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ABSTRACT

Despite the fact that more men are diagnosed with substance use disorder, women
escalate their drug consumption faster, exhibit higher craving during withdrawal, and have
poorer treatment outcomes. Furthermore, as our cultural expectations of men and women
have changed, there has been an increase in drug use in women and this increase is likely
to persist. Preclinically, female rodents show stronger behavioral responses to drugs of
abuse during initiation, escalation, and reinstatement of drug seeking. These behavioral
differences are accompanied by alterations in structural plasticity within the
mesocorticolimbic reward system. However, little is known about what functional sex
differences exist in glutamate transmission in these circuits. The goal of these experiments
was to determine functional sex differences in reward circuitry that may underlie
behavioral sex differences in substance use disorder. We found heightened glutamate
transmission in both the medial prefrontal cortex and nucleus accumbens in females
compared to males. These findings corresponded with the nucleus accumbens being less
plastic in females. We then investigated the role of PKMC, a glutamatergic AMPA receptor
trafficking protein, in plasticity and opioid-taking. We found PKM( plays a role in synaptic
plasticity within the nucleus accumbens and it works to blunt oxycodone-taking and
motivation in a dose-dependent manner. Taken together these findings suggest there are
functional sex differences at many levels within the reward system and gaining a better
understanding of these differences could provide insight into improved treatments for

substance use disorder.
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CHAPTER 1

Behavioral Sex Differences in Cocaine and Opioid Use Disorders: The Role of
Gonadal Hormones

Introduction

Substance use disorder (SUD) is a growing public health crisis in the United States,
with overdose deaths steadily increasing through 1999-2018 (Hedegaard et al., 2020).
While the ongoing opioid epidemic is a large driver of this, overdose deaths involving
cocaine are also rising. Rates of age-adjusted overdose deaths involving synthetic opioids
other than methadone increased by 10% from 2017-2018 and overdose deaths involving
cocaine more than tripled from 2012-2018 (Hedegaard et al., 2020). While there are FDA-
approved pharmacotherapies to treat opioid use disorder, many of them are limited in
efficacy and none are currently approved to treat cocaine use disorder. Furthermore, the
available pharmacotherapies for opioid use disorder do not yield the same treatment
outcomes in males and females. After 2 weeks of treatment with buprenorphine, a larger
percentage of males remain abstinent from illicit opioids than females (K. P. Johnson et
al., 1995). This eventually reverses, however, and more females remain abstinent from
illicit opioids than males at 17 and 24 weeks of treatment (Jones et al., 2005; Schottenfeld
et al., 1998). This is possibly due to sex differences in the development and experience of
substance use disorder. The information on opioid use disorder is less extensive, though
existing research shows that males and females also do not develop and experience opioid
use disorder in the same manner. Across the board, it appears that females are more
vulnerable than males to cocaine and opioid use disorders.

While the behavioral sex differences in opioid and cocaine use disorder overlap,
the neural mechanisms underlying these differences are less understood. Cocaine and
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opioids produce their rewarding effects through similar mechanisms, though their effects
on the brain diverge in numerous ways. This makes it difficult to determine whether
behavioral sex differences in SUD develop through the same mechanisms for different
drugs of abuse. While various mechanisms have been implicated, ovarian hormones are
likely the primary driver of the behavioral sex differences seen in cocaine use disorder. It
is unclear, however, whether ovarian hormones also drive the behavioral sex differences
seen in opioid use disorder. It seems plausible, given that cocaine and opioids have many
overlapping effects on the brain. The opioid literature is limited, however, and paints a
slightly different story. Overall, it seems overlapping behavioral sex differences in drug
abuse might not be driven by the same biological mechanisms. This review highlights the
need for further exploration of the mechanisms underlying sex differences in opioid use
disorder.
Behavioral Sex Differences in Substance Use Disorder

Both preclinical and clinical research have traditionally ignored sex as a biological
variable. The majority of research was conducted in males, leading to heavily biased results
(Greenfield et al., 2007). Unfortunately, male biases in biomedical research have led to
economic loss and unintended fatalities (S. K. Lee, 2018). These consequences led to NIH
mandates for the inclusion of female subjects in research, which has exponentially
increased the number of published reports about substance abuse in women (Greenfield et
al., 2007). As substance abuse research involving female subjects increases, new trends are
emerging.

According to the 2018 National Survey on Drug Use and Health, the rate of illicit

drug use other than marijuana in those aged 12+ is higher in males than in females



(SAMHSA, 2018). However, this gap is steadily closing, likely due to attitude changes
towards women in the home and workplace (Brady & Randall, 1999). Despite the fact that
the rate of abuse and dependence is currently higher in males, females are more vulnerable
to many aspects of SUD. While the breadth of research on sex differences in cocaine abuse
is extensive, less is known about sex differences in opioid abuse. However, with the
ongoing opioid epidemic, new research has indicated that opioids likely have similar
effects in females as cocaine. Both lines of research point to the same trend: females are
more vulnerable than males to many aspects of cocaine and opioid use disorders.

Clinical research indicates that women are more sensitive to many aspects of
cocaine use. Women report higher cocaine craving following exposure to drug-related
cues, more frequently having used more cocaine than they meant to, and more frequently
having used despite trying not to than men (Kennedy et al., 2013). Women also report a
higher desire to use cocaine, lower desires to not use cocaine, and lesser highs than men
(Elman et al., 2001; Sofuoglu et al., 1999). Together, these data indicate that men and
women do not experience cocaine use disorder in the same way. Biological sex therefore
appears to influence responses to cocaine, likely increasing female vulnerability to cocaine
use disorder.

Preclinical work generally recapitulates the clinical findings, with female rodents
exhibiting increased behavioral responses to cocaine. It is important to note that these
differences are not always seen and the effect of sex in preclinical models of substance use
disorder often depends on paradigm (Larson et al., 2005). Nonetheless, a breadth of studies
indicate that female rodents acquire cocaine self-administration more rapidly, self-

administer more cocaine, and exhibit higher responding during reinstatement and on



progressive ratio (PR) schedules than males (Bechard et al., 2018; Carroll et al., 2002; Festa
& Quinones-Jenab, 2004; Kerstetter et al., 2008; Lynch & Carroll, 2000; Lynch & Taylor,
2004; Ramoa et al., 2013; Roberts et al., 1989). Additionally, females are more sensitive
to factors that contribute to the escalation of cocaine-taking and they acquire cocaine
conditioned place preference quicker and at lower doses than males (Roth & Carroll, 2004;
Russo et al., 2003). These differences are present from an early age, as adolescent females
also acquire self-administration more readily and respond at higher levels in a PR paradigm
than males (Lynch, 2008). Together, these data indicate that females are more vulnerable
than males to the behavioral effects of cocaine. Preclinical models of cocaine taking,
seeking, and relapse indicate that cocaine interacts with biological sex in some manner to
alter addiction-like behaviors.

These effects do not appear to be specific to cocaine, as the emerging opioid
literature also indicates that females are more susceptible to the addiction-like effects of
opioids. Clinically, women report higher baseline opioid craving and higher heroin craving
following exposure to drug-paired cues than men (Back et al., 2011; Yu et al., 2007).
Preclinically, females acquire heroin self-administration more rapidly and take more
heroin, fentanyl, oxycodone, and morphine than males (Carroll et al., 2002; Cicero et al.,
2003; Kimbrough et al., 2020; Klein et al., 1997; Lynch & Carroll, 1999; Zanni et al.,
2020). Additionally, females respond more than males during cue-induced heroin
reinstatement and for morphine on a PR schedule (Cicero et al., 2003; Vazquez et al.,
2020). Females also exhibit higher morphine withdrawal scores compared to males (Reiss

et al., 2020).



Given these findings, it seems the existing literature on sex differences in opioid
abuse points to a similar trend: females are more susceptible to many aspects of opioid use
disorder. The available pharmacotherapies to treat opioid use disorder are unfortunately
limited by side effects and efficacy. Through understanding how sex influences SUD, we
might be able to create more targeted pharmacotherapies that would limit side effects and
increase efficacy. While the behavioral sex differences in opioid and cocaine use disorders
seem to overlap, it is unclear whether they are driven by the same mechanisms.

The Influence of Gonadal Hormones on Behavior

Biological sex can influence behavior via actions of the different complement of
genes on sex chromosomes and via circulating gonadal hormones (Arnold, 2009). Gonadal
hormones are capable of modulating behavior in two ways: through organizational and
activational effects. The organizational-activational hypothesis of gonadal hormones was
first proposed by Phoenix and colleagues (Phoenix et al., 1959). Organizational effects of
hormones permanently shape the brain. These effects can occur throughout life during
critical periods such as puberty (Romeo, 2003). A crucial time point for the organizational
effects of hormones is around the time of birth. During the perinatal period, testosterone
masculinizes the male brain (Phoenix et al., 1959). Importantly, perinatal masculinization
alters excitatory synaptic input in the nucleus accumbens (Cao et al., 2016). Therefore, it
is possible that organizational effects of gonadal hormones during the perinatal period
shape the brain in a way that primes females to be more vulnerable to SUD than males.
Activational effects of hormones are transient, due to circulating levels of gonadal
hormones, and usually reversible. The activational effects of gonadal hormones occur when

they interact with the masculinized or feminized brain to influence behavior. Once



onboard, drugs of abuse can interact with circulating ovarian hormones in a manner that
makes females more susceptible than males to subsequent use (Baker et al., 2003; Becker
& Hu, 2008; Festa & Quinones-Jenab, 2004; Jackson et al., 2006; A. N. Perry et al., 2013).

Understanding the role of both organizational and activational effects of gonadal
hormones on reward signaling and the response to drugs of abuse could provide us with
insight into mechanisms underlying behavioral sex differences. It is possible that the
masculinization (or lack thereof) of the brain affects vulnerability to drug use in adulthood.
Furthermore, interactions amongst circulating gonadal hormones and drugs of abuse also
likely influence how males and females respond in the context of SUD. Understanding how
gonadal hormones might affect vulnerability to SUD will ideally lead to better treatment
plans and subsequent outcomes.

Gonadal Hormones and Substance Use
Cocaine

It is well-established that ovarian hormones play a key role in sex differences in
cocaine abuse. The human menstrual cycle lasts approximately 28 days and is divided into
luteal and follicular phases. Estrogen levels peak about halfway through the cycle, followed
by a peak in progesterone (Staley & Scharfman, 2005). In rodents, the estrous cycle lasts
approximately 4 days and is divided into 4 stages: proestrous, estrous, metestrous, and
diestrous. Estrogen levels peak during the proestrous phase and progesterone levels peak
in between the proestrous and estrous phases (Staley & Scharfman, 2005). Changes in
ovarian hormone levels throughout both the human and rodent menstrual and estrous cycles
are known to influence substance use behaviors, as circulating estradiol levels significantly

contribute to the enhanced sensitivity to the reinforcing effects of cocaine seen in females



(Lynch, 2008). Clinically, the subjective effects of cocaine vary throughout the menstrual
cycle (Evans & Foltin, 2010; Sofuoglu et al., 1999; Terner & de Wit, 2006). Preclinically,
female rats in estrus exhibit higher breakpoints in a PR paradigm but remain stable in males
(Lacy et al., 2016; Roberts et al., 1989). Additionally, female rats in estrus exhibit greater
responding during self-administration, extinction, and reinstatement than either males or
non-estrous females (Feltenstein et al., 2009; Feltenstein & See, 2007; Kippin et al., 2005;
Lynch, 2008). Together, these data indicate the reinforcing efficacy of cocaine is
dramatically altered by fluctuating levels of ovarian hormones throughout the estrous
cycle.

Further confirming this association, studies ovariectomizing (OVX) female rats
have shown that ovarian hormones increase vulnerability to cocaine abuse. Blocking the
activational effects of ovarian hormones via OVX in adulthood affects behavioral
responses to cocaine (Russo et al., 2003; Sircar & Kim, 1999; Walker et al., 2001). OVX
decreases the magnitude of cocaine conditioned place preference, the magnitude of
reinstatement, and the percentage of animals acquiring self-administration (Larson et al.,
2005; Lynch et al., 2001; Russo et al., 2003). Furthermore, estradiol replacement to OVX
females facilitates cocaine self-administration and conditioned place preference (Hu et al.,
2004; A. N. Perry et al., 2013; Ramoa et al., 2013; Segarra et al., 2010; Twining et al.,
2013). This effect is specific to females, as a dose of estradiol that enhances self-
administration in OVX females has no effect on behavior in castrated males (Jackson et
al., 2006). Estradiol replacement also increases cocaine reinstatement and breakpoints on
a PR schedule (Becker & Hu, 2008; Doncheck et al., 2018; Larson et al., 2005; Larson &

Carroll, 2007; A. N. Perry et al., 2013). Thus, removal of ovarian hormones seems to



decrease behavioral responses to cocaine in female rats, while hormonal replacement
facilitates addiction-like behaviors. However, there are multiple studies that demonstrate
differing effects of sex and gonadal hormones on behavioral responses to cocaine.

While some studies show differences in cocaine progressive ratio breakpoint
throughout the menstrual cycle (Mello et al., 2007), other studies do not (Cooper et al.,
2013). Furthermore, sex and gonadal hormone status do not always influence cocaine self-
administration in cynomolgus monkeys or rats (Baptista et al., 2004; Kerstetter et al., 2012;
Mello et al., 2007). There are many possibilities for these discrepancies in the literature.
Methodological differences are a likely explanation, as increases in progressive ratio
during the estrous phase in cynomolgus monkeys are seen at a low dose of cocaine (Mello
et al., 2007). Furthermore, the paradigm used influences the effect of estrus on cocaine-
seeking (Kerstetter et al., 2008). It is proposed that duration of cocaine exposure influences
estrogen levels and duration of estradiol replacement can modulate dopamine release in the
striatum (Becker, 1990; Larson et al., 2005; Lynch & Taylor, 2005). This indicates that the
paradigm used in estradiol replacement studies could significantly impact behavioral
responses to cocaine. Indeed, the length of estradiol replacement significantly alters
cocaine reinstatement and the dose of cocaine used significantly modulates the effect of
estradiol replacement on cocaine conditioned place preference scores (S. A. Bobzean et al.,
2014; Larson et al., 2005).

Overall, the literature indicates a strong, but nuanced, role of ovarian hormones in
cocaine abuse. Factors such as reinforcement schedule, dose, and prior behavioral
experience are frequent explanations for discrepancies in this literature. However, there is

a significant role of progesterone in behavioral responses to cocaine that is often ignored.



Clinically, progesterone attenuates the “good drug effect” of smoked cocaine in women
and decreases cocaine use in post-partum women (Evans & Foltin, 2010; Yonkers et al.,
2014). Preclinically, progesterone decreases cocaine self-administration in non-human
primates and decreases escalation of cocaine taking in rodents (Larson & Carroll, 2007;
Mello et al., 2011). Furthermore, cocaine seeking is at its lowest when progesterone is at
its highest, and cocaine seeking is at its highest when progesterone levels are at their lowest
(Feltenstein & See, 2007). These studies exemplify the need for further consideration of
progesterone in the behavioral sex differences seen in cocaine abuse.

While there is a demonstrated role for estrogen in these differences, progesterone
has a consistent effect on dampening behavioral responses to cocaine in females.
Less is known about the perinatal organizational effects of gonadal hormones on cocaine
abuse, as prepubertal animals are less commonly studied. While female rats exhibit higher
cocaine-induced locomotor activity than males in adulthood, there do not appear to be sex
differences in this measure in prepubertal rats (Cailhol & Mormede, 1999; Kuhn et al.,
2001; Segarra et al., 2010; Ujike et al., 1995). However, prepubertal gonadectomy has
opposing effects on locomotor activity in males and females. Male rats gonadectomized
prepubertally exhibit increased behavioral responsiveness to cocaine while female rats
gonadectomized prepubertally exhibit decreased behavioral responsiveness to cocaine
(Parylak et al., 2008). This suggests that there are multiple organizational and activational
effects of gonadal hormones that modulate responsiveness to cocaine. Furthermore, it also
demonstrates that male gonadal hormones might be protective against some aspects of

SUD, while female gonadal hormones increase vulnerability to SUD.



Testosterone appears to play a smaller, but still significant, role in the sex
differences seen in cocaine use. Testosterone replacement to castrated male rats reduces
cocaine-induced focused stereotypy sensitization and partially restores cocaine-induced
reductions of dopamine uptake in the striatum, indicating that testosterone modulates
cocaine-induced alterations of dopamine homeostasis (R. Chen et al., 2003). Furthermore,
intact male rats display sensitization to cocaine-induced stereotypic activity over the course
of'a week while castrated male rats display sensitization only following a cocaine challenge
(Chin et al., 2002). This shows that behavioral stereotypy can sensitize to cocaine without
testosterone, albeit in a different manner. It is plausible that testerone is protective against
cocainse use, whereas estrogen is detrimental to cocaine use.

Overall, there is a breadth of evidence indicating that gonadal hormones modulate
behavioral responses to cocaine. Both clinical and preclinical literature indicate that
ovarian hormones are a major driver of female vulnerability to cocaine use and abuse.
Removal of ovarian hormones blocks behavioral responses to cocaine and estradiol
replacement rescues these effects. What is unknown, however, is whether gonadal
hormones are also the predominant driver of behavioral sex differences in opioid abuse.

Opioids

Unfortunately, the work examining the effects of gonadal hormones on opioid
abuse is limited. Clinically, little is known about subjective responses to opioids throughout
the menstrual cycle in patients with SUD. While some pain literature indicates the
analgesic efficacy of opioids may vary throughout the human menstrual cycle, the results
are conflicting (Ribeiro-Dasilva et al., 2011; Terner & de Wit, 2006). While there are gaps

in the clinical literature, there are behavioral differences seen in preclinical models of
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opioid use disorder throughout the estrous cycle. Female rats take a similar number of
heroin infusions during the estrous, metestrous, and diestrous phases but self-administer
significantly less during the proestrous phase (Lacy et al., 2016). Together, these data
highlight the possibility that opioid use disorder is similarly influenced by ovarian
hormones as cocaine.

Just as with cocaine, behavioral responses to opioids can vary following OVX.
OVX in female mice decreases the magnitude of morphine conditioned place preference
similarly to cocaine, an effect that can be reversed with estradiol replacement (Mirbaha et
al., 2009). Additionally, estradiol replacement following OV X in rats increases acquisition
of heroin self-administration and infusions during the last 5 days of acquisition compared
to OVX conspecifics treated with vehicle (Roth et al., 2002). Preclinical pain literature
indicates an organizational effect of perinatal gonadal hormones on opioid-induced
analgesia, as gonadectomy shortly after birth, but not in adulthood, significantly alters
morphine analgesia in both male and female rats (Borzan & Fuchs, 2006; Cataldo et al.,
2005; Cicero et al., 2002; Krzanowska et al., 2002). These results indicate significant
organizational and activational effects of gonadal hormones in responses to opioids. While
this literature would lead to the conclusion that gonadal hormones drive cocaine and opioid
use disorders similarly, many studies have found opposing results.

For example, OVX followed by estradiol replacement in rats has no effect on heroin
self-administration and responding on a PR schedule (Stewart et al., 1996). Furthering this,
multiple studies have found no effect of OVX at all in rat models of opioid use disorder.
OVX has no effect on heroin self-administration, seeking, or responding on a PR schedule

(Sedki et al., 2015; Stewart et al., 1996). Additionally, while estradiol replacement to OVX
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animals increases the number of heroin infusions earned, sham controls do not differ from
OVX controls (Roth et al., 2002). This makes the role of ovarian hormones in opioid use
disorder difficult to understand, as blocking circulating ovarian hormones in rats does not
always affect taking and seeking behavior on its own. This calls into question whether the
activational effects of ovarian hormones play the same role in cocaine and opioid abuse.

Adding to the confusion, OVX in mice actually increases conditioned place
preference at a dose of 10 mg/kg morphine, an effect that is then decreased by estradiol
replacement (Mirbaha et al., 2009). Additionally, estradiol replacement blocks increased
heroin seeking seen in OVX female rats following food restriction (Sedki et al., 2015).
However, it should be noted that this effect may be mediated, in part, by the anorexic
properties of estradiol (Sedki et al., 2015). While the role of progesterone in opioid abuse
is largely unknown, there is evidence it does not affect motivation for heroin in rats
(Stewart et al., 1996). Thus, while the role of ovarian hormones in cocaine taking and
seeking is well-established, the role in opioid taking and seeking is not. Ovarian hormones
have been shown to promote, block, or not affect the behavioral effects of opioids, making
it difficult to understand their role in these behaviors. This leads to the possibility that
ovarian hormones do not play the same role in the sex differences seen in cocaine an opioid
abuse.

Although there is little work examining the role of testosterone in opioid use
disorder, there is evidence that testosterone and opioids interact. Both morphine and heroin
reduce testosterone levels in rats and humans, indicating some form of interaction between
them (Cicero et al., 1976; Mendelson & Mello, 1975; Yilmaz et al., 1999). The majority of

the literature on this topic focuses on how testosterone modulates opioid antinociception.
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Female and castrated male rats develop morphine tolerance slower than intact male or
testosterone-treated female rats (South et al., 2001). Additionally, naloxone can increase
pain threshold and enhance morphine-induced analgesia in castrated rats. This can be
abolished with testosterone treatment (Rao & Saifi, 1985). There appears to be a strong
organizational effect of neonatal testosterone on morphine antinociception, as males
gonadectomized neonatally exhibit reduced morphine analgesia in adulthood and female
rats treated neonatally with testosterone exhibit increased morphine analgesia (Borzan &
Fuchs, 2006; Cataldo et al., 2005; Cicero et al., 2002; Krzanowska et al., 2002). Overall,
this indicates there are organizational and activational effects of testosterone that alter the
analgesic efficacy of opioids. This provides evidence that testosterone might also modulate
behavioral responses in opioid use disorder.

The role of circulating gonadal hormones in opioid use disorder remains unclear.
While ovarian hormones exhibit clear organizational and activational effects in cocaine
abuse, there are inconsistent results in opioid abuse. OVX blunts behavioral effects of
cocaine, an effect that can be reversed with estradiol replacement. However, OVX does
not consistently affect behavioral effects of opioids. Furthermore, estradiol replacement
can decrease, increase, or not affect these responses. These studies indicate that the role of
the activational and organizational effects of ovarian hormones in SUD might differ by
drug class (see table 1). It is possible that there are activational effects of ovarian hormones
that are not the same following cocaine or opioid exposure. The role of testosterone in SUD
is less clear. It appears that testosterone may be protective against SUD, but a lack of data
prevents any definitive conclusions. Overall, it seems that ovarian hormones might not play

the same role in opioid use disorder as they do in cocaine use disorder. Behavioral sex
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differences themselves might be similar across drug classes, but the underlying
mechanisms might not. Given the lack of available studies, further research examining how
gonadal hormones and opioids interact are crucial to understand behavioral sex differences

in opioid use disorder.

Table 1
OvX

CPP Self-administration Seeking PR Responding
Cocaine l l l -
Opioids 1 No effect No effect No effect

OVX + estradiol replacement

CPP Self- administration Seeking PR Responding
Cocaine 1 1 1 )
Opioids 1, No effect 1, No effect 1, No effect No effect

This table summarizes the studies that have examined the role of ovarian hormones in
preclinical models of cocaine and opioid use disorder. The rows for each drug reflect changes
to behavioral phenotypes following OVX and OVX + estradiol replacement. The line
symbolizes that no studies have examined this directly.

Neural Mechanisms Underlying the Reinforcing Properties of Cocaine and Opioids
Given the existing literature on gonadal hormones and substance use disorder, it seems
behavioral sex differences in cocaine and opioid abuse might be driven by different
mechanisms. This seems in direct contradiction to the fact that cocaine and opioids both
produce their rewarding effects through activation of the mesolimbic dopamine system.
Put simply, both drugs increase dopamine release from the ventral tegmental area (VTA)

to the nucleus accumbens (NAc), albeit through slightly different mechanisms. Cocaine, a
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dopamine, serotonin, and norepinephrine transporter blocker, prevents neurotransmitter
clearance from the synapse. Blocking the dopamine transporter (DAT) results in a flood of
dopamine in the NAc, producing the rewarding effects of the drug (Hummel and
Unterwald, 2002). Opioids primarily bind to p opioid receptors on GABAergic neurons in
the VTA, leading to disinhibition of dopamine projections to the NAc. Overall, this induces
an increase in dopaminergic signaling to the NAc (Fields and Margolis, 2015). While they
work through slightly different mechanisms, the end result is a flood of dopamine in the
NAc.

The mechanisms driving relapse to opioids and cocaine overlap as well.
Specifically, it has been proposed that the glutamatergic effects of the drugs overlap
(Hearing et al., 2018). In basal conditions, the cystine-glutamate antiporter (system xc-)
increases extracellular glutamate levels which in turn stimulates presynaptic group II
metabotropic glutamate receptors (mGluR2/3), resulting in a decrease of excitatory
transmission (Moran et al., 2005). Both opioids and cocaine disrupt glutamate homeostasis
during withdrawal. This is in part due to decreased function of system xc- and mGluR2/3
(Bossert et al., 2006; Knackstedt, Melendez, et al., 2010; Xi et al., 2002; Zhou & Kalivas,
2008). Restoring function to system xc-, usually by administration of N-acetylcysteine,
reverses cocaine-mediated alterations of long-term potentiation (LTP) and long-term
depression (LTD), prevents both cue- and drug-primed cocaine and heroin reinstatement,
and induces a lasting reduction in cue- and heroin-induced seeking (Baker et al., 2003; Kau
et al., 2008; Madayag et al., 2007; Moussawi et al., 2009, 2011; Zhou & Kalivas, 2008).
This effect appears to be at least partially dependent on mGluR2/3, as antagonists block

the ability of N-acetylcysteine to restore LTP following cocaine self-administration
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(Moussawi et al., 2009). Additionally, cocaine conditioned reinstatement, cocaine-primed
reinstatement, and context-induced heroin seeking can be attenuated with mGluR2/3
agonists (Baptista et al., 2004; Bossert et al., 2006; Peters & Kalivas, 2006). This indicates
that both cocaine and opioid exposure produce alterations to system xc- and mGluR2/3 in
the NAc that disrupt glutamate homeostasis and set the stage for relapse.

Overall, the literature points to common mechanisms underlying cocaine and
opioid relapse: altered glutamate homeostasis in the NAc via decreased function of system
xc- and mGIluR2/3. The mechanistic overlap seen in cocaine and opioid use disorders leads
to the hypothesis that similar mechanisms might actually drive female vulnerability to both
opioid and cocaine abuse. Unfortunately, the issue is not so clear cut. While there are
overlapping mechanisms underlying cocaine and opioid abuse, there is strong evidence
indicating that cocaine and opioids have differing effects on synaptic plasticity.

LTP and LTD are two forms of synaptic plasticity that can be altered by exposure
to drugs of abuse. Cocaine consistently disrupts LTD in the NAc. A single exposure can
abolish LTD (Fourgeaud et al., 2004) and various models of chronic exposure and
withdrawal can induce persistent inhibition of LTD in the core and shell regions
(Knackstedt, Melendez, et al., 2010; Martin et al., 2006; Moussawi et al., 2009; Thomas et
al., 2001). This impairment is likely due to downregulated mGIluRS and subsequently
disrupted system xc- function (Fourgeaud et al., 2004; Knackstedt, Melendez, et al., 2010;
Moussawi et al., 2009). N-acetylcysteine administration restores the deficits, an effect that
is dependent on mGIluRS but not mGIluR2/3 (Moussawi et al., 2009). Impairment also
appears to depend on subregion, as it persists in the core region during abstinence but does

not persist in the shell (Martin et al., 2006).
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Opioids also exert long-lasting impairments in LTD in the NAc. Prolonged
withdrawal from opioids impairs LTD in both the NAc core and shell (Z. Dong et al., 2007;
Qian et al., 2019; Shen & Kalivas, 2013). Interestingly, this effect appears to be due to
downregulation of mGlur2/3 (Z. Dong et al., 2007; Robbe et al., 2002). This is inconsistent
with the prior results showing cocaine-mediated disruptions in LTD are due to mGIuRS5,
not mGluR2/3. This leads to the possibility that while the net results are similar, different
mechanisms might drive the impaired LTD seen in the NAc following cocaine and opioid
exposure. Furthering this, there are also differences seen in synaptic potentiation following
drug exposure.

Chronic cocaine, regardless of whether it is followed by extinction, induces a LTP-
like state in the NAc. Frequently, this state prevents the induction of further LTP
(Moussawi et al., 2009). Thus, many studies show that cocaine actually prevents the
induction of LTP in the NAc (Knackstedt, Moussawi, et al., 2010; Moussawi et al., 2009).
Similarly, acute morphine withdrawal impairs induction of LTP in the NAc shell, an effect
that is restored over prolonged withdrawal (Z. Dong et al., 2007). Within the NAc core,
heroin self-administration followed by extinction also impairs induction of LTP (Shen &
Kalivas, 2013). While this leads to the possibility that cocaine and opioids exert similar
effects on synaptic plasticity, the NAc actually exhibits a LTD-like state during heroin
withdrawal (Shen et al., 2011). There is a decrease in the AMPA/NMDA ratio in the NAc
core during heroin extinction which is due to increases in NR2B and NMDA current decay
time (Shen et al., 2011). Overall, this indicates the NAc core is likely in a depotentiated
state following heroin exposure. Therefore, it appears that while both opioids and cocaine

can impair LTP induction, they lead to opposing states in the NAc.
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Overall, this indicates there are opposing changes to synaptic plasticity in the NAc
following cocaine and opioid exposure (Shen & Kalivas, 2013). This can lead to similar
outcomes such as blunted LTD and difficulty inducing LTP even though the underlying
mechanisms are not the same. Synaptic plasticity is an important modulator of SUD (Kauer
& Malenka, 2007), therefore changes in synaptic plasticity can drive behavioral responses
to drugs of abuse. These differences in synaptic plasticity within the NAc represent the
possibility that different mechanisms might drive the overlapping behavioral sex
differences in SUD.

Differences in synaptic plasticity following exposure to drugs of abuse can also be
examined using dendritic spine density as changes to spine density underlie drug use
(Kalivas, 2009). Interestingly, different classes of drugs alter spine density in different
ways. Specifically, cocaine and opioids have opposing effects on spine density within the
mesolimbic reward system. Cocaine self-administration increases dendritic branching and
density of dendritic spines in NAc shell medium spiny neurons and prefrontal and parietal
pyramidal cells (Robinson et al., 2001). Repeated cocaine increases spine density in the
NAc shell (Dumitriu et al., 2012) and core (Norrholm et al., 2003). Interestingly, the effect
of cocaine on spine density in the core appears to be time-dependent, with density actually
decreasing at certain time points following exposure (Dumitriu et al., 2012; Siemsen et al.,
2019). Nonetheless, cocaine overall induces increases in spine density in the NAc. The
opposite effect is generally seen following opioid exposure.

Both self-administered and experimenter-administered morphine decrease
dendritic spine density in the NAc shell (Robinson et al., 2002). Along these lines, repeated

morphine exposure followed by a withdrawal paradigm decreases dendritic spine density
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on medium spiny neurons (MSNs) in the NAc shell (Diana et al., 2006; Kasture et al.,
2009; Robinson & Kolb, 1999; Spiga et al., 2005), core (Leite-Morris et al., 2014), and on
prefrontal pyramidal cells (Robinson & Kolb, 1999). Together, these data indicate that
opioids decrease dendritic spine density within the NAc. As cocaine generally does the
opposite, it seems the behavioral outcomes in opioid and cocaine use disorders might be
driven by different mechanisms.

Taken together, these studies indicate that opioids and cocaine might have
functionally distinct effects on synaptic plasticity. Both drugs are capable of blunting LTD
and impairing LTP in the NAc, which alludes to overlapping effects on synaptic plasticity.
However, cocaine induces a LTP-like state in the NAc whereas opioids induce a LTD-like
state. Furthermore, cocaine increases dendritic spine density in the NAc. Opioids, however,
most often decrease spine density within the NAc. Opposing alterations of synaptic and
structural plasticity in the NAc indicate that opioids and cocaine might not drive SUD in
the same manner. This information makes it unclear whether the overlapping behavioral
sex differences seen in opioid and cocaine abuse stem from the same neural mechanisms.
The interactions between biological sex and drugs of abuse could differ by drug class, even
though they lead to similar behavioral outcomes.

Effects of Gonadal Hormones on Dendritic Spine Density

In addition to drugs of abuse, gonadal hormones also modulate spine density in the
brain. It is possible drugs of abuse interact with gonadal hormones to modulate synaptic
plasticity. While the behavioral outcomes of these interactions may be similar, different
drugs of abuse might interact with gonadal hormones to modulate synaptic plasticity in

different manners. The predominant portion of studies investigating gonadal hormones and
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spine density examine their effects on hippocampal circuits involved in learning and
memory. These studies give us a glimpse into how gonadal hormones can differentially
affect synaptic plasticity in the brain, which might be a mechanism that makes females
more vulnerable to the effects of drugs of abuse.

Within the hippocampus, dendritic spine density fluctuates throughout the estrous
cycle in females with the lowest density seen during the estrous phase (Brusco et al., 2008).
OVX decreases spine density in pyramidal CA1 neurons in the hippocampus (Wallace et
al., 2006). Estradiol administration increases CA1 apical spine density, but 10 weeks
following OVX the ability of estradiol to increase CA1 apical spine density is decreased.
In contrast, a different protocol of estradiol administration failed to alter apical spine
density and actually decreased basal spine density (McLaughlin et al., 2008). Thus, the
effect of estradiol on spine density appears to be time course and paradigm dependent.
OVX decreases spine density in the hippocampus over the course of a few days, an effect
that can be reversed with estradiol treatment. Within 24 hours of estradiol treatment, spine
density begins to increase. Over the next week, spine density gradually decreases (Woolley
& McEwen, 1994). Therefore, it seems estradiol indeed modulates spine density in the
hippocampus, but the effect depends on when spines are examined following treatment. As
estradiol also modulates responses to drugs of abuse, it is possible that an interaction exists
between gonadal hormones and spine density that alters how the body responds to drug
exposure.

As estrogens are not the only circulating ovarian hormones, many studies have also
examined the role of progesterone. Progesterone treatment following estradiol initially

increases spine density but then induces a decrease in density that is stronger than the effect
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of estradiol alone (Woolley & McEwen, 1994). Additionally, blocking progesterone
receptors inhibits the drop in spine density seen as animals progress from the proestrous to
estrous phase of their cycle (Woolley & McEwen, 1994). Overall, the work in the
hippocampus indicates that ovarian hormones significantly alter dendritic spine density. In
basal conditions, their overall effect fluctuates with estrous cycle stage. Given these results,
it seems plausible that the reward system is affected by ovarian hormones, potentially
affecting how the brain interacts with drugs of abuse in the future.

Similar results are seen in the medial amygdala, with dendritic spine density also
varying throughout the estrous cycle. Decreases are seen during the proestrous, estrous,
and metestrous phases. Additionally, males have more dendritic spines than females at
baseline in this region (Rasia-Filho et al., 2004). These results also appear to translate to
the reward system. OVX females exhibit lower spine densities in pyramidal neurons of the
medial prefrontal cortex (mPFC) (Wallace et al., 2006). Estradiol actually decreases spine
density in the NAc core and causes deconstruction of spines from more to less mature
subtypes in both the NAc core and shell (Peterson et al., 2015; Staffend et al., 2011). Thus,
circulating ovarian hormones likely play a large role in how drugs of abuse affect synaptic
plasticity. Through altering baseline spine density, ovarian hormones can modulate how
the reward system responds to drugs of abuse.

Studies of gonadal hormones and spine density in male animals show a similar
trend. Similar to OVX females, castrated males have decreased spine density within the
hippocampus. Specifically, evidence consistently indicates that castration decreases spine
density in the CAT1 region of the hippocampus and the medial preoptic area, an effect that

can be reversed with testosterone or dihydrotestosterone (DHT) replacement (Garelick &
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Swann, 2014; Harley et al., 2000; Hatanaka et al., 2015; Kovacs et al., 2003; Leranth et al.,
2003). Again, these results indicate a baseline effect of gonadal hormones on synaptic
plasticity in the brain. Within the reward system specifically, it seems that testosterone also
influences spine density.

The research on spine density in the NAc also shows striking similarities in males
and females. Testosterone treatment to adolescents significantly decreases spine density in
the NAc shell, as does DHT treatment to castrated adults (Gross et al., 2018; Wallin-Miller
et al., 2016). Though the work on gonadal hormones and spine density in the mesolimbic
reward system is limited, the existing research shows that testosterone and estradiol likely
decrease spine density in the NAc. As changes to neuronal morphology influence drug use
(Kalivas, 2009), it is plausible that gonadal hormone-induced adjustments to spine density
underlie sex differences in SUD. Interactions between gonadal hormones and drugs of
abuse likely exist to modulate synaptic plasticity in various manners depending on the
hormones and drugs that are onboard.

The influence of ovarian hormones on spine density appears to be dependent on
glutamate activity. The estradiol-induced alteration of spine density in CA1 pyramidal cells
occurs through a NMDA-dependent mechanism (Woolley & McEwen, 1994).
Additionally, ovarian hormones alter glutamate receptor binding in the frontal cortex,
hippocampus, striatum, and NAc (Cyr et al., 2001). Further, estradiol-induced decreases in
spine density in the NAc core can be blocked with mGluRS antagonists (Peterson et al.,
2015). Estrogen receptor alpha (ERa) functionally couples with mGluRS, which mediates
the effects of estradiol on dendritic spine plasticity in the striatum (Grove-Strawser et al.,

2010). Cocaine-induced impairments of LTD are likely due to downregulated mGIluR5
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(Fourgeaud et al., 2004; Knackstedt, Melendez, et al., 2010; Moussawi et al., 2009) and
mGluRS5 activation is essential for the actions of estradiol on cocaine-induced behavioral
sensitization and self-administration (Martinez et al., 2014, 2016).

Together, these data indicate that estradiol interacts with glutamate to produce the
behavioral effects of cocaine. mGluRS5 is also involved in opioid reward to some degree,
as mGIuRS antagonists inhibit the acquisition and expression of morphine conditioned
place preference (Popik & Wrobel, 2002). However, downregulated mGluR2/3 drives
opioid-induced impairments to LTD, not mGluR5 (Z. Dong et al., 2007; Robbe et al.,
2002). This indicates that interactions amongst opioids, synaptic plasticity, and gonadal
hormones likely take a different form than that of cocaine. Given this, it seems likely that
differing interactions exist amongst different drugs of abuse, gonadal hormones, and
synaptic plasticity that may nonetheless create overlapping behavioral sex differences in
SUD.

The role of glutamate in testicular hormone-induced changes in spine density is less
clear. It is possible the effects are also glutamate-dependent, as DHT-induced decreases in
spine density in the NAc shell similarly depend on mGluRS activity (Gross et al., 2018).
However, developmental increases in hypothalamic spinophilin, a protein that positively
correlates with number of dendritic spines, are blocked with an AMPA/kainate antagonist
in females but not males (Todd et al., 2007). Therefore, gonadal hormones may similarly
modulate spine density in males and females, but through different mechanisms. Given the
capability of opioids, cocaine, and gonadal hormones to affect spine density in reward-
related brain regions, estradiol and testosterone could modulate synaptic plasticity in a way

that affects responses to drugs of abuse. An interaction between drugs of abuse and gonadal
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hormones might induce sex-specific plasticity in response to cocaine or opioids that might
underlie the behavioral sex differences see in SUD.
Conclusion

Though there are FDA approved treatments for opioid use disorder, many are
limited in efficacy and there are none currently approved to treat cocaine use disorder. As
there are sex differences in treatment outcomes, these therapies are likely limited by factors
related to biological sex. Males and females do not develop and experience cocaine and
opioid use disorder in the same manner. As females are more vulnerable to many aspects
of SUD, biological sex is an important factor to consider in the creation of new
pharmacotherapies. Better understanding of the mechanisms driving behavioral sex
differences in SUD will ideally lead to more targeted, and thus more effective,
pharmaceutical treatments for SUD.

Female vulnerability to cocaine abuse appears to be driven heavily by both
organizational and activational effects of ovarian hormones. Fluctuating ovarian hormones
throughout the estrous cycle contribute to the enhanced sensitivity to the reinforcing effects
of cocaine seen in females (Kippin et al., 2005; Lacy et al., 2016; Lynch, 2008). OVX
blunts behavioral responses to cocaine which can be reversed with estradiol replacement
(Hu et al., 2004; Jackson et al., 2006; Lynch et al., 2001; Parylak et al., 2008; Russo et al.,
2003; Sircar & Kim, 1999; Walker et al., 2001). Additionally, testosterone appears to be
somewhat protective against the behavioral effects of cocaine in males (R. Chen et al.,
2003; Chin et al., 2002). Overall, the behavioral sex differences in cocaine use and abuse

appear to be driven predominately by gonadal hormones.
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Though similar results have been shown in preclinical models of opioid use
disorder (Lacy et al., 2016), OVX studies show a spectrum of results which clouds the role
of ovarian hormones in opioid use disorder (Mirbaha et al., 2009; Roth et al., 2002; Sedki
et al., 2015; Stewart et al., 1996). Additionally, the role of testosterone in opioid use
disorder is unknown. Overall, the existing research indicates that sex differences in opioid
abuse might not be driven directly by organizational and activational effects of gonadal
hormones. However, the research is limited, and much more work needs to be done in order
to draw definitive conclusions.

Cocaine and opioids have divergent effects on synaptic plasticity in the form of
dendritic spine density. As gonadal hormones also modulate spine density, it is likely there
is an interaction amongst gonadal hormones, drugs of abuse, and synaptic plasticity that
may take different forms but similarly drive female vulnerability to SUD. Estradiol
replacement can decrease spine density in the NAc core (Sanchez et al., 2012). The
decrease in spine density depends mGluRS, which functionally couples with ERa (Grove-
Strawser et al., 2010). This coupling mediates the effects of estradiol on dendritic spine
plasticity in the striatum (Grove-Strawser et al., 2010; Peterson et al., 2015). As mentioned,
cocaine-induced impairments to LTD are likely due to downregulated mGluRS5 (Fourgeaud
et al., 2004; Knackstedt, Melendez, et al., 2010; Moussawi et al., 2009). Furthermore,
activation of mGluRS5 is essential for the actions of estradiol on cocaine-induced behavioral
sensitization and self-administration (Martinez et al., 2014, 2016). This provides a
mechanism by which estradiol and cocaine might interact with functionally coupled ERa
and mGIuRS to produce the behavioral sex differences in SUD. As opioids and cocaine

induce opposing effects on synaptic plasticity, the interactions underlying behavioral sex
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differences likely do not take the same form. As evidence of this, opioid-induced
impairments to LTD are not driven by downregulated mGluRS5, but by downregulated
mGluR2/3 (Z. Dong et al., 2007; Robbe et al., 2002). This leads to the possibility that
opioids act through a separate mGluR2/3 mechanism to drive the behavioral sex
differences in SUD.

Differences in synaptic plasticity following cocaine and opioid exposure indicate
that the overlapping behavioral effects of cocaine and opioids are likely driven by different
mechanisms, possibly through differing glutamate receptors. The lack of effect of
ovariectomy in multiple preclincial studies of opioid abuse makes it unlikely that ovarian
hormones predominanetly drive sex differences in opioid use disorder. Therefore, it seems
that behavioral sex differences in SUD are potentially driven by different mechanisms
depending on drug class. Ultimately, more work is needed in order to fully elucidate the

mechanisms driving behavioral sex differences in opioid use disorder.
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CHAPTER 2

Sex Differences in the Medial Prefrontal Cortical Glutamate System

Introduction

The prefrontal cortex (PFC) consists predominantly of pyramidal glutamatergic
neurons (Steketee, 2003) and acts as a driver of goal-directed behavior (Szczepanski &
Knight, 2014). The medial prefrontal cortex (mPFC) in particular is crucial for reward
processing, attention, and memory (Riga et al., 2014). The nature of its role in these
processes has made it an interesting target for studies on psychiatric diseases involving
dysregulated cognitive processing and motivation. Indeed, dysregulation in the mPFC is
consistently implicated in illnesses including anxiety, depression, and substance use
disorder (SUD) (Hare & Duman, 2020; Jasinska et al., 2015; Klenowski, 2018; Peters et
al., 2009; Riga et al., 2014; Xu et al., 2019). While the specific mechanisms driving various
disease states differ, the mPFC is an important contributor to the presentation of these
illnesses.

Imaging studies indicate that depressed patients have reduced mPFC volume
compared to healthy control subjects (Belleau et al., 2019; Kang et al., 2012). Further, it is
proposed that individuals with generalized anxiety disorder may have elevated activation
in the mPFC (Shin & Liberzon, 2010). Additionally, smokers exposed to smoking-related
cues exhibit increased activation in mPFC subregions, an effect that is modulated by
smoking expectancy (Bolla et al., 2003; McBride et al., 2006). There is also evidence that
altering mPFC activity can impact symptomology in clinical populations. Continuous theta
burst stimulation delivered to portions of the mPFC decreases drug cue reactivity in cocaine

and heavy alcohol users and reduces craving in cocaine users (Hanlon et al., 2015;
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Kearney-Ramos et al., 2018). Altogether, these data indicate that the mPFC is an important
contributor to the clinical presentation of psychiatric illnesses such as depression, anxiety,
and SUD.

Biological sex was traditionally ignored as a variable in these illnesses (Greenfield
et al., 2007; Mamlouk et al., 2020). Despite this fact, there are notable sex differences
emerging in the prevalence and presentation of disorders associated with mPFC
dysfunction. Rates of depression and anxiety are higher in women than men (Altemus et
al., 2014; Bangasser & Cuarenta, 2021; Donner & Lowry, 2013). The age of depression
and anxiety onset is lower in females, and depressive episodes last longer and occur more
frequently in women than men (Simon et al., 2006; Sramek et al., 2016). There are
established sex differences in SUD as well, with men being diagnosed more frequently but
women being more prone to drug craving (Back et al., 2011; McHugh et al., 2018).
Additionally, women relapse to drug use more readily than men, and men have longer
periods of abstinence than women (Becker et al., 2017).

There are also sex differences in treatment efficacy for these illnesses. While there
is still no clear consensus, clinical studies show that men and women likely do not respond
in the same manner to the different classes of antidepressants (Sramek et al., 2016). For
example, some studies show better therapeutic outcomes in women taking selective
serotonin reuptake inhibitors (SSRIs) for depression but men have better therapeutic
outcomes with the tricyclic antidepressant imipramine (Sramek et al., 2016). However,
there is also evidence fluoxetine, an SSRI, can be less effective in treating generalized
anxiety disorder in women than men (Simon et al., 2006). There are also emerging sex

differences in the treatment outcomes of men and women undergoing buprenorphine

28



maintenance for opioid use disorder, though more studies are needed (S. Ling et al., 2019).
Overall, these data indicate that biological sex likely influences treatment outcomes of
psychiatric diseases that involve dysregulation in the PFC.

At baseline, biological sex and estrous cycle can influence electrophysiological
properties of neurons within brain regions such as the striatum and PFC (Krentzel &
Meitzen, 2018; Pena-Bravo et al., 2019; Proano et al., 2018; Willett et al., 2019).
Alterations in glutamate signaling specifically may contribute to these sex differences in
psychiatric disorders such as depression, anxiety and SUD (Wickens et al., 2018). Sex
differences in levels of glutamate, the brain’s most prevalent excitatory neurotransmitter,
are seen in several brain regions (Frankfurt et al., 1984). Several sex differences in the
glutamatergic system have been observed, including differences in AMPA and NMDA
receptor signaling, and differences in long-term potentiation (C. J. Perry et al., 2021;
Wickens et al., 2018). However, less is known about baseline sex differences in
glutamatergic transmission specifically in the mPFC.

Glutamatergic transmission between the mPFC and other reward structures is
implicated in a spectrum of psychiatric illnesses (Xu et al., 2019). As there are known sex
differences in psychiatric diseases involving the mPFC, we hypothesized there may be sex
differences in glutamatergic transmission within this region that could drive these
differences seen clinically. To determine this, we examined baseline sex differences in
mPFC glutamate receptor expression and function. Our data indicate there are baseline sex
differences in glutamatergic transmission within this region, with females exhibiting

enhanced glutamatergic transmission in the mPFC compared to males.
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Methods

Subjects. 33 male and female C57B1/6J mice were bred in house for all experiments.
Animals (8 weeks old) were group housed throughout the experiments with food and water
available ad libitum. All animals were housed in a temperature- and humidity-controlled
animal care facility. Mice had a 12hr light/dark cycle (lights on at 7:00 A.M.). Estrous
cycle was not monitored in female animals during the course of these experiments. All
procedures were approved by the Temple University Animal Care and Use Committee.

Tissue processing and fractionation. Tissue samples were processed as previously
published (Burgdorf et al., 2017). Briefly, bilateral mPFC tissue including the infralimbic
and prelimbic regions (anterior-posterior 2.0, lateral +/- 0.5, dorso-vental -1.5 to -3.2) was
dissected from 13 animals (7 females, 6 males). Tissue was then homogenized with a
Teflon pestle (Pyrex) in 150ul ice cold sucrose buffer containing protease and phosphatase
inhibitors. Homogenates were spun at 1000 % g for 10 minutes at 4 °C. 40 ul of supernatant
was saved for the total protein lysate fraction and the remainder was spun at 1000 x g for
5 minutes 4 °C. The supernatant was then spun at 12000 x g for 20 minutes at 4 °C. The
pellet was resuspended in 100 pl ice cold HEPES/EDTA buffer containing protease and
phosphatase inhibitors and spun at 12000 x g for 20 minutes at 4 °C. The pellet was then
resuspended in 100 pul of HEPES/EDTA buffer containing protease and phosphatase
inhibitors and saved as the synaptosomal protein lysate fraction. Protein concentration was
measured using a BCA protein assay kit (Thermo Fischer Scientific).

Western blot analysis. 20-30 pg of protein was run on a 10% SDS-PAGE gel
electrophoresis (constant 200 V, 50 minutes). Proteins were transferred to a PDVF

membrane (constant 0.3 mA, 3 hours) and transfer efficacy was verified with Ponceau S
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staining. Membranes were probed with primary antibodies against GluAl (Abcam,
ab140739, 1:1000), GluA2 (EMD, 07-261, 1:250), and GAPDH (Abcam, ab22555,
1:20000), and a peroxidase-labeled anti-rabbit secondary antibody (Vector, PI-1000,
1:5000). Signal was quantified using ImageJ analysis software (NIH). Protein quantities
were normalized to GAPDH as a protein loading control.

Slice preparation. 20 animals (10 females, 10 males) were used for
electrophysiology experiments. Mice were decapitated following cervical dislocation. The
brain was removed and coronal slices (250 um) containing the PFC were cut with a
Vibratome (VT1000S, Leica Microsystems) in an ice-cold artificial cerebrospinal fluid
solution (ACSF), as described previously (Briand et al., 2014). Slices were incubated in
ACSF at 32-34°C for 25 min and kept at 22-25°C thereafter, until transfer to the recording
chamber. The osmolarity of all solutions was 300-315 mOsm. Slices were viewed using
infrared differential interference contrast optics under an upright microscope (Slice Scope
Pro, Scientifica) with a 40 x water-immersion objective.

Electrophysiology. The recording chamber was continuously perfused (1-2
ml/min) with oxygenated ACSF heated to 32+1°C using an automatic temperature
controller (Warner 278 Instruments). Picrotoxin (100 uM) was added to the solution to
block GABA receptor mediated currents. Recording pipettes were pulled from borosilicate
glass capillaries (World Precision Instruments) to a resistance of 4—7 MQ when filled with
the intracellular solution. All recordings were conducted with a MultiClamp700B amplifier
(Molecular Devices). Intracellular solution contained (in mM): 100 CsCH303S, 50 CsCl,3
KCl, 0.2 BAPTA, 10 HEPES, 1 MgCl2, 2.5 phosphocreatine-2Na,2 Mg-ATP, 0.25 GTP-

Tris (pH 7.2-7.3 with CsOH, osmolarity 280—290 mOsm). For rectification experiments,
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dI-AP5 (50 uM) was present in the bath and spermine (100 uM) was added to the
intracellular solution. 11 cells from 5 female animals and 9 cells from 3 male animals were
used to calculate the rectification index. All SEPSC recordings were conducted in whole-
cell voltage-clamp mode (Vh = =70 mV). Currents were low-pass filtered at 2 kHz and
digitized at 20 kHz using a Digidata 1440A acquisition board and pClamp10 software (both
from Molecular Devices). Access resistance (10-32 MQ) was monitored throughout the
recordings by injection of 10 mV hyperpolarizing pulses and data were discarded if access
resistance changed by > 25% over the course of data acquisition. Cell health and viability
was determined through the microscope and recording quality by monitoring the leak
current. Recordings with an increase in leak currents more than 20% of the initial target
currents were discarded. SEPSCs were detected using an automated sliding-template-based
algorithm in pClamp10. This method compares the shape of the detected current to that of
a template and has been shown to detect events with amplitude of at least 3 times the square
deviation of the noise (Clements & Bekkers, 1997). All detected events were verified by
visual confirmation of a fast rise time and slower exponential decay to baseline. Mean
sEPSC amplitude was analyzed from an average sEPSCs trace computed from a minimum
of 100 individual sEPSCs. Mean sEPSC frequencies and inter-event intervals were
analyzed from 180-s long trace segments. Evoked responses were triggered by 300 ps
constant-current pulses generated by an A310 Accupulser (World Precision Instruments)
and delivered at 0.1 Hz via a glass capillary electrode filled with ACSF positioned within
100 um of the recorded cell. The amplitude of the current pulses was controlled by a
stimulus isolator (WPI Linear Stimulus Isolator A395) and was adjusted to elicit

monosynaptic responses in the range of 100-300 pA (the required stimulus intensity ranged
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from 15 to 80 pA). 9 cells from 5 female animals and 14 cells from 7 male animals were
used for analysis of SEPSC frequency and amplitude. Recordings were taken from cells
within layer V of the infralimbic and prelimbic mPFC.

Data Analysis. All analyses were performed using GraphPad Prism 9 software
(GraphPad Software). Data were analyzed using two-tailed Student’s t-test, two-way
ANOVA with Sidak’s post hoc tests, or Kolmogorov-Smirnov (K-S) as appropriate.
Statistical significance for all tests was set at o= 0.05. Experimenters were blind to group
conditions when analyzing data for all experiments.

Results
Female mice exhibit higher levels of synaptosomal GluAl and GluA2 expression in the
mPFC compared to male mice.

Baseline levels of synaptosomal and total GluA1l and GluA2 in the mPFC were
examined using western blotting. We found females have significantly higher
synaptosomal expression of GluA1 than males [Fig. 1A; t(10)=3.237, p<0.01]. This does
not extend to total expression of GluAl, as we did not see any significant differences
between males and females in this measure [Fig 1B; t(15)=1.50, p=0.15]. Females also
exhibit significantly higher synaptosomal expression of GluA2 than males [Fig 1C;
t(10)=2.351, p=0.04), an effect that does not translate to any significant sex differences in

total levels of GluA2 [Fig 1D; t(11)=2.026; p=0.06].
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Figure 1. Female mice exhibit higher levels of synaptosomal GluAl and GluA2
expression in the mPFC compared to male mice. Western blotting revealed higher levels
of synaptosomal GluAl in the mPFC of females compared to males (A; n=5-7/group).
However, there are no significant differences between females and males in total levels of
GluAl (B; n=3/group). We also found females exhibit higher levels of synaptosomal
GluA2 in the mPFC compared to males (C; n=6/group). Again, these differences are not
present in total GluA2, where males and females do not exhibit significant differences (D;
n=6-7/group).

Female mice have enhanced glutamatergic transmission in the mPFC compared to male
mice.

Baseline glutamate transmission within the mPFC was examined using whole-cell
patch clamp recordings. Recordings from female mice revealed significantly higher sEPSC
amplitude than males which is further reflected in a rightward shift of the cumulative
probability curve [Fig. 2A; t(21)=2.39, p=0.027; Fig. 2B; p < 0.001, K-S test]. Females
also exhibit significantly higher sEPSC frequency than males, further reflected by a
leftward shift in the cumulative probability of inter-event intervals (IEIs) [Fig. 2C;
t(21)=4.49, p=0.0002; Fig. 2D; p <0.0001, K-S test]. Females also exhibit a significantly
larger rectification index than males, indicating females have more inward rectification in

the mPFC than males [Fig 2E; t(18)=2.375, p=0.03].
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Figure 2. Female mice have enhanced glutamatergic transmission in the mPFC
compared to male mice. Whole-cell recordings demonstrate females have heightened
sEPSC amplitude (A; n=9-14/group) and a rightward shift in the cumulative probability
distribution (B) compared to males. Females also exhibit heightened sEPSC frequency (C;
n=9-14/group) and a leftward shift in the cumulative probability distribution of inter-event
intervals (D) compared to males. Females also exhibit a larger rectification index compared
to males (E; n=9-11/group). Example electrode placement in the mPFC and representative
traces for sSEPSC and rectification recordings (F).
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Discussion

Despite established sex differences in the prevalence and presentation of various
psychiatric disorders, little is known about the mechanisms driving these differences. The
mPFC is an important contributor to psychiatric diseases such as depression, anxiety, and
SUD (Xu et al., 2019), all of which have significant sex differences in clinical presentation.
The majority of neurons in the PFC are pyramidal glutamatergic projections (Steketee,
2003). As glutamatergic transmission within the mPFC is implicated in these diseases (Xu
et al., 2019), we investigated whether there could be baseline sex differences in
glutamatergic transmission in this region that may underline sex differences in psychiatric
disease. Our results demonstrate there is indeed a sex difference in the mPFC, where
females exhibit heightened glutamatergic transmission compared to males.

AMPA receptors are the main source of fast excitatory transmission in the central
nervous system. There are 4 AMPAR subunits (GluA1-4) that form homo- or heteromers
(Henley & Wilkinson, 2013; Traynelis et al., 2010). The various AMPAR subunits are
involved in many of the diseases that involve glutamate dysregulation (Chang et al., 2012;
Henley & Wilkinson, 2013; Kamalova & Nakagawa, 2021; Loweth et al., 2014). We found
females exhibit higher levels of synaptosomal GluA1 and GluA2 in the mPFC compared
to males. We do not see any statistically significant sex differences in total GluA1 or GluA2
expression. This would suggest that rather than an overall difference in expression of these
subunits, there is greater synaptic AMPA subunit expression. However, there were trends
towards higher total protein levels in females suggesting the effects may not be isolated to

the synaptosome. Greater synaptic expression of AMPAR subunits highlights the
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possibility that females have enhanced glutamatergic transmission within the mPFC
compared to males.

Functional differences between GluA1-4 are well-established, with the subunits
exhibiting different kinetic properties and distinct roles in synaptic plasticity (Derkach et
al., 2007; Toyoda et al., 2009; Wright & Vissel, 2012). GluA1 homomers are inwardly
rectifying and are proposed to have greater conductance than GluA2-containing heteromers
(Benke & Traynelis, 2019; Guire et al., 2008; Oh & Derkach, 2005; Song & Huganir, 2002;
Wolf & Ferrario, 2010). We found that females exhibit a larger rectification index in the
mPFC than males. The calculated rectification index in females is also greater than 1,
indicating there is more inward rectification in females compared to males. Under our
recording conditions, this change in rectification indicates a change in CP-AMPAR:s.
Combined with the kinetic properties and heightened synaptosomal expression of GluAl,
we propose this indicates there are more synaptic CP-AMPARs in the mPFC of females
compared to males. However, we do see increases in synaptosomal GluA2 along with
GluA1, which may suggest overall increases in AMPARSs rather than specific increases in
CP-AMPARSs. As synaptosomal preparations include both membrane bound receptors and
intracellular pools, the rectification index measurements more accurately reflect functional
differences at the synapse. Overall, these data show there are baseline sex differences in
AMPAR distribution within the mPFC. As the calcium-permeable, GluA1 homomers have
even higher conductance, this further supports that female mice exhibit greater AMPA
transmission than male mice in within this region.

An increased contribution of GluA2-lacking AMPARs is indicative of increased

excitatory synaptic strength (S. R. Chen et al., 2013). Therefore, we investigated whether
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there are sex differences in excitatory transmission as measured by sEPSC frequency and
amplitude. We found that females have a higher sEPSC frequency and larger amplitude in
the mPFC compared to males. sSEPSC frequency is generally regarded as a measure of
presynaptic glutamatergic transmission and amplitude as a measure of postsynaptic
glutamatergic transmission. Therefore, the heightened sEPSC frequency and amplitude
values we see in females compared to males suggest sex differences in both pre- and
postsynaptic glutamate transmission with the mPFC. Overall, our data indicate females
have heightened excitatory AMPA transmission in this region that may underlie sex
differences in psychiatric disease.

While we uncovered sex differences in excitatory transmission in layer V of the
PFC, previously published data demonstrate conflicting findings. In layers V and VI of the
prelimbic PFC, males exhibit higher sEPSC amplitudes than females and there were no sex
differences seen in sEPSC frequency (Pena-Bravo et al., 2019). The medial PFC is
sometimes subdivided into the prelimbic and infralimbic portions and the current study did
not differentiate between the prelimbic and infralimbic portions of the mPFC. Therefore,
it is possible methodological differences explain this discrepancy. Nonetheless, there are
reported aspects of transmission in this region that do not differ between males and females.
Maturational trajectories of current-voltage curves, resting membrane potentials,
rheobases, mGluR2/3-mediated LTD, and paired pulse ratios in layer V of the PFC are
similar between the sexes in rats (Bernabeu et al., 2020). Additionally, field excitatory
postsynaptic potentials are similar between the sexes across multiple age groups (Bernabeu
et al., 2020). Together, these data indicate that males and females mature similarly in many

aspects of synaptic plasticity within the PFC. As our data indicate female mice have
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heightened AMPA transmission in this region compared to males, it is likely there are
compensatory mechanisms to counteract this difference in transmission.

In line with this hypothesis, the number of action potentials in response to
depolarizing steps is lower in adult females than pubescent or juvenile females, an effect
of age that is not seen in males (Bernabeu et al., 2020). This recapitulates previously
published data demonstrating prepubescent females have enhanced excitability in medium
spiny neurons within the striatum compared to males (Dorris et al., 2015). Together, these
suggest there may be enhanced excitability in certain regions in the reward system in
younger females that decreases over time. As we see heightened AMPAR transmission in
the PFC of adult females compared to males, it is possible that age-related decreases in cell
excitability in the PFC of females serves to balance these changes in AMPAR transmission.
Additionally, we focused on AMPAR expression and function in the current studies,
however there may be sex differences in other glutamate receptor subtypes, such as
metabotropic glutamate receptors (mGIluRs) or N-methyl-D-aspartate receptors
(NMDARs). Previous work demonstrated females and males exhibit similar levels of
mGluR2/3, mGluR 1, and NR2B in the PFC but females exhibit higher levels of mGIluRS5
and NR1 than males (Wang et al., 2015). Further work could investigate possible sex-
specific roles of these receptors in glutamate transmission and cell excitability within the
PFC.

Our data indicate there are sex differences in AMPAR expression and function
within the mPFC. Aberrant AMPAR expression is thought to underlie a multitude of
neuropsychiatric diseases (H. Zhang & Bramham, 2020). For example, enhanced AMPAR

transmission in the nucleus accumbens is proposed to drive cocaine reinstatement and
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incubation of cocaine craving (Briand et al., 2016; Conrad et al., 2008). As diseases such
as SUD have known sex differences in presentation (Agabio et al., 2016; Back et al., 2011;
McHugh et al., 2018; Rehm & Imtiaz, 2016), it is possible the sex differences we see in
excitatory transmission within the mPFC underlie some of the sex differences seen in
diseases such as depression, anxiety, and SUD. Gonadal hormones in both sexes modulate
synaptic plasticity in the reward system (Hyer et al., 2018; Knouse & Briand, 2021;
Krentzel et al., 2022; Meitzen et al., 2018). As we did not track estrous cycle stage in
females in these studies, it is possible the effects we see on excitatory transmission may
change with natural fluctuations in gonadal hormone levels. Overall, our data indicate there
are baseline sex differences in glutamate transmission that may influence the effectiveness

of pharmacotherapies aimed at treating a variety of psychiatric disorders.
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CHAPTER 3

Sex Differences in Pre- and Postsynaptic Glutamate Signaling in the Nucleus
Accumbens Core

Introduction

Glutamate, the main excitatory neurotransmitter in the brain, is involved in many
aspects of the substance use disorder (SUD) cycle (Chiamulera et al., 2021; Duncan &
Lawrence, 2012; Kalivas, 2000, 2004, 2009; Kalivas et al., 2005, 2009; Kenny & Markou,
2004; Lapish et al., 2006; Loweth et al., 2013; Méarquez et al., 2017; Reissner & Kalivas,
2010; Schmidt & Pierce, 2010; Scofield et al., 2016; Spencer et al., 2016; Wolf & Ferrario,
2010). While sex differences in substance use disorder are well-established (Becker et al.,
2017; Becker & Hu, 2008; Becker & Koob, 2016; S. A. M. Bobzean et al., 2014; Fattore
et al., 2008; Quigley et al., 2021), less is known about how excitatory signaling differs
between the sexes. Sex differences in glutamatergic transmission do exist, with region-
specific expression of glutamate receptors and glutamate levels (L. Giacometti & Barker,
2020; C. J. Perry et al., 2021; Wickens et al., 2018). Further, we previously demonstrated
females exhibit heightened glutamatergic transmission in the medial prefrontal cortex
(mPFC) compared to males (Knouse et al., 2022). Given the established sex differences in
SUD, it is plausible that baseline differences in glutamatergic transmission between males
and females underlie behavioral differences seen during the SUD cycle.

The nucleus accumbens (NAc), a brain region within the striatum, plays a critical
role in drug-taking and seeking. The NAc is part of the mesocorticolimbic reward system,
receiving glutamatergic input from the prefrontal cortex, amygdala, medial thalamus, and
hippocampus. There are sex differences in excitatory transmission in the NAc, with prior

work showing that distal dendritic spine density and the proportion of large spines on
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medium spiny neurons (MSNs) in the NAc are greater in females (Forlano & Woolley,
2010; Wissman et al., 2011) and miniature excitatory postsynaptic current (mEPSC)
frequency is increased in prepubertal female MSNs in the core region of the NAc (Cao et
al., 2016). Overall, these data indicate that sex differences in glutamate signaling exist
within reward circuitry and females may have heightened glutamatergic transmission in
the NAc compared to males.

Trafficking of glutamatergic AMPA receptors (AMPARSs) specifically underlies
reward-driven behaviors such as drug use (Malenka, 2003; Malinow & Malenka, 2002).
PKMC(, a constitutively active isoform of Protein Kinase C, is an AMPAR trafficking
protein that potentiates NSF-mediated insertion of GluA2-containing AMPARs to the cell
membrane (Yao et al., 2008). This makes PKM( an interesting target for studies on the
synaptic plasticity underlying learning, memory, and drug use. Previously published data
demonstrate PKMC( facilitates memory formation and preservation, potentially through an
involvement in long-term potentiation (LTP). PKM{ levels increase during LTP
maintenance and it proposed to be sufficient to maintain LTP (D. S. F. Ling et al., 2002;
Sacktor et al., 1993). Further, PKM{ works to dampen drug-taking behavior. PKM(
knockout enhances ethanol consumption in male mice and cocaine-taking and seeking in
both sexes (A. M. Lee et al., 2014; McGrath et al., 2018). Interestingly, site-specific PKM{
knockout in the NAc enhances cocaine-taking and seeking exclusively in male animals
(McGrath et al., 2018). Together, these studies indicate PKM( influences reward-driven
behaviors and may play a sex-specific role in the NAc. Therefore, further characterization
of the role of PKMC( in synaptic plasticity within the reward system will aid in our

understanding in the mechanisms that may drive behavioral sex differences in SUD.
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The aim of these experiments was to better characterize baseline sex differences in
glutamatergic signaling in the NAc. We found significant sex differences in multiple
electrophysiological measures indicating excitatory transmission works differently in
males and females. In combination with our previous findings in the medial prefrontal
cortex (Knouse et al., 2022), these data suggest there are functional sex differences at many
levels within the mesocorticolimbic reward system. Gaining a better understanding of these
differences could provide insight into sex-specific treatments for disorders involving
dysregulated motivation and reward behavior.

Methods

Subjects. Wildtype studies: male and female Long-Evans rats and C57Bl/6J mice
were bred in house for electrophysiology experiments. Constitutive PKM( deletion: the
current study used PKM( knockout mice as described previously (Volk et al., 2013).
Heterozygous PKM{ KO mice on a C57BL/6J background were mated resulting in mutant
and wildtype littermates. Animals (8 weeks old) were group housed throughout the
experiments with food and water available ad [libitum. All animals were housed in a
temperature- and humidity-controlled animal care facility. Mice had a 12hr light/dark cycle
(lights on at 7:00 A.M.) and rats had a 12hr light/dark cycle (lights off at 8:30 A.M.). All
procedures were approved by the Temple University Animal Care and Use Committee.

Slice preparation. Mice were decapitated following cervical dislocation and rats
were decapitated following isoflurane anesthesia. The brain was removed and coronal
slices (250 um for mice, 300 um for rats) containing the nucleus accumbens were cut with
a Vibratome (VT1000S, Leica Microsystems) in an ice-cold artificial cerebrospinal fluid

solution (ACSF), in which NaCl was replaced by an equiosmolar concentration of sucrose.
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ACSF consisted of (in mM): 128.2 NaCl, 2.9 KCI, 1.2 MgS0O47H20, 1.25 NaH2PO4, 28.8
NaHCO3, 2 CaCl2, 10 glucose (pH 7.2—7.4 when saturated with 95% 02/5% CO2). Slices
were incubated in ACSF at 32-34°C for 25 min and kept at 22-25°C thereafter, until
transferred to the recording chamber. The osmolarity of all solutions was 300-315 mOsm.
Slices were viewed using infrared differential interference contrast optics under an upright
microscope (Slice Scope Pro, Scientifica) with a 40 X water-immersion objective.
Electrophysiology. The recording chamber was continuously perfused (1-2
ml/min) with oxygenated ACSF heated to 32+1°C using an automatic temperature
controller (Warner 278 Instruments). Picrotoxin (100 uM) was added to all solutions to
block the GABAA receptor-mediated currents. Recording pipettes were pulled from
borosilicate glass capillaries (World Precision Instruments) to a resistance of 4—7 MQ when
filled with the intracellular solution (whole-cell recordings) or to a resistance of 1-2 MQ
when filled with extracellular solution (field recordings). All recordings were conducted
with a MultiClamp700B amplifier (Molecular Devices). Whole-cell recordings.
Intracellular solution contained (in mM): 100 CsCH303S, 50 CsCl, 3 KCI, 0.2 BAPTA,
10 HEPES, 1 MgCl2, 2.5 phosphocreatine-2Na, 2 Mg-ATP, 0.25 GTP-Tris pH 7.2-7.3
with CsOH, osmolarity 280—290 mOsm). For all measures, cells from at least 3 animals,
within each group, were used. Recordings were taken from cells within the nucleus
accumbens core. sEPSCs. Recordings were conducted in whole-cell voltage-clamp mode
(Vh =—=70 mV). Currents were low-pass filtered at 2 kHz and digitized at 20 kHz using a
Digidata 1440A acquisition board and pClamp10 software (both from Molecular Devices).
Access resistance (10-32 MQ) was monitored throughout the recordings by injection of 10

mV hyperpolarizing pulses and data were discarded if access resistance changed by > 25%
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over the course of data acquisition. SEPSCs were detected using an automated sliding-
template-based algorithm in pClamp 10. This method compares the shape of the detected
current to that of a template and has been shown to detect events with amplitude of at least
3 times the square deviation of the noise (Clements & Bekkers, 1997). All detected events
were verified by visual confirmation of a fast rise time and slower exponential decay to
baseline. Mean sEPSC amplitude was analyzed from an average sEPSCs trace computed
from a minimum of 150 individual sEPSCs. Mean sEPSC frequencies were analyzed from
180-s long trace segments. Evoked responses were triggered by 300 ps constant-current
pulses generated by an A310 Accupulser (World Precision Instruments) and delivered at
0.1 Hz via a glass capillary electrode filled with ACSF. The stimulation electrode was
positioned within 100 um of the recorded cell. The amplitude of the current pulses was
controlled by a stimulus isolator (WPI Linear Stimulus Isolator A395) and was adjusted to
elicit monosynaptic responses in the range of 100—300 pA (the required stimulus intensity
ranged from 15 to 80 pA). AMPA/NMDA ratio. 1| mM QX-314 was added to intracellular
solution for these recordings. Current ratios were computed by dividing the mean peak
sEPSC at -70 mV (AMPA-mediated) by the mean amplitude at +40 mV, 35 ms after the
peak over a 2 ms window (NMDA-mediated). Readily releasable pool. After obtaining a
stable baseline at -70 mV, a 100 Hz train was applied for 10 s. EPSC amplitudes were
measured by subtracting the baseline current just preceding an EPSC from the subsequent
peak of the EPSC. For the RRPtrain technique, EPSC amplitudes were then summed
throughout the train stimulus to give a cumulative EPSC curve. A straight line was fitted
to the final 15 points of the cumulative EPSC and back-extrapolated to the y-axis. The y-

intercept corresponds to RRPtrain, and ptrain = EPSCO/RRPtrain. Field Recordings. A
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glass capillary electrode filled with ACSF was placed within 100300 pm from the
recording electrode and used to stimulate excitatory afferents at 0.1 Hz. The field
recordings were performed within the nucleus accumbens core. Long-term depression. The
amplitude of current pulses was set at the intensity required to evoke a 70% maximal
response. After 10 minutes of stable responding, LTD was induced using a paired-pulse
protocol (50 ms inter-pulse interval) consisting of a 1 Hz train of paired stimuli for 5 or 10
min. Both the field EPSP (fEPSP) slope (calculated over 1 ms after peak) and fEPSP
amplitude were measured (graphs depict slope) from fEPSPs recorded at 0.05 Hz for 60
minutes following the pairing protocol.

Data Analysis. All analyses were performed using GraphPad Prism 9.0 software
(GraphPad Software). Data were analyzed using two-tailed Student’s t-test or two-way
ANOVA with Sidak’s post hoc tests as appropriate. Statistical significance for all tests was
set at o= 0.05.

Results
Females have a heightened AMPA/NMDA ratio within the nucleus accumbens core
compared to males.

We examined sEPSC amplitude and frequency and AMPA/NMDA ratio within the
NAc core of naive adult male and female Long-Evans rats. We did not see any significant
differences between male and female rats in SEPSC amplitude or frequency (t(21) =0.2223,
p=.8262,n=11-12/group, Fig. 3A; t(20) =.8497, p=.4055, n = 11/group, Fig. 3B). There
was, however, a significant difference in AMPA/NMDA ratio between females and males,
with females exhibiting a higher ratio (t(28) =2.814, p =.0088, n = 13-17/group; Fig. 3C;).

To determine whether these differences in glutamate signaling were present across multiple
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species, we examined sEPSCs and AMPA/NMDA ratio in naive male and female
C57BL/6J mice. We found similar results, with no significant differences between males
and females in SEPSC amplitude or frequency (t(41) = .5078, p = .6143, n = 19-24/group,
Fig. 4A; t(39) = .2768, p = .7834, n = 19-22/group, Fig. 4B) but a significant difference in

AMPA/NMDA ratio (t(27) =2.210, p =.0358, n = 12-17/group; Fig. 4C).
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Figure 3. AMPA/NMDA ratio in the nucleus accumbens core is higher in female
Long-Evans rats compared to male rats.

Whole-cell recordings demonstrated no significant effect of sex on sEPSC amplitude (A;
n=11-12/group) or frequency (B; n=10-11/group). Female rats have a significantly higher
AMPA/NMDA ratio in this region than male rats (C; n=13-17/group). Representative
traces for SEPSC recordings and AMPA and NMDA currents (D). **p<.01 effect of
biological sex.
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Figure 4. AMPA/NMDA ratio in the nucleus accumbens core is higher in female
C57Bl16/J mice compared to male mice.

Whole-cell recordings demonstrated no significant effect of sex on sEPSC amplitude (A;
n=19-24/group) or frequency (B; n=18-22/group). Female mice have a significantly higher
AMPA/NMDA ratio in this region than male mice (C; n=12-17/group). Representative
traces for sEPSC recordings and AMPA and NMDA currents (D). *p<.05 effect of
biological sex.
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Females have a larger readily releasable pool of glutamate in the nucleus accumbens
core compared to males.

To determine whether the postsynaptic alterations in glutamate transmission were
accompanied by differences in presynaptic glutamate transmission we examined the size
of the readily releasable pool (RRP) of glutamate in naive male and female mice.
Cumulative EPSC data following the 100 Hz stimulation train reveal a greater response in
females compared to males [main effect of sex, F(1,11)=5.97, p=.033, n=6-7/group, Fig.
5A]. An analysis of the RRP size revealed that females have a significantly larger readily
releasable pool of glutamate compared to males [t(10)=2.394, p=.0377, n=5-7/group, Fig.
5B]. This increase is accompanied by a decrease in release probability, as evidenced by the
significantly lower PTrain value seen in females [t(10)=2.61, p=.026, n=5-7/group, Fig.

5C.
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Cumulative EPSC obtained following a 100 Hz train demonstrates a larger response in
females compared to males (A; n=6-7/group). Analysis of the size of the readily releasable
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Biological sex affects LTD induction in the nucleus accumbens core.

We next explored whether LTD in the nucleus accumbens core functions similarly
in both sexes. Following a 5 minute paired-pulse protocol there is successful LTD
induction in male, but not female, mice [t(22)=3.404, p=.003, n=12/group, Fig. 6A & B].
It is proposed increasing the number of pulses in a LTD protocol can increase the
magnitude of depression (Dudek & Bear, 1992). Therefore, we doubled the number of
pulses to examine whether a longer protocol induces LTD more effectively in female
animals. Following a 10 minute paired-pulse protocol this difference is abolished as we see
a similar magnitude of LTD induction in both sexes [t(40)=.9152, p=.366, n=20-22/group,

Fig. 6D & EJ.
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Figure 6. Longer induction protocols are needed to induce LTD in the nucleus
accumbens core of female mice compared to male mice.

While a shorter low frequency stimulation protocol (1 Hz train of paired stimuli for 5
minutes) is sufficient to induce LTD in males, it does not induce LTD in females (A;
n=12/group). Change in fEPSP slope over 1-hour post-LFS shows a significant blunting of
LTD in females compared to males in this protocol (B; n=12/group). In contrast, a longer
low frequency stimulation protocol (1 Hz train of paired stimuli for 10 minutes) is
sufficient to induce LTD in both sexes (A; n=20-22/group). There is no effect of sex on
fEPSP slope over 1-hour post-LFS in this protocol (B; n=20-22/group). Representative pre-
and post-LFS traces (C & F). **p<.01 effect of biological sex.
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PKM( knockout alters LTD in a sex- and protocol-specific manner.

Lastly, we aimed to understand whether PKMC( plays a role in LTD within the
nucleus accumbens. While our 5 minute paired-pulse protocol does not induce LTD in
female wildtype animals, it does in female PKM{ knockout animals [t(23)=2.764, p=.011,
n=12-13/group, Fig. 7A & B]. In males we see the opposite effect where LTD induction is
blunted in PKM( knockout animals [t(20)=2.856, p=.009, n=10-12/group Fig. 7D & E].
We found the differences between genotypes are abolished in both sexes with a 10 minute
paired-pulse protocol. There are no significant differences in the magnitude of LTD
induction between female wildtype and PKMC( knockout animals [t(22)=.4305, p=.671,
n=10-14/group, Fig. 7G & H] or between male wildtype and PKMC{ knockout animals

[t(19)=1.016, p=.323, n=9-12/group, Fig. 7J & K].
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Figure 7. PKM( knockout alters LTD in a sex-specific manner.

LTD induction in female mice by a shorter protocol of LFS (1 Hz train of paired stimuli
for 5 minutes) is facilitated in PKMC knockout animals compared to wildtype controls (A;
n=12-13/group). Change in fEPSP slope over 1-hour post-LFS shows PKM( knockout
facilitates LTD in female mice compared to wildtype controls (B; n=12-13/group). LTD
induction in male mice by a shorter protocol of LFS (1 Hz train of paired stimuli for 5
minutes) is blunted in PKM( knockout animals compared to wildtype controls (D; n=10-
12/group). Change in fEPSP slope over 1-hour post-LFS shows PKM( knockout blunts
LTD in male mice compared to wildtype controls (E; n=10-12/group). Following the
longer LFS induction protocol (1 Hz train of paired stimuli for 10 minutes), there is no
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effect of PKMC( knockout on LTD induction in either male or female mice (G; n=10-
14/group; J; n=9-12/group). Change in fEPSP slope over 1-hour post-LFS reveals robust
LTD in both wildtype and PKMC{ knockout mice (females: H; n=10-14/group; males: K;
n=9-12/group). Representative pre- and post-LFS traces (D, F, I, L). *p<.05; **p<.01 effect
of genotype.

Discussion

Sex differences in the prevalence and presentation of substance use disorder are
well-established. Despite this fact, the neural mechanisms driving behavioral sex
differences in SUD are not fully understood. As glutamate transmission influences the
development and presentation of SUD (Chiamulera et al., 2021; Duncan & Lawrence,
2012; Kalivas, 2000, 2004, 2009; Kalivas et al., 2005, 2009; Kenny & Markou, 2004;
Lapish et al., 2006; Loweth et al., 2013; Marquez et al., 2017; Reissner & Kalivas, 2010;
Schmidt & Pierce, 2010; Scofield et al., 2016; Spencer et al., 2016; Wolf & Ferrario, 2010),
we aimed to understand how glutamatergic transmission within the reward system may
differ between males and females. Here, we found baseline sex differences in excitatory
transmission at multiple levels within the nucleus accumbens. These differences may, in
part, underlie some of the well-established behavioral sex differences in SUD.

Sex differences in postsynaptic glutamatergic transmission.

We found in both rats and mice females have a significantly higher AMPA/NMDA
ratio in the NAc than males. These data indicate heightened synaptic strength in females,
an effect that is replicable across multiple species. AMPAR subunits display different
kinetic properties with GluAl homomers having greater conductance than GluA2-
containing heteromers (Benke & Traynelis, 2019; Derkach et al., 2007; Guire et al., 2008;
Oh & Derkach, 2005; Song & Huganir, 2002; Toyoda et al., 2009; Wolf & Ferrario, 2010;

Wright & Vissel, 2012). As increased excitatory synaptic strength is associated with an
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increased contribution of GluA2-lacking AMPARs (S. R. Chen et al., 2013), we propose
females may have a heightened contribution of GluA1 AMPARSs in the NAc compared to
males. While we did not investigate receptor distribution here, there are known sex
differences in glutamate receptor expression in the PFC (Ganguly et al., 2019; Knouse et
al., 2022; Wang et al., 2015) and surface expression of GluA1 fluctuates during the estrous
cycle in the NAc (Bechard et al., 2018). An increased AMPAR contribution in females
would drive the heightened AMPA/NMDA ratio we see in both species.

With regards to SUD, the AMPA/NMDA ratio in the NAc is altered following drug
use. Chronic cocaine exposure and cocaine and nicotine reinstatement cause an increase in
the AMPA/NMDA ratio in the NAc core (Gipson et al., 2013; Moussawi et al., 2011;
Spencer et al., 2017). This effect of chronic cocaine is reversed with N-acetylcysteine, a
compound that helps restore disrupted glutamate homeostasis (Moussawi et al., 2011). N-
acetylcysteine administration also induces lasting reductions in cocaine and heroin
reinstatement and seeking (Baker et al., 2003; Kau et al., 2008; Madayag et al., 2007,
Moussawi et al., 2011; Zhou & Kalivas, 2008). Therefore, heightened synaptic strength as
evidenced by the AMPA/NMDA ratio may drive vulnerability to substance use and relapse.
As females are more vulnerable than males to many aspects of SUD (Becker et al., 2017,
Becker & Hu, 2008; Becker & Koob, 2016; S. A. M. Bobzean et al., 2014; Fattore et al.,
2008; Knouse & Briand, 2021; Quigley et al., 2021), we propose the heightened synaptic
strength we found in the NAc of females may, in part, drive female vulnerability to SUD.

While we might expect to see a corresponding sex difference in SEPSC amplitude,
we do not. Others have found effects of sex on mEPSC amplitude in adult animals, an

effect that is not present in prepubertal animals and is dependent on estrous cycle stage
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(Cao et al., 2016; Proano et al., 2018). It is possible there would be effects of estrous cycle
stage on sEPSC amplitude that we are not capturing in these studies as we did not track
estrus in our animals. Nonetheless, our results are not the first to find an effect on the
AMPA/NMDA ratio without a corresponding effect on sEPSC amplitude. In the
basolateral amygdala, pubescent male rats have a higher AMPA/NMDA ratio than
pubescent females but there is no significant difference in SEPSC amplitude (Guily et al.,
2022). In the dorsolateral striatum, high alcohol preference mice exhibit a lower
AMPA/NMDA ratio than low alcohol preference mice but there is also no change in sSEPSC
amplitude (Fritz et al., 2019).

Spontaneous activity is proposed to rely on different mechanisms than evoked
activity. As sEPSCs are spontaneous and the AMPA/NMDA ratio is evoked, it is plausible
NAc inputs are less active spontaneously and this is why we do not see an effect of sex on
sEPSC amplitude. Despite the lack of effect of sex on SEPSC amplitude, our
AMPA/NMDA ratio data indicate females have heightened postsynaptic strength in the
NAc. This could, in part, underlie some of the behavioral sex differences seen in SUD. In
order to further investigate sex differences in the reward system, we also examined
measures of presynaptic transmission within the NAc.

Sex differences in presynaptic glutamatergic transmission.

We found significant sex differences in presynaptic glutamatergic transmission
across two species in the NAc. First, we found females have a larger readily releasable pool
of glutamate than males. Differences in the size of the RRP would lead to a variety of
changes in presynaptic transmission, including possible differences in release probability.

Therefore, we also examined release probability and found it is lower in females within
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this region compared to males. We did not see a corresponding effect on SEPSC frequency.
Despite this, our RRP data indicate females may have heightened presynaptic
glutamatergic transmission in the NAc.

There are a few explanations for why we see a significant effect of sex on the size
of the RRP and release probability but not on SEPSC frequency. First, the size of the RRP
in the NAc is projection-specific as the effect of sex we see on overall RRP size is not
present in projections specifically from the ventral hippocampus (Deutschmann et al.,
2022). While we found an overall sex difference in the size of the RRP, we are not able to
determine whether this effect is driven by specific glutamatergic inputs. This indicates
another input region to the NAc likely drives the large sex difference we see. Input-
specificity may explain why there is an effect of sex on the RRP but not on sEPSC
frequency.

It is possible our sEPSC frequency data are also modulated by circulating ovarian
hormones, as mEPSC frequency in the NAc core is altered by sex and estrous cycle stage
(Cao et al., 2016; Proano et al., 2018). Lastly, sEPSC frequency is also cell-type specific
within the NAc. Frequency is significantly higher in D2-containing neurons compared to
D1-containing neurons (Ma et al., 2012). Differentiating by D1 vs D2 neurons may elicit
effects of sex that we did not capture in these studies. Therefore, our effect of sex on the
RPP and release probability but not on SEPSC frequency could be due to the estrous cycle,
the specific inputs and cell-types involved, or a combination of these. Nonetheless, our
RRP and release probability data indicate there are biological sex differences in presynaptic
glutamate transmission within the NAc. These differences may have functional

consequences that alter behavioral responses in SUD.
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Sex Differences in LTD.

Along with these differences in baseline post- and presynaptic glutamate
transmission, we also found sex differences in synaptic plasticity within the NAc. The
current study demonstrates that the induction threshold for LTD is higher in females than
males, with a shorter paired pulse protocol inducing LTD in males but not females. LTD
was induced in females following a longer paired pulse protocol and the extent of the LTD
in females was similar to that in males at this stimulation duration. LTD is therefore harder
to induce in the NAc of females and requires a more intense stimulation protocol than in
males. LTD is a result of depleting the RRP (Bailey & Chen, 1988; Gottmann, 2008;
Stanton et al., 2003). Therefore, the larger RRP we found in females likely prevents the
induction of LTD at shorter protocols. Longer protocols are required to release enough
vesicles to induce LTD. These data indicate heightened glutamatergic activity in the NAc
of females also makes it harder to induce alterations to synaptic plasticity.

While sex differences in LTD are largely unexplored, it is established LTD in the
hippocampus is modulated by estradiol (Zamani et al., 2000). Most work has focused on
long-term potentiation (LTP), however. The mechanisms and expression of LTP are
modulated by biological sex. LTP in the hippocampus is significantly influenced by
fluctuating hormone levels during the estrous cycle (Gall et al., 2021; Koss & Frick, 2017,
Simpson & Kelly, 2012; Yagi & Galea, 2019) and male rats exhibit LTP to a broader range
of tetani than females (Yang et al., 2004). Our data further the existing evidence that LTD
is susceptible to alterations by biological sex as well. Altogether, our data indicate

increased excitatory activity in females blunts LTD induction.
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PKMC( has a sex-specific role in LTD.

Our findings from both the whole-cell and LTD studies clearly suggest sex
differences in the glutamate system. We further investigated these differences by
examining the effect of PKMC( knockout on LTD. We found male knockout mice exhibit
blunted LTD compared to wildtype controls. The effect of genotype was abolished
following a more intense LTD induction protocol. This suggests that PKM{ knockout
increased the induction threshold for LTD in male mice rather than eliminating this form
of plasticity altogether.

Trafficking of GluA2 AMPA receptor subunits plays a critical role in LFS-induced
LTD (Anwyl, 2006; Malinow & Malenka, 2002; Purkey & Dell’ Acqua, 2020). Within the
NAc, altering GluA2 trafficking via glutamate receptor-interacting protein (GRIP)
knockout abolishes LTD (Briand et al., 2014). GRIP works to stabilize GluA2-containing
AMPARSs to the synapse, similarly to PKMC. PKM( potentiates NSF-mediated insertion of
GluA2-containing AMPARs into the cell membrane (Yao et al., 2008) and cytosolic levels
are decreased in the hippocampus following LTD induction (Hrabetova & Sacktor, 1996).
The results found here demonstrate a definitive role for PKM( in LTD within the NAc. Our
data further the evidence that AMPAR trafficking proteins play a crucial role in LTD.

In contrast to the effect of PKM{ knockout in males, we found that PKM( knockout
had the opposite effect in female mice, decreasing the threshold for LTD induction. While
the shorter induction protocol did not elicit LTD in wildtype females, it did successfully
induce LTD in PKM( knockout females. This is the first study to examine LTD in

constitutive PKM{ knockout mice in both sexes. However, previous studies have explored
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the effect of constitutive PKM{ knockout on LTP. Within the hippocampus, PKM{
knockout animals exhibit normal LTP and there are no effects of sex (Volk et al., 2013).
While this suggests that PKMC( is not necessary for hippocampal LTP, it is not known
whether this reflects regional differences in the role of PKM( or differences in the
mechanisms driving these different forms of plasticity.

We found that PKMC( knockout alters LTD in a sex-specific manner. There is other
evidence PKM( activity and expression is sex-specific. Behaviorally, constitutive PKM{
knockout reduces anxiety-like behavior in males but not females (A. M. Lee et al., 2013)
and site-specific deletion of PKM( in the NAc potentiates cocaine-taking exclusively in
male mice (McGrath et al., 2018). Following exposure to cocaine and methamphetamine
there are also sex-specific alterations to PKM( expression (Avila et al., 2021; McGrath et
al., 2018). Our data indicate PKMC also plays a sex-specific role in LTD within the NAc.
In addition to sex-specificity, we also found the effect of PKM( knockout on LTD to be
“dose” specific as the effect of genotype is not apparent following the stronger LTD
induction protocol. This further highlights the need to examine multiple induction
protocols as sex differences in plasticity may be quantitative rather than qualitative.

Altogether, our data demonstrate there are sex differences in synaptic plasticity at
multiple levels within the reward system. As glutamate transmission drives many aspects
of SUD (Chiamulera et al., 2021; Duncan & Lawrence, 2012; Kalivas, 2000, 2004, 2009;
Kalivas et al., 2005, 2009; Kenny & Markou, 2004; Lapish et al., 2006; Loweth et al.,
2013; Marquez et al., 2017; Reissner & Kalivas, 2010; Schmidt & Pierce, 2010; Scofield
et al., 2016; Spencer et al., 2016; Wolf & Ferrario, 2010), we propose baseline sex

differences in synaptic plasticity within this region may drive some of the behavioral sex
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differences in drug use. It is established that gonadal hormones in both sexes can influence
both synaptic plasticity and behaviors associated with SUD (Hyer et al., 2018; Knouse &
Briand, 2021; Krentzel et al., 2022; Meitzen et al., 2018). Though we did not track estrous
cycle in female animals here, it is possible many of the effects we see are mediated by
natural hormonal fluctuations. Nonetheless, these data highlight the need for further
exploration of baseline sex differences in the mechanisms driving disorders such as SUD.
Greater understanding of these mechanisms will allow for the development of more

targeted, and ideally more effective, pharmacotherapies to treat diseases such as SUD.
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CHAPTER 4

PKM( Alters Oxycodone-Taking
Introduction

Altered glutamate transmission underlies many aspects of the substance use
disorder (SUD) cycle, with disruptions to glutamate homeostasis driving relapse (Gardner,
2011; Hearing, 2019; Hearing et al., 2018; Heinsbroek et al., 2021; Knackstedt & Kalivas,
2009; Knouse & Briand, 2021; Koob & Volkow, 2016; Kruyer et al., 2020; Roberts-Wolfe
& Kalivas, 2015; Ross & Peselow, 2009; Tzschentke & Schmidt, 2003). Trafficking of
glutamatergic AMPA receptors (AMPARSs) specifically underlies learning and drug use
(Malenka, 2003; Malinow & Malenka, 2002). PKMC, an atypical isoform of Protein Kinase
C (PKC), is an AMPAR trafficking protein. It potentiates NSF-mediated insertion of
GluA2-containing AMPARSs to the cell membrane (Yao et al., 2008). This makes PKM{(
an interesting target for studies on the synaptic plasticity underlying learning, memory, and
drug use.

Early studies demonstrated a role for PKMC in long-term potentiation (LTP). PKMC(
levels increase during and after LTP induction and it was proposed to be sufficient to
maintain LTP (Hsieh et al.,2021; D. S. F. Ling et al., 2002; Sacktor et al., 1993). In learning
and memory, PKMC levels increase following spatial conditioning and during memory
reconsolidation (Bernabo et al., 2021; Hsieh et al., 2021). Further, an infusion of zeta
inhibitory peptide (ZIP), a proposed PKMC inhibitor, into the hippocampus prevented rats
from exhibiting a previously-learned fear response (Pastalkova et al., 2006). Relevant to

substance use, ZIP was also shown to block morphine conditioned place preference (Li et
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al., 2011). Altogether, these studies demonstrated a role for PKM( in memory formation,
memory preservation, and learning.

Recently, the specificity of ZIP has been called into question. It likely targets both
PKMC( and another atypical PKC isoform, PKCi/A. PKM( knockout mice exhibit normal
learning, memory, and LTP and ZIP still induces learning and memory deficits in these
animals (A. M. Lee et al., 2013; Volk et al., 2013). This makes studies that utilized ZIP to
block PKM( difficult to interpret. These findings could indicate PKMC( is not involved in
LTP, learning, and memory. Another explanation, however, is that there are compensatory
mechanisms at play in PKM( knockout mice. As evidence of this, PKCi/A is recruited for
LTP in animals that lack PKM( (Tsokas et al., 2016). Regardless of the controversy
surrounding ZIP, PKM( does alter spine density.

PKMC( expression is widespread throughout postsynaptic neurons, including in
dendritic spines (Hernandez et al., 2014). Overexpression of PKM( in cultured cortical
neurons reduces spine length and increases the fraction of stubby heads (Ron et al., 2012).
This switch in morphology is indicative of stronger, more mature spines. Drug exposure
can also alter spine density. Multiple paradigms of morphine exposure decrease dendritic
spine density in the nucleus accumbens (NAc) shell and core (Diana et al., 2006; Kasture
et al., 2009; Leite-Morris et al., 2014; Robinson et al., 2002; Robinson & Kolb, 1999; Spiga
et al., 2005). Cocaine exposure, in contrast, generally increases spine density in the NAc
(Dumitriu et al., 2012; Norrholm et al., 2003; Robinson et al., 2001). As PKM( can enhance
dendritic spine density, we aimed to examine whether PKM( knockout would alter drug-

taking behaviors.
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There is evidence for this as PKM{ knockout increases ethanol consumption in an
intermittent access paradigm in male mice (A. M. Lee et al., 2014). We previously extended
these findings to cocaine where we demonstrated PKM( knockout potentiates cocaine-
taking and seeking in both male and female mice (McGrath et al., 2018). Together, these
studies indicate PKM{ works to dampen drug reward. Alterations to spine density underlie
both opioid and cocaine use (Kalivas, 2009). As opioids and cocaine generally have
opposing effects on spine density in the NAc, we were interested in exploring how PKM{
knockout may alter opioid-taking behaviors.

Here, we examined the role of PKM( in oxycodone-taking and motivation. We
tested two doses of oxycodone and used a progressive ratio paradigm to further our
understanding of PKM(U(’s role in opioid use. We found that PKM{ dampens these
oxycodone-taking in both sexes at a moderate dose of oxycodone, but only significantly
affects oxycodone-taking in females at a low dose of oxycodone. These data indicate that
while PKM( does work to blunt opioid-taking and seeking, its role in these processes may
be more important for females at lower doses of oxycodone. This highlights the possibility
that while PKMC( does dampen drug reward across multiple drug classes, it does not
function in the same manner in both sexes.

Methods

Subjects. The current study utilized male and female PKM( knockout (KO) mice
as described previously (Volk et al., 2013). Heterozygous PKM{ KO mice on a C57BL/6J
background were mated resulting in mutant and wildtype littermates. Mice (2—6 months
old, age matched across group) were group housed until the start of the behavioral

experiments at which point they were individually housed. 90 mice were used for these
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experiments (49 females and 41 males). All animals were housed in a temperature and
humidity controlled animal care facility with a 12 h reverse light/dark cycle (lights on at
7:00 p.m.). All procedures were approved by the Temple University Animal Care and Use
Committee.

Drugs. Oxycodone was obtained from the National Institutes of Drug Abuse Drug
Supply Program (Bethesda, MD) and dissolved in sterile 0.9% saline.

Jugular Catheterization Surgery. Prior to surgery, mice were anesthetized with 80
mg/kg ketamine and 12 mg/kg xylazine. An indwelling silastic catheter was placed into the
right jugular vein and sutured in place. The catheter was then threaded subcutaneously over
the shoulder blade and was routed to a backmount platform (Instech Laboratories, Inc.)
that secured the placement. Catheters were flushed daily with 0.1 ml of an antibiotic
(Timentin, 0.93 mg/ml) dissolved in heparinized saline. Mice recovered in their home cage
for 3 days prior to the start of our experiments.

Operant Food Training. Following catheterization, mice were trained to perform
an operant response for sucrose pellets. The mice were placed in operant chambers (Med-
Associates) and trained to press a lever to receive a sucrose pellet. Mice performed 2 days
of fixed ratio 1 (FR1) responding where only the active lever was available. A compound
cue stimulus consisting of a cue light above the active lever, a 2900-Hz tone, and house
light off was concurrent with each pellet administration, followed by an additional 8 s time-
out when responding had no programmed consequences and the house light remained off.
Mice were allowed to self-administer a maximum of 50 pellets per 60 min operant session.

The mice were food restricted to approximately 90% of their free feeding weight
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throughout the course of the operant training. They returned to ad libitum feeding 6 days
into oxycodone self-administration.

Oxycodone Self-Administration. Oxycodone self-administration was measured
over 2 h sessions (7 days per week) in the same chamber used for operant food training.
Mice were trained to self-administer oxycodone for 3 days using an active and inactive
wheel. Following the training phase, the active and inactive wheels were replaced with
levers and mice continued oxycodone self-administration for 12 days. Throughout all of
oxycodone self-administration, responding on the active manipulandum delivered an
intravenous oxycodone injection (0.25 or 0.125 mg/kg/infusion) paired with the same cues
as food training. Following the self-administration phase, mice were tested for 1 day on a
progressive ratio (PR) schedule, where the response requirement for each infusion
increased until the subject did not fulfill the requirement. The response requirement was
defined as R(1)=[5¢0.15i-5] and the session ended if the animal took longer than 30 min to
meet the requirement. The breakpoint is defined as the final ratio completed.

Data Analysis. All analyses were performed using GraphPad Prism 9 software
(GraphPad Software). Data were analyzed using two-way ANOVA with Sidak’s post hoc
tests or linear mixed-effects models (Verbeke & Molenberghs, 2000) as appropriate.
Statistical significance for all tests was set at a= 0.05.

Results
PKM({ knockout potentiates 0.25 mg/kg/inf oxycodone self-administration in both sexes.

Wildtype and PKM( knockout mice self-administered 0.25 mg/kg/infusion

oxycodone for 12 days. Linear mixed-effects models revealed male and female PKM{

knockout mice earned more infusions [main effect of genotype; females: F(1,29) = 4.778,

68



p = .037, Fig. 8A; males: F(1,24) = 6.797, p = .015, Fig. 8B] and responded more for
oxycodone [main effect of genotype; females: F(1,29) = 5.587, p = .025, Fig. 8C; males:
F(1,24)=6.04, p= .02, Fig. 8D] than wildtype conspecifics. We found no significant effect
of genotype on the number of inactive lever presses over the 12 days [females: F(1,29) =

1.028, p = .319, Fig. 8E; males: F(1,24) = 1.75, p = .198, Fig 8F).
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Figure 8. PKMC( knockout potentiates 0.25 mg/kg/inf oxycodone self-administration
in both sexes.

Constitutive PKM( deletion leads to an increase in the number of infusions earned
(females: Fig. 8A; males: Fig. 8B) and the number of active responses (females: Fig 8C;
males: Fig. 8D) across 12 days of oxycodone self-administration. There were no significant
effects of PKM( knockout on inactive responding (females: Fig. 8E; males: Fig. 8F).
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PKMC( knockout potentiates 0.125 mg/kg/inf oxycodone self-administration exclusively in
female animals.

Wildtype and PKMC{ knockout mice self-administered 0.125 mg/kg/inf oxycodone
for 12 days. Two way ANOVA revealed female PKM( knockout animals earned more
infusions [main effect of genotype; F(1,16) = 7.23, p = .016, Fig. 9A] and responded
significantly more for oxycodone [main effect of genotype; F(1,16) =9.039, p =.008, Fig.
9C] than wildtype conspecifics. In contrast, male PKM{ knockout animals earned a
statistically similar number of infusions [F(1,13) =3.579, p = .08, Fig. 9B] and responded
a similar amount for oxycodone [F(1,13) = .4776, p = .50, Fig. 9D] as wildtype
conspecifics. There was no significant effect of genotype on inactive lever responding

[females: F(1,16) =4.182, p =.057, Fig. 9E; males: F(1,13) =2.031, p =.177, Fig. 9F].
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Figure 9. PKMC( knockout potentiates 0.125 mg/kg/inf oxycodone self-administration
exclusively in female animals.

Constitutive PKM( deletion leads to an increase in the number of infusions earned and the
number of active responses in female (Fig. 9A; 9C), but not male (Fig. 9B; 9D) mice. There
were no significant effects of PKM{ knockout on inactive responding in either sex
(females: Fig. 9E; males: Fig. 9F).
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PKM( knockout alters motivation for 0.125 mg/kg/inf oxycodone exclusively in female
animals.

We lastly examined whether PKM( knockout affects motivation to obtain
oxycodone as measured by a progressive ratio paradigm. Two way ANOVA revealed
PKMC( deletion leads to an increase in breakpoint in female mice but not males [effect of
genotype: F(1,29) = 6.039, p = .02; effect of sex: F(1,29) = 2.368, p = .135; interaction:
F(1,29) =5.963, p = .021, Fig. 10; post-hoc tests, females: t(29) = 3.9, p =.001, Fig. 10;

males: t(29) =.009, p > .99, Fig. 10].
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Figure 10. PKMC( knockout potentiates the final breakpoint in a progressive ratio
paradigm exclusively in female animals.

Constitutive PKM( deletion leads to an increase in the breakpoint for oxycodone in female,
but not male, mice.
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Discussion

Glutamatergic AMPAR activity underlies much of the SUD cycle (Malenka, 2003;
Malinow & Malenka, 2002). PKM(, an atypical isoform of Protein Kinase C, potentiates
NSF-mediated insertion of GluA2-containing AMPARSs to the cell membrane (Yao et al.,
2008). This made PKMC( a popular target for studies on synaptic plasticity, mainly LTP
(Hsieh et al., 2021; D. S. F. Ling et al., 2002; Sacktor et al., 1993). Despite some
controversy surrounding the role of PKMC( in synaptic plasticity and behavior (A. M. Lee
et al., 2013; Tsokas et al., 2016; Volk et al., 2013), PKM( can alter dendritic spine density
and is involved in cocaine and ethanol-taking behaviors (A. M. Lee et al., 2014; McGrath
et al., 2018; Ron et al., 2012). As cocaine and opioids alter spine density in opposing
manners, we were interested in whether PKM{ knockout would affect opioid self-
administration in a different manner than we previously found with cocaine (Robinson et
al., 2002). In these experiments we found biological sex can influence the effect of PKM(
knockout on oxycodone-taking and motivation. Our results indicate PKM( works to
dampen drug reward across multiple drug classes in females but these effects may be dose-
dependent in males.

PKM( blunts oxycodone-taking in both sexes at a moderate dose of oxycodone.

In our first experiment, we found PKM{ knockout potentiates oxycodone self-
administration in both sexes at a dose of 0.25 mg/kg/inf. We first examined this dose as it
is a moderate dose of oxycodone that is readily self-administered by mice (Y. Zhang et al.,
2009). Our data show significant potentiation in both the number of infusions earned and
the number of active responses in PKM( knockout animals compared to wildtype controls

across 12 days of self-administration. This is in line with previous data showing PKM{

74



works to dampen ethanol- and cocaine consumption (A. M. Lee et al., 2014; McGrath et
al., 2018). We do not see any significant difference in the number of responses on the
inactive lever, indicating potentiated responding for oxycodone is not due to increases in
perseverative responding.

PKMC( induces a maturation of dendritic spines in cultured cortical neurons (Ron et
al., 2012). Though the role of PKMC( in spine density is still being explored, this highlights
the possibility knocking out PKMC would lead to less stable spines. Drug use involves
alterations to dendritic spine density (Kalivas, 2009). Therefore, the effect of PKM{
knockout on drug-taking could be due to disruptions in spine morphology. However,
cocaine and opioids affect spine density in the NAc in opposing manners (Diana et al.,
2006; Dumitriu et al., 2012; Kasture et al., 2009; Leite-Morris et al., 2014; Norrholm et al.,
2003; Robinson et al., 2001, 2002; Robinson & Kolb, 1999; Spiga et al., 2005) and we
found the same behavioral phenotype in PKM( knockout animals across both drugs. This
indicates that while PKM{ may play a role in spine maturation, its role in drug-taking may
not be due explicitly to its role in spine density.

In addition to a possible role in dendritic spine density, PKMC( potentiates insertion
of GluA2 AMPARSs to the cell membrane. Previous data show disrupting GluA2 trafficking
through mechanisms other than PKM( alters cocaine reinstatement (Briand et al., 2014;
Famous et al., 2008; Wickens et al., 2019, 2021). Though there are fewer studies examining
opioid self-administration, opioid exposure does alter GluA2 trafficking (Hearing et al.,
2018). Here, our findings further the data that disrupting GluA2 trafficking alters drug-
taking behaviors by demonstrating a role for PKMC( in opioid self-administration. Further,

we found the effect of PKM( knockout on opioid-taking is present in both sexes. The
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results from our first experiment highlight the ubiquitous role of GluA2 trafficking in drug
use in both males and females. In combination with previous studies, these data specifically
further the finding that GluA2 trafficking via PKM( broadly works to dampen drug reward
in both sexes.

PKM( alters oxycodone-taking in females at a low dose of oxycodone.

In our next experiment we found PKMC( knockout significantly potentiates
oxycodone self-administration exclusively in female animals at a dose of 0.125 mg/kg/inf.
While we saw the same effect of PKM( knockout on oxycodone-taking in both sexes at the
moderate dose, there are known dose-dependent sex differences in drug-taking behaviors
(Becker & Hu, 2008). Therefore, we were interested in whether PKM( plays the same role
in both sexes at another dose of oxycodone. We chose this lower dose as it may elicit more
responding and capture group differences better than higher doses (Y. Zhang et al., 2009).
While there was no significant effect of genotype in male animals, we do not have a large
sample size in the PKMC{ knockout group. It remains possible that there may be an effect
of genotype in male animals that we have not captured with this sample size. If that is the
case, we could conclude PKM( knockout blunts opioid reward in both sexes at multiple
doses. Nonetheless, we do not see any effects of genotype on either the number of infusions
earned or active responding in the male animals. Currently, our data indicate PKM{ may
be more important for females when self-administering low doses of oxycodone.

To investigate whether PKM( influences motivation to obtain oxycodone, we tested
the animals on a progressive ratio schedule of responding using the low dose. We saw a
similar effect with PKMC knockout significantly potentiating the final breakpoint

exclusively in female animals. Our current data indicate PKMC( also plays a larger role in
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females in motivation to acquire low dose oxycodone. However, our data set for the male
animals in this paradigm is also underpowered. As we also have a low sample size for
PKMC( knockout males in the progressive ratio paradigm, it is still possible there may be
effects of genotype in male animals that we do not see at this time. If we do see effects of
genotype as studies continue, it would indicate PKM( knockout enhances motivation to
acquire opioids similarly in both sexes at a low dose of oxycodone.

Biological sex can modulate behavioral responses to different doses of the same
drug. Females acquire drug-taking at lower doses and when given a choice will choose a
higher dose of cocaine than males (Becker & Hu, 2008). Thus, varying the dose may elicit
effects of sex not previously seen at other doses. PKM( can also be modulated by biological
sex. There are sex differences in expression within the hippocampus and NAc following
drug exposure (Avila et al., 2021; McGrath et al., 2018). This indicates that while many
behaviors involving PKM{ may present in a similar manner, PKM( activity may not
explicitly be the same between the sexes. Previous studies demonstrate this, where
constitutive PKM( knockout potentiates cocaine-taking in both sexes but site-specific
knockout in the NAc potentiates cocaine-taking exclusively in males (McGrath et al.,
2018). Altogether, these data and ours indicate that PKM( does work to dampen drug
reward but its role is not explicitly the same in males and females.

Here, we found PKM( knockout potentiates oxycodone-taking though its role in
these behaviors may be greater in females than males. This adds to the literature
demonstrating PKM({ works to dampen drug-taking across multiple drug classes.
Additionally, these studies suggest that PKM{ may function differently in males and

females when low doses of opioids are involved. These experiments highlight the
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importance of including both sexes in biomedical research. Recent evidence indicates men
and women do not always respond to SUD treatments in the same manner (Agabio et al.,
2016; Huhn et al., 2019; S. Ling et al., 2019; Segui et al., 2020). Further investigation into
the neural mechanisms driving SUD in both sexes could aid in the development of more

effective pharmacotherapies for males and females.
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CHAPTER 5
Conclusion

Behavioral sex differences are present in many aspects of the SUD cycle (Becker
et al., 2017; Becker & Hu, 2008; Becker & Koob, 2016; S. A. M. Bobzean et al., 2014;
Fattore et al., 2008; Knouse & Briand, 2021; Quigley et al., 2021). Despite this fact the
mechanisms driving behavioral sex differences in drug-taking and relapse are largely
unexplored. Glutamate transmission underlies many components of the SUD cycle
(Chiamulera et al., 2021; Duncan & Lawrence, 2012; Kalivas, 2000, 2004, 2009; Kalivas
et al., 2005, 2009; Kenny & Markou, 2004; Lapish et al., 2006; Loweth et al., 2013;
Mirquez et al., 2017; Reissner & Kalivas, 2010; Schmidt & Pierce, 2010; Scofield et al.,
2016; Spencer et al., 2016; Wolf & Ferrario, 2010). There are also known sex differences
in glutamate transmission (L. L. Giacometti & Barker, 2020; C. J. Perry et al., 2021; Tonn
Eisinger et al., 2018; Wickens et al., 2018), highlighting the possibility sex differences in
excitatory transmission may underlie some of the behavioral sex differences in drug
reward. As males and females do not always respond similarly to pharmacotherapies for
SUD (R. E. Johnson et al., 1995; Jones et al., 2005; Schottenfeld et al., 1998), it is crucial
to understand the mechanisms driving sex differences in SUD to better treat the clinical

population.

Behavioral sex differences in cocaine use disorder are well-established. Women
experience higher desires to use cocaine and more intense craving following exposure to
cocaine-related cues than men (Elman et al., 2001; Kennedy et al., 2013; Sofuoglu et al.,
1999). Preclinically, female rodents take more cocaine, reinstate at higher rates, and are

more motivated to work for cocaine than males (Bechard et al., 2018; Carroll et al., 2002;
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Hu et al., 2004; Lynch & Carroll, 1999, 2000; Lynch & Taylor, 2004; Ramda et al., 2013;
Roberts et al., 1989). Though less is known about opioid use disorder, the emerging data
point to the same trend where females are more vulnerable to many aspects of opioid use
disorder. Clinically, women experience higher opioid craving at baseline and following
exposure to drug paired cues than men (Back et al., 2011; Yu et al., 2007). Preclinically,
female animals acquire opioid self-administration more rapidly, take more opioids, and are
more motivated to acquire opioids than males (Carroll et al., 2002; Cicero et al., 2003;
Klein et al., 1997; Lynch & Carroll, 1999; Vazquez et al., 2020). Altogether, the literature
points to a common trend between cocaine and opioid use disorders: females are more

vulnerable than males.

Glutamate homeostasis is disrupted following drug use and these disruptions drive
relapse (Hearing et al., 2018). While overall less is known about sex differences in
excitatory transmission, there are known sex differences in receptor expression and
glutamate levels that may underlie drug reward (L. L. Giacometti & Barker, 2020; C. J.
Perry et al., 2021; Tonn Eisinger et al., 2018; Wickens et al., 2018). In our first study, we
found multiple sex differences in glutamate signaling within the mPFC. Females exhibit
heightened AMPAR expression compared to males as evidenced by higher synaptosomal
expression of GluA1l and GluA2 and a higher rectification index. Together, these data
specifically found females have a larger contribution of GluA1-containing CP-AMPARs.
As CP-AMPARs have higher conductance than GluA2-containing AMPARSs they are
proposed to underlie heightened synaptic strength (S.-R. Chen et al., 2013). We found a
corresponding increase in both SEPSC frequency and amplitude in the mPFC, indicating

both pre- and postsynaptic glutamatergic transmission is heightened in females. Altogether,
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our results in the mPFC demonstrate females have heightened excitatory transmission and

synaptic strength within this region.

Glutamatergic projections from the mPFC to NAc drive drug use and relapse
(Hearing, 2019). As we found significantly heightened glutamatergic transmission in the
mPFC of females compared to males, we were interested in exploring whether these effects
translate to alterations in glutamate activity within the NAc. Presynaptically, we found
females have a larger readily releasable pool of glutamate and a lower release probability
in this region than males. The lower release probability likely works to counteract
heightened glutamatergic input in this region. We did not see any effects of sex on sEPSC
frequency. While we may have expected to see this based on our RRP data, it is not entirely
surprising as we did not look at this measure in a cell-specific manner and it can vary by
cell-type (Ma et al., 2012). Together, these data indicate the sex differences we found in
glutamate transmission within the mPFC translate to presynaptic sex differences within the
NAc as well. We then examined measures of postsynaptic glutamate transmission to
determine whether these differences translate to an overall sex difference in transmission

within this region.

We found females have a significantly larger AMPA/NMDA ratio in the NAc
compared to males. This difference was present in both rats and mice, indicating this effect
is conserved across two species. While we did not see any significant difference in SEPSC
amplitude, this is again likely due to cell specificity we did not examine here (Deroche et
al., 2020). As AMPAR endocytosis is involved in LTD, we next examined whether these
differences in AMPA-mediated transmission correspond to sex differences in LTD. We

found LTD was blunted in the NAc of female animals when using a LFS protocol that
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successfully induces LTD in males. This sex difference was abolished with a more intense
stimulation protocol. These data indicate the threshold for LTD induction in naive females

is higher than that in males.

While less is known about sex difference in LTD, LTP is influenced by biological
sex with males exhibiting LTP to a broader range of induction protocols than females (Gall
et al., 2021; Koss & Frick, 2017; Simpson & Kelly, 2012; Yagi & Galea, 2019; Yang et
al., 2004). Our data extend these findings to LTD in the NAc. The larger RRP we found in
females could explain why we need a longer LFS protocol to induce LTD. LTD induction
reduces the size of the RRP and synaptic depression is a result of RRP depletion (Bailey &
Chen, 1988; Gottmann, 2008; Stanton et al., 2003). In females, the larger RRP likely makes
it more difficult to induce synaptic depression. The short protocol may not cause enough
vesicle release to induce depression but longer protocols could. These data indicate
heightened glutamatergic activity in the NAc of females also makes it harder to induce
alterations to synaptic plasticity. Altogether, these studies indicate there is potentiated
excitatory transmission in the mPFC of females that translates to potentiated excitatory
transmission in the NAc. These differences are seen both pre- and postsynaptically and

could drive female vulnerability to drug use.

Our data from these studies indicated there are sex differences in AMPA-mediated
transmission within the reward system. Therefore, we were interested in examining the role
of AMPAR trafficking proteins in synaptic plasticity in both sexes. GRIP, an AMPAR
trafficking protein, stabilizes GluA2 at the cell membrane (H. Dong et al., 1997). Intra-
accumbal GRIP knockout blunts LTD and potentiates cue-induced cocaine reinstatement

in male mice (Briand et al., 2014). PKM(, another AMPAR trafficking protein, is proposed
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to work similarly to GRIP by potentiating NSF-mediated insertion of GluA2 at the cell
membrane (Yao et al., 2008). Relevant to substance use, PKM({ knockout potentiates
ethanol-taking in male mice and cocaine-taking in both sexes (A. M. Lee et al., 2014;
McGrath et al., 2018). We were interested in exploring whether PKM( plays a similar role

in LTD as GRIP and whether this effect is the same in both sexes.

These studies revealed a sex-specific role of PKM( in LTD. In females, PKM{
knockout facilitated LTD whereas in males, PKM( knockout blunted it. Our data
complement the emerging literature that PKM( does not function exactly the same in males
and females. PKMC alters anxiety in males but not females and there are sex differences in
expression following drug use (Avila et al., 2021; A. M. Lee et al., 2013). In the NAc,
PKMC( knockout potentiates cocaine-taking in male, but not female, mice (McGrath et al.,
2018). Therefore, PKM{ functions in a sex-specific manner in synaptic plasticity and

perhaps behavior.

We found a more intense LFS protocol that better induces LTD in wildtype females
abolishes the effect of PKM( knockout on LTD in both sexes. As previously mentioned,
the larger RRP we found in wildtype females explains the sex difference we see in LTD.
A larger RRP requires more stimulation to successfully weaken synapses, therefore we see
LTD in females with a longer LFS protocol but not a shorter one. Though the role of PKM{
is thought to be exclusively postsynaptic, the majority of studies examining PKMC activity
have been conducted in males. It is possible that at least in females, PKMC could alter
presynaptic activity. We found PKM( knockout abolishes the blunted LTD we see in
wildtype females due to the larger RRP. Therefore, PKM{ may be acting presynaptically

in females in a manner that blunts synaptic plasticity.
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While a presynaptic role for PKMC( is possible, this is likely not the case. In a
preliminary study, we found no significant differences in the paired pulse ratio between
PKMC( knockout animals and wildtype controls [females: F(1,25)=.016, p =9, Fig. 11A;
males: F(1,22) = .182, p = .674, Fig. 11B]. The paired pulse ratio is a broad
electrophysiological measure of presynaptic activity. These results indicate PKMC( is not
functionally affecting presynaptic activity in the nucleus accumbens core in either sex. This
is consistent with data showing no effect of PKMC{ overexpression on the paired pulse ratio
in the hippocampus of male rats (Schuette et al., 2016). Rather, our LTD data indicate
PKMC( has a postsynaptic role in synaptic plasticity in females. While its role may be
different from that of males, our paired pulse data rule out the possibility of a presynaptic
mechanism for PKM( in females. This is in line with published data demonstrating PKM{
acts exclusively in a postsynaptic manner in males (Hernandez et al., 2014; D. S. Ling et

al., 2006; Schuette et al., 2016).
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Figure 11. PKMC( knockout does not functionally alter presynaptic activity in the
nucleus accumbens core.
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PKMC( knockout does not significantly affect the paired pulse ratio in behaviorally naive
female (A) or male (B) mice compared to wildtype controls.

LTD is altered in the NAc following opioid exposure (Z. Dong et al., 2007; Qian et
al., 2019; Shen & Kalivas, 2013). As we found a sex-specific role for PKM( in LTD, we
next examined whether PKM( knockout also alters oxycodone-taking in both sexes. At a
moderate dose, we found PKM( knockout potentiates oxycodone self-administration in
both males and females. This is in line with previous work demonstrating potentiated
cocaine-taking in both male and female constitutive PKM( knockout mice (McGrath et al.,
2018). We found this effect is recapitulated in females at a low dose of oxycodone where
again PKM( knockout potentiates oxycodone-taking. We also examined motivation to
obtain oxycodone at this dose and found female PKM( knockout mice had higher

progressive ratio breakpoints than wildtype females.

The effect in males seen at the moderate dose is not recapitulated at a low dose,
however. We found no significant effect of genotype on oxycodone-taking or progressive
ratio breakpoints at this dose in male animals. While our group size for PKM( knockout
males is low, our current data demonstrate PKM( knockout may only affect oxycodone-
taking in males at higher doses. This would mean PKM( is more important as a protective
mechanism against substance use in females. While still involved in drug-taking in males,
PKMC( could be a target mechanism for dampening opioid reward particularly in females.
As females are more vulnerable to opioid use, PKM{ may be more active to counteract

some of this vulnerability.
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Different doses of drugs can elicit effects of sex not seen at other doses. Female
offspring of morphine-exposed mothers exhibit decreased acquisition of morphine self-
administration and decreased progressive ratio breakpoints at 3 different doses. Male
offspring, however, exhibit the same behaviors only at the highest dose tested (Vassoler et
al., 2017). In our paradigm, we see a similar effect where our manipulation alters drug-
taking in males only at certain doses. This effect is not entirely surprising as there are
known sex differences in PKM( expression following drug exposure. Females have lower
PKMC( levels in the hippocampus and NAc following methamphetamine and cocaine (Avila
et al., 2021; McGrath et al., 2018). These data indicate PKM( expression and function is
likely not the same in males and females during substance use though the behavioral output

may sometimes overlap.

It is possible the effect of PKM( knockout on LTD drives the effect we see in low
dose oxycodone self-administration. The blunted LTD we see in male PKMC( knockout
animals could translate to the NAc being less plastic. Opioid exposure can alter LTD in the
NAc (Z. Dong et al., 2007; Qian et al., 2019; Shen & Kalivas, 2013). Less plasticity in the
NAc of PKM({ knockout males could make the region less susceptible to drug-induced
alterations to plasticity. This may be preventative against the development of drug-taking
behaviors. In females, facilitations to LTD in PKMC{ knockout animals could indicate the
NAc is more plastic than in wildtype females and is thus more susceptible to drug-induced
alterations in plasticity. This would explain potentiated drug-taking behaviors in PKM{
knockout females. As drug dosing regimen matters for alterations to synaptic plasticity
(Cahill, 2020; Kenney & Gould, 2008; Kourrich et al., 2007), the effect of PKM{ knockout

on LTD in males may not continue to alter oxycodone-taking at higher doses. It is possible
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the moderate dose of oxycodone used in these studies is high enough to overcome blunted
plasticity in PKM({ knockout males. A higher dose may facilitate oxycodone-induced
alterations to synaptic plasticity that a lower dose cannot, therefore we see effects in males

exclusively at the low dose.

These studies were completed to further investigate baseline sex differences in
glutamate transmission and their potential implications for opioid use disorder. Figure 12
broadly shows the sex differences we found in excitatory transmission in both wildtype
and PKM( knockout animals. We discovered heightened glutamate transmission in the
mPFC of females that translates to heightened downstream glutamate transmission in the
NAc. The increased excitation in the NAc caused the region to be less plastic in females,
with LTD being harder to induce. These sex differences in the NAc are modulated by
PKMC(, as PKM( knockout alters LTD in a sex-specific manner. Together, these sex
differences may, in part, drive behavioral sex differences in SUD. We found PKM(
knockout potentiates opioid-taking in both sexes but its role in the development and
expression of SUD may be more important for females. As males and females do not
always respond to treatments for opioid use disorder in the same manner (R. E. Johnson et
al., 1995; Jones et al., 2005; Schottenfeld et al., 1998), these studies highlight the need for
further understanding of the mechanisms driving behavioral sex differences in opioid use

and relapse.

87



Wildtype

?

JOOOUO Q'O.JO UOQOUO _).O.;)'J
% e o %e o %0 o %a o
®e0® ?gq0 Pe0® 24,50
?
iy " [po] ?
NSE
PKMZ,
PKMZ Knockout
o-.:: 1?
0ted o%es 0 00
% e o %o o %0 o %qe o
®o0® P 9o Pae® 2550
% |
NSF

88

@ Glutamate
¥ GluA1 homomer
¥ GIuA2 heteromer

Figure 12. Sex differences in glutamate transmission within the reward system.

We found significant sex differences in excitatory transmission at multiple levels within
the reward system. These differences are influenced by PKM( which plays a sex-specific
role in synaptic plasticity. The exact role of PKMC( in females remains unclear (figure made
with biorender.com).
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