | 15 | 111 | 0.0233
49] Tmemss 0.0£0.0 0302 | 31 | 15 | 263 |<0.0001
50| arfpr] 0.1 £0.0 0301 | 19 | 15 | 125 | 00127
51 Fpr2 01£0.0 04+02 | 27 | 16 | 212 | 00004
52| Cuzdi 0.0 £0.0 02:01 | 20 | 16 | 130 | 00107
53] Orci 0.0%0.0 01200 | 22 | 17 | 146 | 0.0056
54| Zfp831 0.0 £0.0 00:00 | 21 | 18 | 129 | 0.0111
55|Fam132b 0.0 £0.0 01+01 | 20 | 18 | 123 | 00140
56| Mtag2 01 %01 0602 | 18 | 18 | 99 | 00385
57 Tnnik 0.0£0.0 01+00 | 18 | 18 | 106 | 00278
58]  Cbr2 01£0.0 03+01 | 21 | 18 | 134 | 00089
59| Ascl2 0.0%0.0 0302 | 56 | 19 | 450 |<0.0001
60 Rrh 0.0%0.0 02+01 | 28 | 19 | 203 | 00005
61 Ect2 0.0%0.0 01+00 | 18 | 19 | 93 | 00476
62|  Ahrl  0.0£00 01+00 | 29 | 19 | 213 | 00004
63(SIc22a12 0.0%0.0 02+01 | 22 | 20 | 137 | 00080
64|  Wee2 0.0%0.0 01+00 | 19 | 20 | 103 | 0.0321
65| Zc3h12d 0.0%0.0 01+00 | 24 | 21 | 151 | 00043
66| Tmco5 01£0.0 02+01 | 19 | 21 | 102 | 00339
67| Colda3 0.0%0.0 00+00 | 30 | 21 | 206 | 00005
68| Col6ad 0.0 £0.0 00+00 | 19 | 21 | 100 | 00363
69] Accn3 0.0 £0.0 02+01 | 45 | 21 | 33.0 |<0.0001
70 Colq 0.0£0.0 01:01 | 32 | 22 | 21.9 | 0.0003
71| Mfsd7a 0.0£0.0 01:01 | 31 | 22 | 208 | 0.0004
72 Krt19 0.0£0.0 02+01 | 20 | 22 | 104 | 0.0300
73] Mir335 0.0 £0.0 31+t21 | 66 | 23 | 421 |<0.0001
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Table 16. (Cont'd)

Gene Sham Input Sham IP .
No-| symbol | AVE + gEM AVE + sgm |-09FC|LogCPM LR | P.ad]
74| Naall 0.0 £ 0.0 01:00 | 30 | 23 | 19.0 | 0.0009
75 lidr 0.0 £0.0 01+00 | 23 | 23 | 126 | 00122
76|  Trpms 00%00 01+00 | 65 | 23 | 409 |<0.0001
771 Pnplai 00+00 01+00 | 37 | 23 | 247 |<0.0001
78] sing 0.0£0.0 01:00 | 33 | 24 | 208 | 0.0004
79[ Bagaint2 0.0£0.0 01:00 | 21 | 24 | 106 | 0.0282
80| Catsper3 0.0+0.0 02:01 | 28 | 24 | 164 | 0.0025
81| Tnfaip8i3 0.0+0.0 01+01 | 32 | 24 | 189 | 0.0010
82| Ptpn22 0.0 0.0 01:00 | 28 | 24 | 16.0 | 0.0030
83]  Anpep 0.0 £ 0.0 01+00 | 20 | 25 | 94 |0.0458
84|  Muct 0.0 £ 0.0 01+00 | 22 | 25 | 11.0 | 0.0245
85  Otos 0.0 £0.0 01+00 | 39 | 25 | 235 | 0.0001
86|  Stat 00%00 01+00 | 33 | 26 | 192 |0.0008
87 Chrna10 00%00 01+01 | 62 | 26 | 343 |<0.0001
88| Marco 00+00 01+01 | 38 | 26 | 223 |0.0002
89| Vnn3 00£0.0 01+00 | 33 | 26 | 185 | 0.0011
90|  Rdnhf 0.0+0.0 01+00 | 33 | 26 | 184 | 0.0011
91| Qrich2 0.0+0.0 01+01 | 33 | 26 | 181 | 0.0013
92|  Gstm? 0.0 £ 0.0 02+01 | 45 | 26 | 253 |<0.0001
93| Tgift 0.0 £ 0.0 01+01 | 32 | 27 | 16.8 | 0.0022
94|  Gokr 0.0 £0.0 01+00 | 60 | 27 | 319 |<0.0001
95| Dnm3os 00£00 00£00 | 60 | 27 | 319 |<0.0001
96| Amaci 00%00 01+01 | 59 | 27 | 302 |<0.0001
97| Gabrr1 00+00 01+00 | 29 | 28 | 137 |0.0080
98] Mybpci 00£0.0 00£00 | 57 | 29 | 272 |<0.0001
99| Psmas 0.0+0.0 01+01 | 57 | 29 | 272 |<0.0001
100] Cyp2c70 00+00 01+041 | 57 | 29 | 269 |<0.0001
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Table 17. Top 100 Significant Morphine Down-regulated Genes in VTA DA

Neurons.
Gene Sham Input Sham IP .
No.l sumbol| AVExsem| Ave + sem |FO9FC[Le9CPM LR | P.ad)

1 Myh11 0.6 +0.2 02+02 | 16 | 14 13.0 | 0.0107

2 Heyl| 0.8 +0.2 03+03 | 16 | 13 121 | 0.0151

3| Acta2 16+04 03+02 | 26 | 07 29.3 |<0.0001

4] Lrmacl] 0.8 0.1 0302 | 15 | 06 11.0 | 0.0246

5 Kcnedl| 15+06 0302 | 24 | 05 256 |<0.0001

6 Ly86 18+038 06+05 | 15 | 03 10.7 | 0.0273

7| Sh3bgr 13+05 04+02 | 17 | 02 13.1 | 0.0099

8| Arap3 03 +02 01+00 | 26 | 01 271 |<0.0001

o Smoc2 0.5 +0.1 02+01 | 15 | 01 11.0 | 0.0246
10| Kif24 0.3 +0.1 01+00 | 19 | 00 15.6 | 0.0037
11| Stards 0.3 £0.1 01+01 | 17 | -0.1 12.2 | 0.0145
12| Sod3 04 +0.1 01+00 | 19 | -01 151 | 0.0045
13| Cdkn2c 06 +0.3 01+01 | 20 | -0.1 17.7 | 0.0015
14| Sic6a13 0.6 +0.1 01+01 | 19 | 02 | 159 |0.0033
15| Lamaf 0.1 +0.1 0000 | 21 | -02 | 185 | 0.0011
16|  Foxf2 05 +0.1 02+01 | 16 | 03 | 112 |0.0217
17 Lcn2 10+05 01+01 | 28 | -03 | 29.6 |<0.0001
18 Erg| 0.3 +0.1 01+01 | 19 | -04 | 147 | 0.0052
19| Chrnb4 04 +0.1 00+00 | 29 | 04 | 30.8 |<0.0001
20 Plb1 02+01 01+00 | 19 | 04 | 144 | 0.0060
21 Tal2 05 +0.1 00+00 | -45 | -04 | 554 |<0.0001
22 Hist1had 25+06 09+09 | 15 | -05 9.8 | 0.0390
23 Nxnl2 10+04 01+01 | 27 | 05 | 266 |<0.0001
24 Tmzeo”; 0.6 +0.3 0101 | 25 | -05 | 242 |0.0001
25 Tnfaip2 03 +0.0 01+01 | 20 | -06 | 157 |0.0035
26|Fam19a4 05 +0.2 01+01 | 27 | 06 | 27.2 [<0.0001
27| Adap2 05+02 01+01 | 17 | -06 | 119 | 00163
28| Dppab5a 15+02 04+09 | 17 | 06 | 123 |0.0143
29| Hmhat 02 +0.1 01+00 | 17 | -07 | 122 |o0.0146
30 Ushig 0.3 0.1 01+01 | 18 | 07 | 126 | 00123
31| Dnmt3b 02 +0.1 01+00 | 15 | -08 9.4 | 0.0458
32| Mir137 8.4 £3.0 18+31 | 21 | -08 | 17.0 | 0.0021
33 Mmp23 06+02 02+02 | 17 | 08 | 111 | 00234
34| Sdcbp2 0.6 +0.1 02+02 | 1.7 | 08 | 12.0 | 0.0159
35 Thsd1 02+0.0 0000 | 20 | -08 | 154 | 0.0038
36| Tnfrsf10b 02+01 01+01 | -16 | 09 | 100 | 0.0376
37 THI8 03+01 01+01 | 16 | 09 | 104 | 00307
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Table 17. (Cont'd)

Gene

Sham Input

Sham IP

No.| gumbol| AVE+SEmM| AVE + sgm |FO9FC[Le9CPM LR P.ad)
38 Lyos| 1.2:03 04%06 | 1.6 | 09 | 98 [0.0393
39  Ogn| 0301 01£01 | 1.8 | 09 | 127 |0.0121
40  Rorc] 0301 0101 | 1.8 | 09 | 12.3 |0.0142
41 Hyall| 0201 01£01 | 2.0 | 1.0 | 145 |0.0057
42| Eyad|  02z01 0.0£00 | 21 | 1.0 | 163 |0.0027
43 Grap| 0401 01£02 | 18 | 1.0 | 124 |0.0131
44| 1128ra]  0.2%0.0 0.0£00 | 1.9 | 1.0 | 13.7 |0.0082
45| Tubalc]| 0401 0100 | 21 | 1.0 | 154 |0.0039
46| Pikacg]  0.1£0.0 0.0£00 | 1.9 | 1.0 | 13.2 |0.0097
47| Sic22a8]  0.20.1 0.1£00 | 1.7 | 1.0 | 104 |0.0304
48] Cybrd1| _ 0.1£0.0 0.0£00 | 24 | 1.1 | 203 |0.0005
49| Papin| 0201 0.0£00 | 1.9 | 1.1 | 12.8 |0.0118
50| Filipll]  02£0.0 0.0£00 | 22 | 11 | 169 |0.0022
51 VM2 42404 02+03 | -28 | -1.1 | 250 |<0.0001

ps19

mmu-mir-
52| D aas|  112£33 2220 | -23 [ -1.1 | 178 | 00015
53  Mfng]|  03:0.2 01£01 | 1.9 | 11 | 131 |0.0100

RP23-
54| ,ooe 14| 07 0.1 02+02 | -1.7 [ -1.2 | 104 |0.0304
ss| o[ 1.4£02 02+03 | -23 [ -1.2 | 183 |0.0012
56] sSipr2]  02£0.0 0.0£00 | 26 | 1.2 | 21.5 |0.0003
57| Lgals3]| 04 £0.1 01%01 | 18 | 1.2 | 121 | 0.0151
58] Nupri] _ 03+0.0 0.0£00 | 48 | -1.3 | 47.0 |<0.0001
59| Pate2]  0.3+01 0.1+01 | 21 | 1.3 | 147 |0.0053
60  Hdc| 0101 0.0£00 | -31 | -1.3 | 27.4 [<0.0001
61| Hsf2bp| 0.2 £0.0 0.0£00 | 21 | 1.3 | 154 |0.0038
62| Smagp| 0603 0.0£00 | -61 | 1.3 | 554 [<0.0001
63 Pth2] 0201 01+01 | 4.7 | 1.3 | 101 | 0.0359
64| 1112b1| 0.2 0.1 0.0£01 | 2.0 | 1.3 | 14.2 | 0.0064
65| Hs3st6| 0.4 0.1 01£04 | 27 | 13 | 22.0 |0.0003
66| Mcm10] 0.1 0.1 0.0£00 | 7.7 | 1.3 | 62.5 [<0.0001
67| Pisc2|  04%02 0.0£00 | 52 | 13 | 48.9 [<0.0001
68| Nin2| 0602 02%02 | 1.7 | 1.3 | 106 |0.0283
69| Ak3i2-ps| 0802 02%01 | 1.9 | 14 | 12.9 |0.0110
70 Rin3| 0.1 0.1 0.0£00 | 1.9 | 14 | 124 |00133
71| _Ptgr]] 0201 01+01 | 1.8 | 14 | 115 | 00195
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Table 17. (Cont'd)

Gene

Sham Input

Sham IP

No.| gumbol| AVE+SEM| AVE + sgm |FO9FC[Le9CPM LR | P.ad)
72| Emx20s 01200 00:00 | 21 | 14 | 145 | 00058
73] Fscn2 0.3 %01 01+01 | 17 | 14 | 103 | 00317
74| Wiikkn2 02 £0.1 00£00 | 23 | 14 | 17.0 | 0.0021
75| Cryba2 0702 02:02 | 17 | 14 | 95 |00438
76]  Lrg1 04 £02 01%01 | 19 | 14 | 122 | 00148
77| Tspan11 01200 00:00 | 21 | 14 | 143 | 0.0061
78] Coll7 10202 02:03 | 21 | 14 | 140 | 00069
79| Gbgt1 04 %02 01+01 | 19 | 15 | 118 | 00170
80| Hist2h3b 1002 02+03 | 20 | 15 | 128 | 00115
81| Amdhd1 0.2 %01 00:00 | 24 | 15 | 172 | 00019
82| Ptpn18 0.3 %01 01+01 | 22 | 15 | 150 | 0.0047
83  Six6 0.2 0.1 00:00 | 21 | 16 | 136 | 00084
84|  Atoh7 09+03 0302 | 17 | 16 | 98 | 00393
85| Aimi 01£0.0 00200 | 21 | 16 | 139 | 00075
86] Crhr2 02£0.0 00+00 | 35 | 16 | 291 |<0.0001
87 Rdh9 02 £0.1 00+00 | 23 | 16 | 155 | 00038
88| GIb112 01200 00:00 | 17 | 16 | 95 | 00446
89| Cdhr2 01201 00:00 | 34 | 16 | 279 |<0.0001
90] Rapsn 03 %01 00+01 | 25 | 16 | 17.7 | 00015
91| Neurod2 01 %01 00+00 | 21 | 16 | 131 | 00099
92| Ptprq 01£0.0 00+00 | 32 | 16 | 252 |<0.0001
93 Uncd5b 01£0.0 00+00 | 18 | 17 | 98 | 00398
94|  Mesp2 03£0.0 00+00 | 40 | 17 | 331 |<0.0001
95| Cpxm2 01£0.1 00:00 | 34 | 17 | 269 |<0.0001
96| Cleci2a 01£0.1 00:00 | 24 | 17 | 162 | 0.0029
97| S100a8 1104 02:02 | 28 | 17 | 209 |0.0004
98 Cr2 01£0.0 00£00 | 20 | 47 | 117 | 00175
99| Rpl39l 06£03 01+01 | 29 | 17 | 211 | 00004

100]  Tgm7 0.2 £0.1 00+01 | 18 | 17 | 103 | 0.0321
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Chapter 4. Conclusions and Future Directions

4.1. Summary of Dissertation

Opioids have been used for thousands of years for the treatment of pain despite
their highly addictive properties. But over the last 20 years, opioid use in the United
States has dramatically increased, such that 80% of the world’s supply of opioids are
being used by Americans (Manchikanti, 2007). Long-term use of opiate drugs induces
lasting changes in the mesocorticolimbic reward circuit (Dacher & Nugent, 2011b; Fields
& Margolis, 2015; Mazei-Robison & Nestler, 2012). For example, we previously
determined that chronic opiate exposure decreases the soma size of DA neurons in the
VTA, a key structure in the mesocorticolimbic reward circuit (Mazei-Robison et al.,
2011). This change was observed in post-mortem human samples as well as in rodent
models where soma size was correlated with DA neuronal activity and reward behavior
(Mazei-Robison et al., 2011). VTA DA neurons are not homogenous, however, as
subsets of neurons can form distinct functional circuits (e.g. NAc-projecting neurons are
associated with reward, while PFC-projecting neurons are associated with aversion).
Critically, the projection-specificity of opioid-induced structural plasticity is not yet
known. Additionally, our previous work suggests that neurotrophic signaling plays an
important role in morphine-induced actin-remodeling and functional adaptations of VTA
DA neurons (Heller et al., 2015; Koo et al., 2012; Mazei-Robison & Nestler, 2012).
However, identification of molecular mediators specific to DA neurons has been difficult
due to the cellular heterogeneity within the VTA. Therefore, this dissertation identified

morphine-induced structural adaptations in specific VTA DA circuits important for both
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reward and aversive processing as well as identified novel candidate genes in VTA DA
neurons that will inform future studies investigating novel therapeutic approaches for

opioid dependence and addiction.

4.2. Chronic Morphine-induced Soma Size Change is Projection-specific

In the experiments outlined in Chapter 2, we showed that VTA DA neuron
morphology is not homogenous, differing both basally and in response to chronic
morphine. VTA DA basal morphology is distinct across VTA subregions, where basal
soma size decreases along the medial-lateral axis such that the largest VTA DA
neurons were predominantly in the lateral regions (L.PN) and smallest in the medial
regions (IF). This agrees with other studies, which used soma diameter as a proxy for
cell soma size (Y. Fu et al., 2012). Our use of viral-expressed fluorophore increased not
only the efficacy of soma morphology measurements but also allowed for projection-
specific isolation of DA neurons. Similar to NAc core- and m.shell-projecting neurons,
VTA DA neurons projecting to the PFC also displayed subregion specificity and
primarily project to the PrL/Cgl subregions of the PFC. Little-to-no PFC-projecting DA
neurons were identified from stereotaxic injections into the anterior Cgl/secondary
motor cortex (M2) or from injections into the ventral PFC (IL or dorsopeduncular cortex
[DP]). Importantly, we also showed that chronic morphine drives distinct effects on VTA
DA morphology across NAc m.shell, NAc core, and PFC projections. Specifically,
chronic morphine decreases the soma size of m.shell-projecting DA neurons, while
having no effect on NAc core-projections. Conversely, PFC-projecting DA neurons

increased soma size following chronic morphine. Collectively, our study suggests that
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opioid-induced regulation of VTA DA morphology is not homogenous, and occurs in

distinct, projection-specific subsets and VTA subregions.

Chronic morphine-induced morphology changes of PFC-projecting DA neurons
may have been masked in previous studies due to their VTA subregion distribution and
relative scarcity compared to NAc-projecting neurons (Margolis et al., 2006; Swanson,
1982). In our study, PFC-projecting VTA DA neurons were predominantly in the PBP
and dorsal regions of the PN, while NAc core- and m.shell-projecting VTA DA neurons
were measured only in the PN. Previous studies have seen similar projection
distribution although there are some differences in the total number of identified PFC-
projecting neurons (Beier et al., 2015; Lammel et al., 2008). We identified 4-12 PFC-
projecting neurons per mouse and these neurons were located predominantly in the
PBP and dorsal regions of the PN. This is in stark contrast to the NAc-projecting
population where more than 30 neurons within the PN were labeled per mouse. The
scarcity of labeled PFC-projections may be attributed to differences in efficiency of viral
uptake and expression, although our results mirror studies using other retro-labeling
methods (e.g. Retrobeads, fluorogold, Dil) that also show a greater number of NAc-
projecting neurons compared to PFC-projecting neurons (Ford, Mark, & Williams, 2006;
Ikemoto, 2007; Lammel et al., 2008; Lammel, lon, Roeper, & Malenka, 2011; Margolis
et al., 2006). One study estimated that the total number of PFC-projecting neurons may
be 50% less than NAc-projecting neurons in the VTA. Additionally, only 45% of the
PFC-projecting neurons were TH(+) compared to 66% of the NAc-projecting neurons
(Margolis et al., 2006). While PFC-projecting DA neurons are only a small subset of

neurons in the VTA, there is increasing evidence that they play an important role in
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aversive processing (Lammel et al., 2011; Margolis et al., 2006). But many studies on
drug-reward have not distinguished PFC-projecting neurons from other VTA DA
populations and more studies are needed to precisely determine their functional

significance.

4.3. Determine NAc l.shell-projecting VTA DA Morphological Response to Chronic

Morphine.

Chapter 2 results also support the importance of distinguishing between NAc
subregions for understanding drug reward. NAc m.shell has been traditionally viewed as
a hedonic hot-spot where DA release is primarily responsible for the rewarding and
motivational effects of a drug or stimulus (lkemoto, 2007; Sesack & Grace, 2010). NAc
core is associated with the integration of reward with a particular learned motivated
action (e.g. operant conditioning) (Namburi, Al-Hasani, Calhoon, Bruchas, & Tye, 2016).
NAc l.shell may be involved in processing of both rewarding and aversive stimuli (Al-
Hasani et al., 2015; Hikida, Morita, & Macpherson, 2016; Yang et al., 2018) and opioid-
induced adaptations in this population may be important for opioid reward and/or

dysphoria in opioid withdrawal (Al-Hasani et al., 2015; Hikida et al., 2016).

In this dissertation we predominantly targeted NAc core and m.shell, with only
minimal labeling of NAc I.shell. We have some preliminary evidence that |.shell
projecting-DA neurons in the aVTA PBP may be intermediate in size (488.4+19.77),
although these measurements were only from 3 mice. In order to better assess the
morphology of VTA DA neurons projecting to the NAc l.shell (basal and chronic-opioid
induced), it would be plausible to repeat the experimental procedures outlined in

Chapter 2 using adjusted stereotaxic coordinates to more efficiently target NAc l.shell
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(Lammel et al., 2008). The use of a retrograde viral tracer, AAV5-DIO-eYFP/mCh, was
ideal in our experiments for cell-type and regional specificity, while also allowing for
direct 3D reconstruction of DA neuron morphology. However, substantial and careful
post-hoc analysis of viral spread at the injection site is required to accurately determine

NAc-subregion specificity.

An alternative to retro-virus targeting is the use of fluorescent retrobeads
(lumaFluor) which have a smaller diameter of spread across the injection site (<1mm)
compared to many viral constructs which can have a range from 1-1.8mm (Lumafluor,
ND; Watakabe et al., 2015). While this addresses the issue of subregion specificity,
retrobead labeling is not cell type-specific. Since VTA DA and GABAergic neurons send
direct projections to the NAc and to the PFC, retrobeads would be present in both
populations (Carr & Sesack, 2000a; Van Bockstaele & Pickel, 1995). Therefore, a
combined technique of injecting both virus and retrobeads may be useful to improve the
confidence level of NAc-subregion and cell-type specificity of VTA projections. For
example, if viral expression spreads across both NAc core and l.shell, but retrobeads
were retained only in the l.shell, we can assume that VTA DA neurons with both viral

expressed-eYFP and retrobeads are VTA DA neurons that project to the NAc l.shell.

Using these techniques would allow us to determine whether opiate-plasticity
also occurs in NAc l.shell-projecting neurons. As mentioned previously, this projection
has been implicated in both reward and aversion, and DA release dynamics across
projections may encode the value of a stimulus (Bassareo, De Luca, & Di Chiara, 2002;
Bassareo & Di Chiara, 1999). Chronic morphine increases the tonic and phasic firing

rates of VTA DA neurons although projection specificity was not assessed. Therefore, |
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predict that chronic morphine induces molecular adaptations in NAc l.shell projecting
VTA DA neurons important for opioid-reward and identification of morphological
plasticity in this subset of neurons would further our understanding in the integration of

each circuit.

4.4. Determine Projection-specific Chronic Opioid-induced Activity

The findings of this dissertation not only shed light on the distinct projection-
specific morphology of VTA DA neurons, but also highlight the importance of directly
testing previously held assumptions that VTA DA neurons respond uniformly to opioids.
It was initially surprising to find distinctions between neurons that project to NAc core
and m.shell in our study. Given their known differences in physiology and function, it will
be important to determine whether NAc |.shell-projecting VTA DA neurons also display
distinct morphological response to chronic opioids. But this projection-specific structural
response to opioids does not resolve whether the morphology change (reduced soma
size) occurs in the same population of neurons with increased activity. Previous data on
chronic opioid-induced changes in morphology and activity were correlated in separate
experiments and while it is clear that both phenomena occur we have not yet directly
confirmed whether they are concomitant in the same cell (Koo et al., 2012; Mazei-
Robison et al., 2011; Russo et al., 2007). The opioid-induced increase in phasic and
tonic activity of VTA DA neurons used presence of high Ih to identify putative DA
neurons with low Ih cells presumed to be GABAergic (Gysling & Wang, 1983; Johnson
& North, 1992; Koo et al., 2012; Mazei-Robison et al., 2011). But VTA DA neurons that
project to the NAc m.shell and core exhibit low In currents, while I.shell projecting DA

neurons have high Ih (Lammel et al., 2011). Therefore, the common practice of sorting
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DA from GABAergic neurons using lh could lead to recording primarily l.shell-projecting
VTA DA neurons. While our study shows that chronic opioids decrease soma size of
m.shell-projecting neurons, the effects on l.shell projections are unknown. Due to the
diversity of behaviors associated to NAc subregions, it will be important to test whether
opioids induce similar activity changes across all NAc projections, or whether they are

projection-specific like changes in soma size.

There is also evidence for diversity in the source and strength of glutamatergic
regulation of VTA DA activity based on projection target. PFC-projecting VTA DA
neurons appear to receive direct glutamatergic input and have higher basal
AMPA/NMDA ratios, while glutamatergic regulation of NAc-projecting neurons may be
indirect (Carr & Sesack, 2000b; Lammel et al., 2008; Lammel et al., 2011; Takahata &
Moghaddam, 2000). Many studies on drug-induced glutamatergic plasticity have
focused on acute effects of stimulant drugs (cocaine or amphetamines), which
strengthen excitatory synapses on VTA DA neurons (e.g. increase AMPA/NMDA ratio
and GluR1 expression) (Fitzgerald, Ortiz, Hamedani, & Nestler, 1996; Luscher &
Malenka, 2011; Ungless, Whistler, Malenka, & Bonci, 2001). Similar strengthening is
observed in response to acute opioid treatment (Lane et al., 2008; Saal, Dong, Bonci, &

Malenka, 2003).

While several studies have measured increased phasic and tonic firing of VTA
DA neurons following chronic opioids, there is a distinct knowledge gap in determining
the underlying post-synaptic changes which drive this plasticity. Experiments outlined
below (section 4.5) to identify opioid-induced changes in VTA DA neuron dendritic

morphology could be used as an initial proxy for synaptic plasticity. There is some
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evidence for differences in chronic opioid-induced glutamatergic plasticity based on
projection target. In a study by (Lane et al., 2008), GIuR1 immunogold labeling (a
marker for glutamatergic plasticity) was directly compared in projection-specific subsets
of VTA DA neurons following either acute or chronic morphine treatment. Acute
morphine increased the number of GluR1-labeled synapses in both PFC- and NAc-
projecting TH(+) and TH(-) neurons in the PBP and PN of the VTA. Conversely, chronic
morphine-induced GluR1 labeling only in PFC-projecting VTA DA neurons (Lane et al.,
2008), suggesting projection-specific glutamatergic regulation of DA neurons.
Additionally, the fact that acute, but not chronic morphine, increased GluR1 labeling in
NAc-projecting DA neurons suggests distinct plasticity can be induced depending on
state of drug dependence. It is possible that in response to the initial high activation of
NAc m.shell-projecting VTA DA neurons by acute morphine homeostatic mechanisms
are engaged which may counter the initial plasticity, such as potassium channel
regulation, decreased axonal transport, and destabilization of actin cytoarchitecture
(Beitner-Johnson & Nestler, 1993; Diana, Pistis, Muntoni, & Gessa, 1995; Mazei-
Robison et al., 2011). Therefore, it will be important to assess whether changes in

morphology and activity occur in a similar projection-specific manner.

4.5. Determine Basal and Opioid-induced VTA DA Dendritic Morphology

Chronic morphine-induced changes in VTA DA soma size likely reflect altered
regulation of cytoskeletal remodeling. Chronic opioids induce changes in BDNF/TrkB
signaling in VTA DA neurons, which in turn alter both cytoskeletal dynamics and activity
(Koo et al., 2012; Koo et al., 2015; Liu et al., 2017). Some progress has been made in

elucidating the downstream mediators of actin remodeling in VTA DA neurons, including
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reduced IRS/Akt and mTORC2/Rictor signaling which is associated with increased F-
actin destabilization (Mazei-Robison et al., 2011; Russo et al., 2007; Russo, Mazei-
Robison, Ables, & Nestler, 2009; Wolf, Numan, Nestler, & Russell, 1999). Additionally,
chronic opioids induce actin-remodeling in other brain regions integral to reward
processing (Robinson & Kolb, 2004). For example, dendritic branching and spine
complexity is reduced in both NAc MSN neurons and PFC pyramidal neurons following
chronic opiate administration (Robinson, Gorny, Savage, & Kolb, 2002; Robinson &
Kolb, 1999b). This is in contrast to other drugs of abuse such as stimulants (cocaine
and amphetamines), which robustly increase dendritic spine number and complexity in
the NAc and PFC (Robinson & Kolb, 1999a, 2004). Therefore, we hypothesized that the
dendritic morphology of VTA DA neurons is altered along with soma size following

opiate exposure.

There have been very few studies on the dendritic morphology of VTA neurons
primarily due to limitations in techniques and VTA complexity. VTA DA neuron soma
and dendrites are densely distributed across the VTA. As noted in Chapter 2
morphology studies, virally-labeled VTA DA neurons and their dendrites are particularly
dense within the PBP and PN, which can be problematic in identifying the origin of
specific dendrites. Additionally, VTA DA neurons have been suggested to have a low
density of dendritic spines, although spine density may be dependent on the
methodology used (Phillipson, 1979; Sarti, Borgland, Kharazia, & Bonci, 2007). Despite
relatively low spine numbers, VTA DA neurons do show robust glutamatergic regulation
to control tonic and phasic firing and DA release (Floresco, West, Ash, Moore, & Grace,

2003; Grace & Bunney, 1984; Grace, Floresco, Goto, & Lodge, 2007; Grace & Onn,
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1989), and dendritic morphology is generally used as a proxy for glutamatergic plasticity

(A. K. Fu & Ip, 2017; Konietzny, Bar, & Mikhaylova, 2017; Robinson & Kolb, 2004).

To our knowledge very few studies have addressed drug-induced changes in
dendritic morphology directly in VTA DA neurons. In a study by (Sarti et al., 2007),
Golgi-Cox impregnation was used to determine VTA neuron dendritic spine density 24
hours following cocaine treatment. This study showed a cocaine-induced increase in
dendritic spine density in type 1 neurons, with no changes observed in type 2 neurons.
Type 1 neurons were relatively small in size with extensive proximal and distal
varicosities and were likely m.shell projecting DA neurons. Type 2 neurons were
distinguished primarily by dendrites that remained thick throughout their length with few
varicosities and due to the presence of high Ih and TH staining, and were likely l.shell-
projecting DA neurons. Collectively this study highlights the possibility of increased
dendritic branching and spine complexity in VTA DA neurons similar to effects seen in
the NAc and PFC following cocaine treatment. Therefore, given the opposing effects of
opioids and stimulants on NAc and PFC dendritic spines complexity (Robinson & Kolb,
1999b, 2004), as well as evidence for altered actin remodeling in VTA DA neurons
(soma size) (Mazei-Robison et al., 2011; Russo et al., 2007), we hypothesized that
chronic opioids would likely decrease VTA DA dendritic spine number and/or

complexity.

4.6. Viral-Mediated Visualization of VTA DA Dendritic Morphology

To first characterize basal VTA DA dendritic morphology, we piloted several viral
techniques to label VTA DA neurons. As described in Chapter 2 we used retrograde

AAV5-DIO-eYFP/mCherry to assess VTA DA soma morphology, which also resulted in
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extensive dendrite labeling. But this robust labeling resulted in an inability to accurately
trace a single dendrite back to its cell body of origin. Therefore, we tested other AAV
and HSV constructs to determine whether we could efficiently identify VTA DA neurons
while also maintaining the required resolution for dendritic morphology assessment. In
summary, AAV2-DIO-eYFP and AAV2-DIO-ChR2-eYFP showed robust cell-specific
labeling of VTA DA neurons but with reduced ability to trace of individual dendrites as
was observed with retrograde AAV5-DIO-eYFP. HSV-LSL1-GFP failed to robustly label
VTA DA dendrites and therefore we could not obtain the required resolution to resolve
spine morphology. It should be noted that use of a membrane-bound fluorophore (such
as AAV2-DIO-ChR2-eYFP) substantially improved spine resolution although again
overcrowding in the field of view served as a major hurdle. Therefore, across multiple
experiments, the issues in fluorescent intensity, photobleaching, and high transduction
efficiency (i.e. too many DA cells labeled) limited the collective usefulness of these
techniques. Therefore, methods such as Golgi-cox staining or microinjection of a
fluorophore that allow sparse neuronal labeling may be required to effectively resolve

VTD DA dendritic morphology.

4.7. Projection-specific Labeling of VTA DA Neurons for Dendritic Morphology

and Electrophysiological Studies

One way to directly link opioid-induced changes in VTA DA morphology and
activity is through combined retrograde tracing and in vivo or in vitro electrophysiology.
In collaboration with Dr. Lee Cox and Dr. Joe Beatty, we attempted VTA DA projection-
specific dendritic morphology and activity measurements. We used our same

retrograde constructs to label NAc-projecting VTA DA neurons as discussed in Chapter
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2, combined with ex vivo whole-cell patch clamp and microinjection of a dye
(AlexaFluor-594, AF-594) using a 2-photon microscope-fitted electrophysiology unit.
NAc-projecting VTA DA neurons (eYFP+) were identified in the VTA and Ih and basal
firing rate were measured via whole-cell patch clamp (data not shown). Directly
following electrophysiological measurements cells were microinjected with AF-594 and
immediately scanned using high-resolution 2-photon microscope imaging. This powerful
method combines cell type-specificity, high resolution imaging, and measurement of
electrophysiological properties such as firing frequency and Ih. However, this
experiment was technically challenging, and across 4 mice, only 3 neurons were
successfully measured and microinjected with AF-594. An example image of AF-594

filled NAc-projecting VTA DA neuron and dendritic morphology is shown in Figure 28.

Figure 28. VTA DA Dendritic Spine Morphology of Projection-specific Microinjected
VTA DA neuron. A. Example NAc-projecting VTA DA neuron microinjected with Alexafluor
-594. B-D. 100X images of dendritic morphology.
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In this pilot experiment, issues included poor tissue viability and low visibility of
viral-mediated eYFP in fiber-dense VTA regions in >14wk old mice. Additionally, the
total number of eYFP-labeled neurons was particularly low, and the probability of a
neuron being both eYFP(+) and at an appropriate depth for efficient patch-clamp and
iontophoresis was low. However, modifications in this approach may yield better results.
For example, an alternate DA-specific model such as DAT192-GF? combined with
retrobeads labeling of projection-specific subsets of neurons may increase the total
number of fluorophore-expressing VTA DA neurons at an appropriate tissue-depth. This
would eliminate any problems due to viral efficiency and due to primary localization of
L10a-GFP expression in the cell soma (see Chapter 3, Figure 11), there would be less
obstruction of view from extensive dendritic branching allowing for easier targeting of
VTA DA soma required for whole-cell patch clamp methods. Additionally, the use of
retrobeads tracers, as opposed to our viral-mediated method, may reduce the time
required for robust retrograde labeling from 6 weeks (AAV) to 3 weeks (retrobeads).
The use of younger mice would likely increase the viability of ex vivo VTA slices. Finally,
use of horizontal (as opposed to coronal) sections may allow for more complete VTA
DA morphology assessment similar to methods used by others (Sarti et al., 2007),

which noted longer dendrite lengths using horizontal sections.
4.8. Identification of Novel VTA DA Chronic Morphine-induced Molecular Changes

The molecular changes driving DA morphology and activity regulation are difficult
to identify in such a heterogenous molecular environment. To date, unbiased screening

studies for molecular mediators of chronic opioid induced plasticity have been limited to
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homogenization of the entire VTA (Heller et al., 2015; Koo et al., 2015; McClung,
Nestler, & Zachariou, 2005), which includes GABAergic and dopaminergic neurons
(Margolis, Toy, Himmels, Morales, & Fields, 2012; Morales & Root, 2014; Nair-Roberts
et al., 2008). | addressed this knowledge gap by using a transgenic mouse line
(DAT!1092-GFP) 1o isolate actively translating mRNA specifically from VTA DA neurons

using TRAP as described in Chapter 3.

A similar TRAP method was developed to achieve both cell type- and projection-
specific transcriptome isolation by combining cell-specific expression of an anti-GFP
nanobody-fused L10a ribosome protein and targeted retrograde CAV-GFP expression
(i.e. Retro-TRAP) (Ekstrand et al., 2014). While this would be ideal to investigate
mechanisms underlying my morphine-induced morphology changes, it would be
technically challenging for a couple of reasons. This technique would require extensive
post-hoc analysis of injection targets while also relying on viral expression efficiency for
overall yield. Additionally, we needed to pool 4 VTA for each TRAP pulldown in order to
have sufficient RNA for RNAsequencing analysis, reduction in the total number of
labeled DA neurons would significantly increase the number animals needed. This
would be particularly problematic for isolation of PFC-projecting VTA DA neurons, which

are scarce compared to their NAc-projecting counterparts.

Therefore, we went forward with standard TRAP with the rationale that since
NAc-projecting VTA DA neurons are the predominant DA cell type, changes in gene
expression would likely be driven by this population, and projection-specificity of
identified candidate genes could be easily validated through in situ-hybridization and

IHC. Additionally, we felt that separation of the DAergic fraction from other neurons in
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the VTA was particularly important due to the noted opposing opioid-induced
adaptations in GABA vs. DA cells (e.qg. inhibition of GABA neurons and excitation of DA
neurons) (Dacher & Nugent, 2011a; Mazei-Robison et al., 2011; Nugent, Penick, &
Kauer, 2007). Thus, separation of DA neurons from the abundant other cellular
populations (GABAergic, glutamatergic neurons and glial populations) is a logical and
critical first step in understanding opioid-induced plasticity in the cellularly heterogenous

VTA.

We first validated the efficiency and cell-specificity of TRAP using TH-0a-GFP gnd
DAT'10a-GFP myjjce to isolate the DA-specific fraction in the VTA. VTA from chronic
morphine- and sham-treated DAT-1926FP mice were dissected and RNA from the whole
VTA (input) and specifically from VTA DA neurons (IP) was sequenced. Using
differential gene expression analysis, we identified 1,792 DA-specific transcript
alterations induced by morphine. This is the first time to our knowledge that genome-
wide analysis has been completed for VTA DA neurons following drug treatment,
accelerating the field’s current understanding of DA-specific response to opiates.
Additionally, in the whole VTA (input) analysis, we identified 2,103 genes significantly
regulated by morphine. While we focused on validating candidate genes in VTA DA
neurons, we can use similar techniques to validate morphine-induced genes identified in
the input fraction. Therefore, the results of these studies are critical for the advancement
of the field in elucidating new molecular mechanisms underlying morphine reward and

VTA DA plasticity.
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4.9. Validation of DA-specific Morphine-induced Genes

Thus far we have validated 7 morphine-regulated genes in VTA DA neurons
using RT-PCR analysis. Surprisingly, these findings include several neuropeptides
(Nms, Gcg, and Vgf) whose expression is induced by morphine. Expression of these
neuropeptides in the VTA has not been investigated previously. We could use western
blot or IHC to validate that the neuropeptides are expressed, although given the fast-
axonal transport of vesicles containing neuropeptides, protein concentrations in the cell
soma in the VTA may be low. One method to increase neuropeptide concentrations in
the cell soma is to halt vesicle trafficking through colchicine interruption of microtubule
dynamics (Vandecandelaere, Martin, & Engelborghs, 1997). Intracerebroventricular
injection of colchicine increases neuropeptide concentrations in the cell soma and thus
allows for increased immunofluorescent labeling. This method has been successfully
utilized to label Nms-producing neurons in the SCN (Lee et al., 2015), and may be
sufficient for protein validation of morphine-induced neuropeptides (Nms, Gcg, Vgf) in

the VTA.

Previously, BDNF/TrkB and Akt/mTORC pathways have been have been the
focus of many studies on chronic opioid-induced adaptations in the VTA. Specifically,
BDNF signaling in the VTA is reduced following chronic morphine treatment and is
correlated with actin remodeling and increased DA activity (Koo et al., 2012; Koo et al.,
2015; Mazei-Robison et al., 2011; Russo et al., 2007; Russo et al., 2009; Wolf, Nestler,
& Russell, 2007; Wolf et al., 1999). Therefore, identification of a morphine-induced
increase in Vgf expression in VTA DA neurons is somewhat counterintuitive given that

Vgf induction is seen following increased BDNF/TrkB signaling in other regions (Behnke
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et al., 2017, Bozdagi et al., 2008; P. Lin et al., 2014; W. J. Lin et al., 2015; Lu et al.,
2014). This is the first time to our knowledge that Vgf mMRNA was described in DA
neurons. It is possible that Vgf induction may occur within distinct subpopulations of DA
neurons. This could have behavioral implications similar to the region-specific effects of
Vgf on stress and anti-depressant action as Vgf has been implicated in chronic social
defeat stress in both in NAc and Hipp (Jiang et al., 2017; Lu et al., 2014). Specifically,
increased Vgf in the NAc is associated with pro-depressant behavior while Vgf in the
Hipp is thought to mediate anti-depressant action (Jiang et al., 2017; P. Lin et al., 2014).
Interestingly, in the NAc, Vgf protein is induced following chronic social defeat stress,
while mRNA levels remain stable (Jiang et al., 2017). This may suggest that CSDS-
induced Vgf expression may not necessarily be locally derived but be released by
afferent innervation. Therefore, it is possible that NAc-projecting VTA DA neurons may
be the source of Vgf protein induction in the NAc following CSDS. Therefore, it will be
interesting to determine whether NAc-projecting neurons specifically express Vgf and
mediate Vgf-induced plasticity in the NAc following CSDS. This may be achieved
through circuit and cell-specific deletion of Vgf using Crispr-Cas9 genome editing (Senis

et al., 2014).

4.10. Determine Cell-specificity of Morphine-regulated Genes Identified in Whole

VTA Input.

We also find little overlap between morphine-regulated transcripts in whole VTA
and DA-specific IP fractions. This suggests that there is a cumulative effect in the input
fractions such that transcriptional modifications across multiple cell types mask DA-

specific changes. It is likely that opioid-mediated inhibition of GABAergic VTA neurons
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(via MOR GPCR activity) induces opposing molecular changes compared to molecular
mediators of increased DA activity. While the majority of the experiments outlined in
Chapter 3 focused on transcript alterations induced in VTA DA neurons, the molecular
adaptations in other VTA cellular populations will be important to address. This can be
achieved by using the same techniques outlined in Chapter 3, but with different Cre-
driver lines for cell-specific L10a-GFP expression. For example, isolation of GABAergic
MRNA can be achieved by crossing Rosa26-L10a-GFP mice with VGAT-Cre or GAD2-
Cre mice. Likewise, the glutamatergic population may be isolated using VGLUT2-Cre
mice. Although some caution will be needed in the interpretation of genomic expression
of glutamatergic VGLUT2-fraction due to the presence of DA/glutamate co-releasing

populations in the VTA.

Candidate genes identified in whole VTA can also be systematically validated
first in whole VTA samples, and then in cell type-specific TRAP samples. One surprising
finding from our studies was that the morphine-induced increase in SGK1 was only
identified in the whole VTA input, not in the DA-specific fraction. There are two likely
explanations for this discrepancy: 1) Sgkl induction occurs in a non-dopaminergic cell
type (e.g. GABA neurons) or 2) Sgkl RNA is not being actively translated. SGK1
cellular specificity can be directly tested using combined IHC and in-situ hybridization of
anti-Sgk1 probes in the VTA. Additionally, other Cre-driver lines can be used for TRAP
analysis to assess Sgkl expression in other cell types. We have completed preliminary
studies using VGAT-Cre mice to detect changes in VTA GABA neurons, and
surprisingly we do not observe a morphine-induced increase in SGK1. It is possible that

morphine-induced SGK1 gene expression is physiologically distinct from the concurrent
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increase in SGK1 kinase activity (Heller et al., 2015). There is evidence that while SGK1
gene induction is robust in the VTA following chronic opioids (2-fold increase), total
SGK1 protein does not show a similar increase and remains stable (Heller et al., 2015).
Thus, it will be important to first determine if SGK1 mRNA is being actively translated
within the VTA. This can be achieved using a variation of the TRAP protocol with IP of
all ribosomes (as opposed to cell-specific ribosomes). This would allow for confirmation
that SGK1 is being induced and actively translated in the VTA. It is also possible that
SGK1 is being actively translated in a minor cell population such that total SGK1 protein
is not substantially changed in whole VTA. Therefore, if an appropriate cell type-specific
Cre-driver line is available, morphine-induced expression of SGK1 can be directly

validated similar to approaches used in Chapter 3.

4.11. Validation of Behavioral Relevance of Projection-specific Chronic Opioid-

induced Plasticity.

Collectively, the dissertation research presented here identified both cell type-
specific molecular adaptations and projection-specific plasticity in VTA DA neurons. An
important next step would be to combine these findings in projection-specific validation
to identify the behavioral significance of these changes. Firstly, the physiological and
behavioral significance of opioid-induced adaptations in PFC-projecting neurons
remains to be directly tested. | predict that because the VTA DA-PFC circuit is important
in aversive processing, that these populations of VTA DA have reduced activity during
chronic opioids and increased activity during opioid withdrawal. Similar techniques can
be used to test this hypothesis as in previous studies that defined NAc projection-

specific responses to drug reward (Lammel et al., 2008; Lammel et al., 2011; Margolis
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et al., 2006; Mazei-Robison et al., 2011). For example, retrograde cell type-specific viral
tracers (AAV5-DIO-eYFP) or combined TH immunohistochemistry and
retrograde/anterograde tracers (Dill, fluorogold or retrobeads) can be combined with
standard electrophysiological measurements to identify changes in activity directly
following chronic morphine treatment or at different time points of withdrawal in PFC-
projecting DA neurons. Use of optogenetic approaches to specifically manipulate
activity of the VTA DA-PFC circuit may be a useful to elucidate the behavioral
consequence of activating or inactivating PFC-projecting VTA DA neurons during
morphine administration and reward paradigms (CPP, IVSA). Collectively, there are a
multitude of directions that can be taken to determine the physiological and behavioral

relevance of this understudied subpopulation of VTA DA neurons.

Additionally, projection-specific validation of chronic opioid-induced molecular
adaptations identified in the RNAsequencing study would be a powerful tool to
determine the physiological and behavioral significance of these changes. The
development of addiction involves not only VTA reward processing but alterations in
other upstream structures (NAc and PFC) which are critical for the progression to
uncontrolled or compulsive drug use. Identification of the molecular mediators (in
addition to DA itself), which are responsible for the transition to addiction are critical for
the development of therapeutic intervention. Our identification of increased
neuropeptide expression following chronic morphine may mediate synaptic and
signaling changes in upstream structures. In order to determine the function of these
neuropeptides following chronic opioid administration, one can use genomic and/or

projection-specific knockout of a target gene in conjunction with measuring opioid-
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induced reward behavior (such as CPA, IVSA, voluntary morphine drinking paradigm).
Projection-specific knockout of specific genes can be obtained through Crispr-Cas9
mediated genome editing and can be a powerful tool to systematically confirm the
behavioral significance of a specific gene. Additionally, other genetic mouse models for
Cre-dependent expression or depletion of Nms and Vgf are readily available and
previously validated (Jiang et al., 2017; Lee et al., 2015). For example, the necessity of
Nms production in DA neurons for opioid-associated behavior can be determined by
crossing floxed-Nms mice with DAT-Cre mice and assessing morphine reward using
either drinking preference tasks, morphine self-administration, or CPP. A similar
strategy can be utilized to determine the roles of Vgf and Gcg function in VTA DA

neurons following chronic morphine treatment.

4.12. Conclusion

Results of the present study confirm diversity in VTA DA neurons and highlight
the importance of identifying separate DA subpopulations to understand their specific
roles in opioid dependence and addiction. This study filled a major knowledge gap in the
field on both projection- and cell-specificity of chronic opioid plasticity. Specifically, we
identified structural alterations in specific VTA DA projections that suggest chronic
opioids may differentially alter circuit-specific DA activity and output. In order to better
understand the molecular mediators of chronic opioid-induced VTA DA circuit function
we utilized technological advances to specifically identify transcriptome changes in VTA
DA neurons. Using TRAP and RNAsequencing we identified thousands of chronic
opioid-regulated genes in the VTA. The results of this study pave a path for future in-

depth validation of chronic opioid-induced adaptations using circuit and cell-type specific
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applications. Chronic opioid-induced plasticity has not been well studied, primarily due
to the complexity of the mesocorticolimbic system. Prior research has substantially
focused on acute effects of opioids, which are fundamentally different than those of
chronic opioids (Dacher & Nugent, 2011b; Mazei-Robison & Nestler, 2012; Ting & van
der Kooy, 2012). The identification of novel molecular mediators and circuitry effects of
chronic opioids is especially important given that long-term use of opioids dramatically
increases the risk for opioid dependence and addiction. The United States is currently in
the midst of an opioid epidemic where it now estimated that an average of 115 people
die a day from opioid-related overdose (CDC, 2017) and long-term use of prescription
opioids increases the risk for both drug tolerance and accidental overdose. Therefore,
the elucidation of novel chronic opioid- induced molecular adaptations is critical for the

discovery of better pharmaceutical intervention for the treatment of opioid dependence.
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